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Population dynamics of Ceramium kondoi and C. japonicum (Ceramiales,
Florideophyceae) in the South Sea and Yellow Sea of Korea

based on coxl and organelle genomes

Ji Young Lee

Division of Earth and Environmental System Sciences, The Graduate School,

Pukyong National University

Abstract

Ceramium (Roth 1797) appeared about 120 million years ago and 210 species
are known worldwide. Currently, 15 species of Ceramium are known in
Korea. C. kondoi and C. japonicum are distributed in the intertidal zone
along the entire coast of Korea. Both are sister species and distributed in
the Northwest Pacific (Korea, China, Japan, Rusia) and Northeast Pacific
(Canada and USA) Ceramium are well known as a target for marine
biogeography research. In this study, first, haplotype distribution and
diversity were identified through mitochondrial coxl analysis. Second, the
mitochondria genome was completed for the first time among the genus
Ceramium. Finally, the populations were compared through organelles
(ptDNA, mtDNA) genome analysis. From September 2019 to June 2021, a

total of 252 C. kondoi specimens collected from 17 localities in the Yellow



Sea and South Sea of Korea. 186 coxl was sequenced and showed a total 37
haplotypes, including 18 haplotypes in the West, 10 haplotypes in the
South-West, and nine haplotypes in the South populations. As a result of
coxl ML tree, first diversification occurred in the South-West population. A
total of 309 C. japonicum specimens collected in the Yellow Sea, the South
Sea, and the East Sea. 220 coxl was sequenced and showed a total 30
haplotypes, including 10 haplotypes in the West, 14 haplotypes in the South,
and six haplotypes in the East. As a result of the coxl ML tree, first
diversification occurred in the South population. The organelle genomes were
completed for 35 C. kondor and for 22 C. japonicum. The ptDNA of C.
kondoi was about 171.8 Kb in length. The genome included 200 Coding
Sequence (CDS), 3 rRNA, and 28 tRNA. The mtDNA of C. kondoi was
about 314 Kb in length. The genome included 28 CDS, 2 rRNA, and 26
tRNA. The ptDNA of C. japonicum was about 1716 Kb in length. The
genome included 199 coding sequence (CDS), 3 rRNA, and 28 tRNA. The
mtDNA of C. japonicum was about 27.9 Kb in length. The genome included
27 CDS, 2 rRNA, and 27 tRNA. Organelle genome of C. kondor showed
variations between the West and South populations and those between South
and South-West populations. Short tandem repeats (STRs) with a length of
12 bp were found in the C. kondoi ptDNA orfl56. The number of repetitions
in the West and South-West populations, and it showed a tendency to
increase with higher latitudes. In this study, coxl and organelle genomes
showed genetic diversity of C. kondor and C. japonicum. The estimated
population number (K=2) represent a geographical barrier between the South

Sea and Yellow Sea since the last glacial maximum (LGM).
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Fig. 7. Haplotype distribution and frequency map for Ceramium kondor.
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Fig. 13. Structure of Ceramium kondoi populations in Korea revealed by
STRUCTURE analyses. Each individual is represented by a vertical bar
broken into different colored genetic clusters, with length proportional to
probability of assignment to each cluster. The graph results from 17
localities, 186 individuals, with possible numbers of clusters (K) ranging

from 2 - 5.

Fig. 14. Structure of Ceramium japonicum populations in Korea revealed
by STRUCTURE analyses. Each individual is represented by a vertical
bar broken into different colored genetic clusters, with length
proportional to probability of assignment to each cluster. The graph
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clusters (K) ranging from 2 - 4.

Fig. 15. Complete plastid genome (ptDNA) map of Ceramium kondoi.
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according to the functional categories listed in the index below the map.
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Fig. 17. Complete mitochondria genome (mtDNA) map of Ceramium
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kondoi. The genes inside and outside are transcribed in a clockwise and
counterclockwise directions, respectively. The genes are color coded

according to the functional categories listed in the index below the map

Fig. 18. Complete mitochondria genome (mtDNA) map of Ceramium
japonicum. The genes inside and outside are transcribed in a clockwise
and counterclockwise directions, respectively. The genes are color coded

according to the functional categories listed in the index below the map.

Fig. 19. Plastid genome alignment in Ceramium kondor populations.
Progressive  MAUVE identifies stretches of nucleotide matches and
selects locally collinear blocks (LCB) that meet a minimum weight
criterion. Homologous LCBs between genomes are connected with a line

and identified by the same color.

Fig. 20. Plastid genome alignment in Ceramium japonicum populations.
Progressive  MAUVE  identifies stretches of nucleotide matches and
selects locally collinear blocks (LCB) that meet a minimum weight
criterion. Homologous LCBs between genomes are connected with a line

and identified by the same color.

Fig. 21. Mitochondria genome alignment in Ceramium kondoi
populations. Progressive MAUVE identifies stretches of nucleotide
matches and selects locally collinear blocks (LCB) that meet a minimum

weight criterion. Homologous LCBs between genomes are connected



with a line and identified by the same color.

Fig. 22. Mitochondria genome alignment in Ceramium japonicum
populations. Progressive MAUVE identifies stretches of nucleotide
matches and selects locally collinear blocks (LCB) that meet a minimum
weight criterion. Homologous LCBs between genomes are connected

with a line and identified by the same color.

Fig. 23. Pairwise single nucleotide polymorphism (SNP) distance among
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Fig. 24. Pairwise single nucleotide polymorphism (SNP) distance among
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Fig. 25. Pairwise single nucleotide polymorphism (SNP) distance among
mitochondria genomes of Ceramium kondoi. The color gradation
represents the number of SNPs between taxa.

Fig. 26. Pairwise single nucleotide polymorphism (SNP) distance among
mitochondria genomes of Ceramium japonicum. The color gradation

represents the number of SNPs between taxa.

Fig. 27. Repeat region map of the ptDNA orflb6 of Ceramium kondor.
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The different number of repeat unit (12 bp length sequence; four amino

acids)were found in the West and South-West populations.

Fig. 28. Mitochondria genome comparison of three Ceramium species.

Ceramium kondoi and C. japonicum showed inverted repeats.
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I. A&

%% (Rhodophyta)&= HAAlAlel  °F 75009Fc] <A o
(https://www.algaebase.org. 2022), $-2luetell = 641&0] sk} (37
o HAE AL, 2019). AHely 7R S 22 T2 &2 A X
7% A TE R TRAES AN U Ze oA At
(Lobban & Wynne 1981). T3t T xF+= Fgygteld A8t 279
At o] S AAlstH, A Ak nF EEIY (F7HAEHIAH T AAR
3, 2019). diF4Eo] Al EA 0oL, AR A ARl A7]E 7= AFH 172m
of o2& & /MAX Tt (Lobban & Wynne 1981).

@& (Ceramium Roth)S A& o8 HFstil & W TH ol

Agtse] W ek 5 RS RRAY BAS HEstn dE BRI

(Maggs & Hommersand 1993; Boo and Lee 1994). ©] 42 =2dl&g 3+
giel o]2& d AA e FHLASA FES o]EL &9 HE X

F Ay F5F 437 B2 5ol #FAss <& AE (biofouling) 2 44
Y olso] 7hedtal, o2 Q13 W AA FTEol B2 AR FAHHY
(Cho et al. 2001). A A BISESE (Ceramium)e 184F 2= && A 3l
ow fEygtdd= 13Fe] X3 (7 2012). 1 & HlYE (Ceramium
kondoi), 1 EVGE (Ceramiun japonicum), &% (Ceramium boydenii)<
AL Yy 10F2 /A Z7]E 10 cm vwe g zZe A7joltt (A
2012).

B GE  (Ceramium kondoi Yendo 1920)2 3$%2]&5% (Rhodophyta
Wettstein 1901) 214 & %7% (Florideophycea Cronquist 1960) W] ¢Z14&

(Ceramiales Nageli 1847) H]©=3} (Ceramiaceae Dumortier 1822)°l <3+



o EEAE BA HRBYE (3=, Aol dE, S5 2 S BEGE (7]
= g7, AU T, ST, At BE

2012). f-Evhet HleES A Aol EEeH F K A7 wFH o
42 (Boo & Yoon 1993), 53] w3 et 3 Asict Z3trfol] W3
ok (1 2012). BISE (C. kondon& dFdRTE {9 Exsirty o4y
Atk (Yendo. 1920). HI@E-2 (C. kondoi) 3 - 437 HAE 714
FdHd SR & vdES T3 fA HEEn ofd A7 (Yang
et al. 2008)° W2W ¥GES (Ceramium) & ol FEHozys F+3
A &= &5F (cryptic species)o] =gt} Sl A A TFAN A, A
AA FHl 25 (RuBisCO) #d2 7ML S 8 HWAR 2 $iAR
o] 27} FAARE UFAT. HHARE S5 Aol H dE Eifr9

B3 doke] RESH, dARE Selue gl 2 Asiel du dr o

rr

N GE  (Ceramium japonicum Okamura 1896)8 ZZx2&
(Rhodophyta) #7423 %7 (Florideophycea) Hl©%% (Ceramiales) ¥ ¢+
7 (Ceramiaceae)®ll &#&th A5 M7= A Ald, 53] 55H 7FSH
Sstrbar g A vk pEvet do<dbe] Ex e b oyt dE H
T ¥y dHA Jqot (Kim, 2012). o] A (Yang et al
2009)0 W= vkl Aafo] ZlEHES Hefjol A ldeAth AE
HGE v EZ =20} cox19 haplotypes U EYZ 2 Neutrality test 23}
= 379 HAIE A8, dal B o ssE AlEEy, viA T Ho Wstr
(Last Glacial Maximum, LGM) °©]$ aliet /Ao g 9@ Ao 7l
At AFSdel gk SAE AlAFEH

ATl s vk Hg k] ol F gElvet As) gl A S-g
HS FA37] 9389 (Yi & Kim 2010; Weber & Schmid, 1998),
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H,



H @& & (Ceramium)Wl AFvia9l B S (C. kondon)¥ Al E¥IGE (C
japonicum) T & AASAT (Hughey & Boo, 2016). & T2 %

ehuke] FAsto] BEstR R G (A7, 78, £4) ASol dFH 0]
t mEZE=go DNAE EARR FAue] A=Ae4 Ao #F&3
o]t} (Robin & Wong 1988; Chaitanya et al. 2014). A EA7]3 (A4

A% mERSel) A B FA4 99 no o ge £ 9]
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Fig. 1. Field pictures of Ceramium kondoi and Ceramium japonicum.
(A) C. kondoi, Uithang-ri, Taean, 29th Nov. 2019. (B) C. japonicum,
Myeongseondo, Ulsan, 21st Jan. 2020. (C) C. kondoi, Uihang-ri, Taean,
13rd Jan. 2020. (D) C. japonicum, Utihang-1i, Taean, 11st Feb. 2020.



Table 1. Sampling sites of Ceramium kondoi.

Population = Region Locality Latitude(N) Longitude (E)

West

10 DCD 37.8089 124.6975
SCD 37.7690 124.7518
IJ SMU 37.3707 126.4484
TA MED 36.9140 126.2516
HAP 36.9003 126.1992
UHR 36.8435 126.1709
BR MCP 36.2387 126.5277
BA CSG 35.6263 126.4636
SDR 35.0802 126.0444
BSR 35.8674 126.9813

South-West
HN NSR 34.3285 126.5920
GH NDH 34.5232 127.1540

South

YS DMR 34.5116 127.7388
JPR 34.6451 127.7955
PSR 34.7024 127.7552
SC DBD 34.9333 128.0492

ix SHD 34.8389 128.3825




Table 2. Sampling sites of Ceramium japonicum.

Population Region Locality Latitude (N) Longitude (E)

West

TA MED 36.9140 126.2516
UHR 36.8435 126.1709
SOR 36.6222 126.2827
BR MCP 36.2387 126.5277
BA CSG 35.6263 126.4636
SA GMM 35.3996 126.4040
South
HN NSR 34.3285 126.5920
CD CDR 34.2235 127.2269
YS ISR 34.6442 127.6082
DMR 34.5116 127.7388
MSR 34.7739 127.7472
East
BS YD 35.0751 129.0836
UsS MSD 35.3844 129.3489
GJ GPR 35.8100 129.5110
PH SBR 36.0100 129.5780

uJ NGR 37.1271 129.3730




Abbrebiations: BA. Buan, BR. Boryeong, BS. Busan, BSR. Baeksan-ri,
CDR. Chodo-ri, CSG. Chaeseokgang, DBD. Daebang—dong, DCD.
Daecheong-do, DMR. Dumo-1i, GH. Goheung, GJ. Gyeongju, GMM.
Gamami, GPR. Gampo-ri, HAP. Hakampo, HN. Haenam, IO. Ongjin
Incheon, IJ. Junggu Incheon, JPR. Jukpo-ri, JSR. Jangsu-ri, MCP.
Muchangpo, MED. Mineo-do, MSD. Myeongseon—do, MSR.
Manseong-1i, NDH. Nokdong, NGR. Nagok-ri, NSR. Namseong-ri, PH.
Pohang, PSR. Pyeongsa-ri, SA. Shinan, SBR. Seokbyeong-ri, SC.
Seocheon, SCD. Socheong-do, SDR. Samdo-ri, SHD. Sanghang-do,
SMU. Somuui-do, SOR. Sinon-ri, TA. Taean, TY. Tongyeong, UHR.
Uihang-11, UJ. Uljin, US. Ulsan, YD. Yeong-do, YS. Yeosu



37.5°N

36.0°N

34.5°N

123°E 125°E 127°E 129°E

Fig. 2. Voucher collection localities of Ceramium kondor.
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Fig. 3. Voucher collection localities of Ceramium japonicum.
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Az Algs ddd AFdelaE ARt B2 e A7 5 v
Az3A Y. AxAIE 002 g& dAEZALAZ FA vdste] LaboPassTM
Tissue Genomic DNA Isolation Kit Mini (COSMOGENETECH, Seoul,
Korea)S AF&3}o] total DNAZS FE31%th. Lysis buffer 200 ul,
Protinase 20 ul ¢F wF3k A 8= 15 ml FEo Y1 gy EHo 56C=E
3023 Wolw & ¥AEE (13500 rpm, 5)F HAAS ALt AT
(200 pl) ®F W&y A} 15 ml FEo &4 ©4th Binding buffer 400 ul
E 5ol & FE ¢toA AAS o] &sto] 5 H2 5 Columnol &7
Hol dAF2(11,000 rpm, 1:)3FA T 742 Columndl BW AW
700plS €3l 11,000 rpm 1%#3F AR ST Columnol NW €4 H 3
700 pl& ¥a AAELAL,000 rpm, 3%) SFRa, g W o dAEE
(11,000 rpm, 1:&)sto] & &S AA ()t #elE > NW H
¥ 150 wE ¥ 101 7Ivkel Fol 1452 (13,000 rpm, 1) skl
=% DNAT A 15 ml 7T &A @3tk =3 DNAE Qubit® 3.0
Fluorometer®} NanodropTM One Spectrophotometer (Thermo Fisher
Scientific, USA)E AF&3te] £E¢ & FAT H, -20CoA Hast
At
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3. coxl PCR 2 A&4

coxl A& HlhE 186704, ZlEHldE 22070 A& AHESF3Ath (Tables
3-4). coxl FZo A€¥  primer+ forward primer coxI_43F
(5'-TCAACAAATCATAAAGATATTGG WACT-3)¢} revers primer
coxl_R882 (5-GTATACA TATGATGHGCTCAA-3)°lt}. PCR A<
#13 DNA 1 ul®} AccuPower® PCR PreMix (Bioneer, Daejeon, Korea)&
Abgete] HE F9] 20 plE PCR WS ATt ol #H Al Alxd Al
g2 Hx 9BHTColA 583 pre-denaturation 3+ 5, 95ColA] 20%7+
denaturation, 50Col|A 20%7%}F annealing, 72ColA 1%t extensiondst&=

o

A& 303 WHES & 72Ce A 53t final-extensiond $ 4TC= Hbg-
ZAsAt. FEAEE AAs7] 959 PCR product 10 plet Applied
BiosystemsTM ExoSAP-ITM Express PCR Product Cleanup Reagent
(Thermo Fisher Scientific, USA) 2 plE 02 pl FXEo %A "ol HF &
7 12ul WA S A xATH o] FA AxH AFE 3TCNA 483 o4
gtal 80Tl A 187 fAd $ 4TE ¥hgS T4 F -20C Y5
B SHTh

A AL @uto] oY~ (BIONICS, Seoul, Korea)oll A A &3t= DNA A
A7 A Bl (sanger sequencing)E ©| &3t T Geneious Prime 2020<
Abgslo] AursF 9 AukEE electropherogramsS &2 sl on E-3hA %)

AqEde AAS FH consensus sequence® FFEATH 7 JRAY coxl

0

¢

consensus sequencei= ©]d 7F8 AKX (Yang et al. 2008, 2009)2} H] L3}
A=
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4. MAT T+Z 4

coxl 97144 alignmenti= translation protein AES 7|02 AHA3}
Gk 42 DNAsp v.5.10 (Librado, 2009)¢} Arlequin v.3.55 ©| &3t
=3

coxl maximum likelihood (ML) A&+ RAXxML v824= =3}
AsT FFAE GTRGAMMA 2RSS AMEstH o™ raxml §42 -f a
o™ ZF node HAEAS 1,000 9 bootstrap FA1 o2 AHF38$).

EE A g 2 vz Jde] F(KE F435H7] Ak
Structure v.2.3.4 (Pritchard et al. 200005 Al-&3tth mfE23X A9l &
g 7HEZ2(MCMC) AlE#H oA SRS o] &3ty 17H /AT 7
A st Rar, 109 AlEd el wEEo] o] Fojxtt (MCMC = 500,000,
brun in = 10,000). A4 K#-2 Evanno et al. (2005)& wel & 1359
Hshgol] 7]%% Delta K (mean(IL"(K)) / sd(L(K))#* Structure

HarvesterE Al-8-3ste] AlAsEA Tt (Earl et al. 2012).
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5. gDNA & ¥ QC

NGSE 9% gDNA FZol& Live 8Z 1 g& AH&3I3T AES Hyf
A2 M FHsta Aol AANALE W3 FA wkste] 50 ml
SHo &7 Edrt. gDNA FE& NucleoBond Buffer Set IV
(MACHEREY-NAGEL) %} NucleoBond AXG 100, Midi columns for high
integrity DNA (MACHEREY-NAGEL)S AH&-3}3ith,

DNA®¢ % (A260/A280 and A260/A230 ratios)®t &%= Qubit®3.0
Fluorometer2} NanodropTM One SpectrophotometerS Al-&3ith. S35
(optical density) =4S Dropsense96 (Trinean)E AF&3ITh  Quality
check¥ Bioanalyzer DNA Chip (Agilent Technologies)AF-& Fth &334
@2 Pibogreen (Invitrogen)& AHE 3tk 54 o] & Alg+ -80°C WY&

arof] Hskdth
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A AH- 7 A 22 (Whole Genome Sequencing)S €3F glolBe]g] F#H =
MGI Easy DNA Library Prep Kit2 AF&3tth #olB 88 QCe
Bioanalyzer DNA ChipS A& &t A &3k gho]l B glE MGISEQ-2000
(MGI) sequencing platforms AF&3}le] 150 bp paired—end® A|H A 3}
ow JRAF 10 Gb o]4¢] HolHE A

Axa71d (AaA 2 nEZEdel) FAA £Hodl= NOVOPlasty
v.4.3.1& A&38tSth o] CLC Genomics Workbench v.6.5.1& A}-§3}<]
Read mappingg WHE-3lo] Consensus sequenceZ 2+ 3k T} Annotation
o= Geneious Prime 2020< AF-8&3FA . Annotationol 8 3 Reference
sequencer= KX284719 Ceramium japonicum® NC_031211 Ceramium
sungminboois AFE3FATINCBI). AlX47]# (ptDNA, mtDNA) 3 A
A %= OGDRAWE Ah&38te] o]u] A 8taf 3l ot
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1. 23

1. &

o\

EE 9 coxl AESF

H @ (Ceramium kondon> A3 2 &3t 1745 A 25270 A& A
Aste] 18670A1 9] coxl & A3 (Table 3). ZEHH|SE (Ceramium
Japonicum)= A&, @3 B ek 1671 A FelA 30974 A E A F st
22070 A 9] coxl & #A8EA Tt (Table 4).

H|@E< (Ceramium) Woll &3¢ 759 Al #AE coxl (771 bp) A7
AqES 7vto g BEAst Ay wgE (C kondon, AEHGE (C
Japonicum), C. boydenii 2 C. sungminboois= SA% S o] FAt}t (64%
ML bootstrap support) (Fig. 4).

Ceramium sungminboois outgroupl.Zste] H|©E (C kondoi) 18671
3

h84

A, AENGE (C japonicum) 2207 Ao thdle] coxl AEFES #
A, vGE (C. kondona H-Adl (S-W) A HollA WA #3}7
st (Fig. 5). AEHSE (C japonicum)e- el (S) A el A 7174
37 dojwttt (Fig. 6).

W@ (C kondoi) coxl ML Aol A, o4 HAE 1/0A= (¢23) &
sl AT &3 o2 JMAEY FEEY (91% ML bootstrap support)
(Fig. 5). A &8 @E (C. japonicum) coxl ML AEFoA, A 3+ A
kel 4 A= (e27) Eiek ok, Al2E 670A (cl)ek T (55%
ML bootstrap support) (Fig. 6). Bt A2 /WA (c26)= A8 7|A 7ol
&3 & MAEHR FEHET (98% ML bootstrap support) (Fig. 6). &3l

1%

o
A
32
2

N
2
2
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= oAAE 15704 (c4, 5, c6, c7, )= HAZTE olF (50% ML

bootstrap support) (Fig. 6).
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Table 3. Numbers of voucher, coxl and NGS sample in Ceramium

kondoi.

No.
Population  Region Locality Voucher cox1 NGS
West 149 105 16
10 DCD 5 5 1
SCD 3 2 -
IJ SMU 29 22 -
TA MED 3 3 2
HAP 18 12 2
UHR 41 22 3
BR MCP 10 4 2
BA CSG 32 27 3
SA SDR 2 2 -
BSR 6 6 3
South-West 34 29 10
HN NSR 31 28 9
GH NDH 3 1 1
South 69 52 9
YS JPR 4 2
PSR 1 1 -
MSR 4 4 1
SC DBD 15 15 2
TY SHD 45 30 5

Sum 252 186 35
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Table 4. Numbers of voucher, coxl and NGS sample in Ceramium

japonicum.

No.
Population = Region Locality Voucher cox1 NGS
West 99 77 9
TA MED 4 4 1
UHR 33 24 2
SOR 10 10 2
BR MCP 10 5 2
BA CSG 38 30 1
SA GMM 4 4 1
South 153 103 9
HN NSR 61 41 1
CD CDR 59 33 6
YS JSR 22 21 2
DMR 6 3 -
MSR 5 5 -
East 57 40 4
BS DSR 6 4 2
UsS MSD 33 18 -
GJ GPR 15 15 2
PH SBR 2 2 -
UJ NGR 1 1 -

Sum 309 220 22
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100 A : )
Ceramium sungminboos ku145604, KU145005

94
64 Ceramium boydenii (Goheung, korea)
100 !
q Ceramium kondoi (Fig. 5)
100
q Ceramium japonicum (Fig. 6)
100
a8 , L
Ceramium ciliatum k179928, KJ179929, KJ17085
Ceramium secundatlum euisaars
Centroceras clavulatum euisasri
100

q Gayliella sp. Hos23e73, HO423004, HO423061

o2
Fig. 4. Maximum-likelihood (ML) tree of seven Ceramium species
based on coxl (771 bp). Gayliella sp. was used as the outgroup.
Numbers associated with node are ML bootstrap support values (only

values >50% are shown).
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i_ﬁ - | West Population
| =

CRLRERIEAL L

\ &\
\

f

South west Population

1/ NWITV’A’A Iy
AR R

|

Fig. 5. Maximum likelihood (ML) tree of Ceramium kondoi based on
coxl (771 bp). Ceramium sungminbooi was used as the outgroup. West,
South—-West and South populations are indicated by green, purple, and

blue, repectively.



¢ 5:-. == East Population

|
|

'ﬂ;;___fi‘-"m! ation

Ty

H-

i
s
Fig. 6. Maximum likelihood (ML) tree of Ceramium japonicum based on

coxl (771 bp). Ceramium sungminbooi was used as the outgroup. West,
South and East populations are indicated by green, blue and orange,

respectivly.
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2. coxl haplotypes ¥ 2 t}%A

coxl (771 bp)e F7IA<E A A 186709 H|9E  (Ceramium
kondonoll A 3770¢] haplotypesE 273ttt (Fig. 7, Table 5). H| &=
(C. kondon) A& (W) 7HAIE] &ab= I &3l (I0) HH &= (DCD)o
A= 2709 haplotypes (c21, ¢35)E W73l th. Haplotypes c¢363 ¢37-&
AH AT 10) 2H = (SCD)FE #xsi) A F+ (1) 2F9=
(SMD)9] & /A= HAHA =9 28 haplotype c21°]t}h. B¢t (TA) "o
= (MED)JIA = 3709 haplotypes (cl, c29, c30)= LA AT} Eiet
(TA) stE (HAP)Ol A= 4709 haplotypes (cl, cl4, cl5, cl6)S A3
At} el (TA) g (UHR)OIAM+= 2702 haplotypes (cl, c2)& 735}
Atk ejere] »E AH (Locality)ol & haplotype clo] #¥3¢th HH
(BR) +#% (MCP)l A+ 3709 haplotypes (cl, c31, c32)E ZA3s3dc}.
b (BA) AAE (CSG)o A= 371¢] haplotypes (c3, ¢4, c19E A3}
ATt Al (SA) 472l (SDR), ¥W4kg] (BSR)olAl&= 2719 haplotypes
(cl, c2005 wAstrt. 714 =S haplotypesES HSl AL d-A
(S-W) 7ZRAITol 3t A sy (HN)SZ ZF 10702] haplotypes (cb,
c7, c8, cl7, c23, c24, c25, c26, c27, c34)E HAsAY. A 13 (GH)
=23 (NDH)l A= 1709 haplotype ¢33 wastdch wall (S) HA
of &3k o (YS) 4% (JPR), BA (PSR), ¥4 (MSR)HIA = 7
17 & 3709 haplotypes (BH <O =2 6, c28, c22)5 TAstAth Az
(SC) % (DBD)oll A+ 570¢] haplotypes (c9, cl0, cl1, cl2, c13)S 4t
Astdth 9 (TY) 4% (SHD)eA= 270¢] haplotypes (c9, cl18)&

73tk Haplotype c9+ AFd ¥} ol A 323t
HGE (C. kondoi)®] 377V haplotypes A2+ 53709 7FH #9(6.87%)
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of WEtt (Table 6). 46719 Wo] #9]+= transitions (20 A-G, 26 C-T),
7Me] ®Wo]l F9]+= transversions (3 A-C, 4 G-T) olt}. H&EE (C
kondor) @] Haplotype diversity (h)= A3 (W) 7BA+ 0.823 +£0.019, -4
(S-W) 7BAT= 0.754 +0.078, HFall (S) ZWAT- 0.587 +0.077= A&l 7WA| -
o 5] 7} =kth. Nucleotide diversity ()2 0.0138 +0.0008¢]™, A]al 7l
A 0.0017 £0.0001, F-A3 7RAI== 0.0019 +0.0005, 3 7= 0.0020
+0.00030.% el RAlel A HE =tk JRAIRE Y e dvlshe
Neutrality test (D* of Fu and Li) 23} Fa]7f Aol A -2.84549 2] 2]
w3t 2k (p-value < 0.05)2 YEFATE (Table 7).

coxl (771 bp)el G714 E A Ay 220709 A &8 @E(Ceramium
japonicum) 7§Al A1 30702] haplotypesS A3t (Fig. 8, Table 8).
AENGE (C japonicum) A& (W) JHA|Ze £3t= Bib (TA) Wolk
(MED)oll A &= 1709] haplotype C20<S wrAstd . 2o&de] (UHR)ONA = 2
702l haplotypes (C20, cnll)E &zalt. A7 (SOR)ANAM = 4719
haplotypes (C20, cnll, cn26, cn28)& =3t 2= (BR) 332 (MCP)
o = 3709 haplotypes (C20, cn9, cn21)E A Fch F<k (BA) A7
(CSG)ol A= 2719 haplotypes (C20, cnl6)= vHAZITEH 41k (SA) Alwvpg
(GMR)° A= 1719 haplotype cn27S A3l t}l. Haplotype C202 Aloks
Alelg A8l JHAR B
(S) /MA T &3 slid (HN) $4d 2 (NSR)AIA+= 5719 haplotypes (Cl,
cnd, cnb, cnl7, cnl8)E HA P}t 71 W2 haplotypesE H<Ql A9
d 2=4 (CD)e.2 F 8709] haplotypes (C1, C3, cnl2, cnl4, cnlb, cn20,
cn24, cn2b)E TS A (YS) &2 (JSR), FE=z2 (DMR), vH4
7] (MSR)ol A= & 5709 haplotypes (Cl1, cnb, cn7, cn8, cnl3)E w435t

9t} Haplotype C1<& wa) /MAls ZE A9 (Region)o] HZ3}

]:4‘

E 4F (Locality)d] 323}t Z1EH|GE G

Olr

N
i
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HGE 53] (E) MATol &3t §4F (BS) 9% (YD) 45 (DSD)e
A= 2719 haplotypes (C16, cn23)E #7dt. 4 (US) WA= (MSD)
ol 2702 haplotypes (C16, cnl0)E A AF (G]) #HEY
(GPR)olI A= 2709 haplotypes (C16, C14)Z WAzt £3 (PH) A4y
(SBR)I A= 1702] haplotype cn22E5 A Y. &3 (U)) v (NGR)
o 5= 1719 haplotype cn29E =713t} Haplotype Cl62 &3l 7| A
}.

|0 SGE (C. japonicum)® 3070¢] haplotypes ¥ ©]# A+ (Yang et
al. 2009)2] 177) % 4770¢] haplotype A= 7FH 91(7.39%)] u=t}
(Table. 9). 57712] Wo] Q&= transitions (20 A-G, 28 C-T), 97112 ¥ o]
#9]+= transversions (5 A-C, 1 A-T, 3 G-Deolt}. AEHGEE (C
Japonicum)®] Haplotype diversity (h)-<= A3 (W) 7§A+= 0.483, &l (S)
AAT 0668, w3 (E) MAE 0607= sl AAtolA 7Hd =k
Nucleotide diversity (m)< A3l 7lAa= 0.00148, 3l 7l 0.00293, &3
MAE 0.003548 =2 sl AAAA 7HE =3keh AT &g on]st
= Neutrality test (Tajima’s D, D% of Fu and Li) A3 A&} /HA+
(-2.3163*x(p-value < 0.02), -4.4593**(p-value < 0.01)), 3] WAL
(-2.1606%* (p-value < 0.02), -2.8189* (p-value < 0.05))¢] Foln|dt k<
LUEldTE (Table 10). @all A7 WolAeE dalle x oA Neutrality
tests (Tajima’s D, D* of Fu and Li) A3 -2.0032%(p-value < 0.05),
-2.6843#x(p-value < 0.01)2m 3 gs WEbWe S8 JHAIE WolAM =
FAE 2o A Neutrality test (D* of Fu and Li) 23 -1.4975«(p-value
< 0.05)= Fomet e BA

R A e B e [ 0

) )

b
rob

>,\1
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= c33
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C. kondoi

Fig. 7. Haplotype distribution and frequency map for Ceramium kondoi.
The locality IDs are correspondence to that of Table 1. Different colors

refer to different haplotypes.
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Table 5. Distribution and frequency of coxl haplotypes of Ceramium

kondoi.

Haplotypes
— o~ oo = w oo o o o o = = o o = & m
Population Region Localty Sum © B B 8 3 9 8 53 5 5 9 8 B TV D VW B8P ILILTTTTE8TLDTT T DO
West 105
1.0 DCD 5 23
SCD 2 11
LI SMU 22 22
TA MED 3 111
HAP 12 3 6 2 1
UHR 22 20 2
BR MCP 4 2 11
BA CSG 27 24 21
SDR 2 2
BSR 6 6
South-West 28
HN NSR 28 41413111111
GH NDH 1 I
South 53
Ys IPR 2 2
PSR 1 1
MSR 4 4
SC DBD 15 9 1 3 1 1
TY SHD 30 25 5
Sum 36 P Bl 1R 1L 1L 6 2 1 2 1 @24 2 1 6 414 1 3 B 1WGH F 1%1 2 1 434 1 3 1 1L §
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Table 6. Condensed alignment based on coxl (771 bp) of Ceramium

kondoi. Dots indicate identical nucleotides to that of the first haplotype.

TECATTC CTATT® CATAG GATCACATA AG® GA AT
.

c G

c G

South westSea 4

eAanann0a0
-
Mo HE e e A
»
@

"
&

<
<
c
<
<
<
iy
&
c
c

o000

South Sea 13

B b b e

nooonmO00N
B R
cneoB0000;
e
nomoBOo0O0n
HOH e e e
fanan0 0o
R I
eoooBo000
enonanoon
R
RO RN R
HoH A A A
maannnann
mneoBo60n
Mo e A

o A
Mo H e e e
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Table 7. Summary statistics of mitochondrial

Ceramium kondoi: N = number of samples, V

sites, NA = number of

standard deviation, ™ =

haplotypes, A

coxl haplotypes of

= number of variable

= haplotype diversity, SD =

nucleotide diversity,

and NA =

data not

available. Asterisk (%) indicates statistically significant difference,
P-value < 0.05.
. . Tajima's D D* test of
Population Region N V Nh h + SD n =+ SD . :
test Fu and Li
All 186 53 38 0.906 0.010 0.01383 0.0008 05019 - 1.7394
West 105 15 17 0.823 0.019  0.00172 0.0001 - 14787 - 1.1502
LO 7 4 4 0.810 0.130  0.00185 0.0005 - 05976 - 0.7893
1J T ) d NA NA NA NA NA NA
TA 37 %0 7 0.560 0.088  0.00091 0.0002 - 13878 - 04240
BR 4 2 3 0.833 0222 0.00130 0.0004 -0.709 - 0.7099
BA 2F 3 3 0.211 0.100  0.00063 0.0003 - 09165 - 0.2285
SA 8 1 2 0.429 0.169  0.00056 0.0002 0.3335 0.8878
South-West 29 12 11 0.754 0.078  0.00190 0.0005 - 1.7078 - 1.7800
HN 28 19 10 0.735 0.082 0.00152 0.0003 - 15610 - 2.0561
GH I NA 1 NA NA NA NA NA NA
South 52 T4 10 0.587 0.077  0.00197 0.0003 - 15382 - 28549 *
YS 7 3 3 0.667 0.160  0.00148 0.0006 - 03019 - 0.5190
SC 15 % i) 0.629 0.125  0.00158 0.0006 - 15620 - 2.1203
Y 30 3 2 0.287 0.092 0.00112 0.0004 03257 0.9498
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Ben28 Henl8 Weld
cnié Mcnd M cn22
Wc20 Men24 Men29
Hcni1 MEceni2 cn23
Wcn27 Mcenld Mcib
cn21 T ens Hcnil

C. japonicum

CDR

Fig. 8. Haplotype distribution and frequency map for Ceramium
japonicum. The locality IDs are correspondence to that of Table 2.

Different colors refer to different haplotypes.
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Table 8. Distribution and frequency of coxl haplotypes of Ceramium

Jdaponicuml.
Haplotypes
o o 5« 8=
Population Region Locafity Sum © 8 B0 B 55
West 2
TA MED 4
PDR 1
HAP 4
UHR 24
SOR 10
BR MCP 5 11
(€3 ECD {1 1
BA sSG 31 30 1
SA MR 4 4
South 129
HN NSR 41 ¥ 3111
WD DR 2 2
SDR 1 1
o2} CDR 33 15 4191111
¥s ISR 21 17 13
DMR 3 3
DSD 1 1
MSR S 41
Y TYS 4 4
NH YGR 16 1 11 1111
5CS | 1
& HGG 1 1
East 3
BS DSD 4 3 1
ar 1 1
So1 1 1
us MSD 17 16 1
GI @R 2 1 2 1
PH SBR 2 2
uLp L 1
ur NGR 1 1
OKI L 1
Sum 2 e 111666 2 BN Tl 4B 3 AT 1 o4 1 CEENEREEEE 34 F 411 1 2 1°T 13t 31 L 112 P 2211 1
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amium japonicum.

Table 9. Condensed alignment of coxl (771 bp) of Cer

Dots indicate identical nucleotides to that of the first haplotype.
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Table 10. Summary statistics of mitochondrial coxl haplotypes of
Ceramium japonicum: N = number of samples, V = number of variable
sites, NA = number of haplotypes, A = haplotype diversity, SD =
standard deviation, m = nucleotide diversity, and NA = data not
available. Tajima’s D Asterisk (*, **) indicates statistically significant
difference, P-value < 0.05, P-value < 0.02. Fu and Li Asterisk (*, #*%)
indicates statistically significant difference, P-value < 0.05, P-value <
0.01.

Tajma's D D¥* test of

Population Region N ~ V Nk h =8 S T gt =SD .
test Fuand Li
All 274 57 47 0.855 0013 0.01149 0.0003 - 01122 - 2.8608 *
West 918 25 13 0.483 0.064 000148  0.0004 - 23163 ** - 44593 **
TA 51 8 8 0.562 0.076  0.00094 0.0002 - 1.6081 - 22827
BR 5 2 3 0.700 0218  0.00130  0.0005 0.2431 0.2386
GS 1 0 1 NA NA NA NA NA NA
BA 30 1 2 0.067 0061 000009 00001 - 1.1470 - 1.7655
SA 4 0 1 NA NA NA NA NA NA
South 129 42 24 0.668 0.046 000293  0.0006 - 21606 ** -28189 *
HN 41 4 5 0.271 0.089  0.00037 0.0001 - 1.6490 - 2.3557
WD 3 2 2 0.667 0314 000173  0.0008 NA NA
CD 33 8 8 0.722 0.059 0.00191 0.0003 - 0.7562 - 1.3062
YS 30, 17 5 0.497 0.102  0.00563 0.0017 0.0410 0.8690
NH 16 g6 6 0.542 0.147 000097 = 0.0003 -20032 * -26843 **
SC 1 0 1 NA NA NA NA NA NA
TY 4 0 1 NA NA NA NA NA NA
a 1 0 1 NA NA NA NA NA NA
East 54 22 11 0.607 0.065  0.00354 0.0008 - 1.3859 - 1.0846
BS 6 13 3 0.600 0215  0.00562 0.0028 - 1.4606 - 14975 *
us 18 1 2 0.111 0.096  0.00014 0.0001 - 1.1647 - 16117
(€] 25 4 4 0.597 0.054  0.00211 0.0001 1.4472 0.1012
PH 2 0 1 NA NA NA NA NA NA
uJ 1 0 1 NA NA NA NA NA NA
UL 1 0 1 NA NA NA NA NA NA
P 1 0 1 NA NA NA NA NA NA
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3. AT TE A

-

B ©&E  (Ceramium kondoi) 37 haplotypes 7t #AE=  Minimum
Spanning Network (MSN)°o.2 A 3stAth A3l (54 Ad) 2 TG4
g (EepA AG) AMATT Fel NAT (S AE) ko] haplotype 7
2] (missing haplotypes)= 19¢]t} (Fig. 9). A3l 7HA+ol+= haplotypes
cl, c2, c3, c4, cl4, cl5, cl16, c19, c20, c21, c29, c30, c31, c32, ¢35, c36,
c37°] 2t} ©o]= haplotype cl& 7} o 4= (n=28) olH A&l JHA T
MSNoll A FA 5o $1x %t} (1478 links). Haplotypes c21 (n=24)3 ¢3
(n=24)% HIWstct, E-A3] 7ATol = haplotypes ¢5, ¢7, ¢8, cl7, ¢23,
c24, c25, c26, c27, ¢33, c347F Atk ©] F haplotype c7 (n=14)< 714 &
< links (67))5 7HAH FTAFel AAZRH. 1E =Ed (NDH)
haplotype ¢332 A gdo 2= F-As)] 7ATF &l Aoz = A
sl ATl &gttt ga /ATl = haplotypes ¢6, ¢9, cl0, cll, cl2,
cl3, cl8, c22, c28°] At} ©] = haplotype c6 (n=2)%} cll (n=3)= 4719
linksZ H.o|1} haplotype c9 (n=34)& 714 2o =2 Holth zlEngE
(Ceramium japonicum) 47 haplotypes 7+ #Al= Minimum Spanning
Network (MSN)e. = Akt AMafl (54 A el (34 7
o) MAT 79 haplotype 718 (missing haplotypes):= 110t} W&l (3
A AG) AR sl KA (FFA AF) 29 haplotype 71#
(missing haplotypes)= 8°|t} (Fig. 10). A3} 7HA|+*l = haplotypes CI18,
C19, C20, C21, C22 cn9, cnll, cnl6, cn2l, cn26, cn27, cn28°] AT} 9]
haplotype C20-& 714 @& < (n=66) o|H, A3 7/HA+ MSNeo|A F4]
ol 9zt (970 links). w3l 7HAlwtol = haplotypes Cl, C2, C3, C4,
C5, Cob, C7, C8, C9, C10, C11, C12, cn4, cnb, cnb, cn7, cn8, cnl?2, cnl3,

o

a9
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cnl4, cnl5, cnl7, cnl8, cn20, cn24, cn257F At}. ©]F haplotype C1& 7}
F Be F (=73) o), @8l AT MSNelA 4l H-oll $]x] gt} (147
links). alld ¥4 (NSR)® %4 (CDR)< haplotype Cl1¥ Z+z} 47)
linksE 7}t dal= o A8 (YGR)E= haplotype C4 (n=11)3 471 links
= 7}A ¢t} o]+= Neutrality tests (Tajima’s D, D* of Fu and Li) Z3}¢}
%= X3t} (Table 10). o5 2] (MSR) haplotypes cn7 (n=4), cn8
(=D AgHorw= el MALol &t Fdoms Al ALl
£33k}, Faf Zf A 7ol = haplotypes C13, C14, C15, C17, C16, cnl0, cn22,
cn23, cn297} 9ith. o] F haplotypes Cl13 (n=1)2 5719 linksE H.o]H
haplotype C16-2 7} @2 4 (n=30)& H<lt}

At 719 f314 #AAZS Scatter Diagraml. 2 HolFi= FAE HA
(Principal Component Analysis, PCA)& Fa&3le] HvE (C kondoi)<
A8 (W), F=As (SW), &l (S) 3719 ATz fdsd (Fig.
11). AENIE (C. japonicum)> A& (W), H3ll (S), 53l (E) 3719 7l
Avow FdsAUH(Fig. 12). HEE (C kondon3t Z1EWEE (C.
japonicum)®] ©]% (migrant) % &3 (admixed)> STRUCTUREZ e
t}. K%t (number of population)9] F4-2 Delta K(AK)(mean(|L''(K)|) /
sd(L(K))9] =z veblitt (Figs 13, 14). ¥|©E (C kondon& K = 29
A FHd I3 283 K = 594 E shve] vre 935 2 (Fig. 13).
K = 4, 5ellAd= Asl 7IATW e 257t FElebAl vepsth 23]
@GE (C japonicum) K = 2004 Hu a7t #&FEA, K = 404 &
ol vre v3E BAT (Fig. 14). K = 4945 &3] AW £3
ZEAloA E37F YEH

o
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Fig. 9. Minimum spanning network (MSN) of Ceramium kondoi based
on coxl. Open circle represents missing haplotype. Each line represents
a single substitution. Circle size represents number of individuals as

shown in Table 5.
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Fig. 10. Minimum spanning network (MSN) of Ceramium japonicum
based on coxl. Open circle represents missing haplotype. Each line
represents a single substitution. Circle size represents number of

individuals as shown in Table 8.
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Fig. 11. Principal component analysis (PCA) of the genetic structure in
Ceramium kondori populations. West, South-West, South populations are

indicated by green, purple, and blue, respectively.
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Fig. 12. Principal component analysis (PCA) of the genetic structure in
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Fig. 13. Structure of Ceramium kondor populations in Korea revealed by
STRUCTURE analyses. Each individual is represented by a vertical bar
broken into different colored genetic clusters, with length proportional to
probability of assignment to each cluster. The graph results from 17
localities, 186 individuals, with possible numbers of clusters (K) ranging

from 2 - bO.
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Fig. 14. Structure of Ceramium japonicum populations in Korea revealed
by STRUCTURE analyses. Each individual is represented by a vertical
bar broken into different colored genetic clusters, with length
proportional to probability of assignment to each cluster. The graph
results from 15 localities, 220 individuals, with possible numbers of

clusters (K) ranging from 2 - 4.
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4. AEL7IH] FAA ¢4

AZEL7IH (MEA F vEZE=gol) §F4A4 £42 coxl #4415 719
o 23te] MAS v4E (C kondoi 35/WA, ZAENGE (C. japonicum)
2MAE ez sAth (Tables 11-12). = A3, HAF Hit 14Gbe]
o]y & AJ4tstA . Over Q30 (base call A4 99.9%) Bases + it
86.3 %A}t Hi Mean Quality Scorei= 34.2 ©] 1t}

MEL7IH (A 2 v EZ=goh) f44 ZHol= NOVOPlasty
v.431.& AEstdTh v@E  (C kondoi) 3570A, ZEH|EE (C
japonicum) 227Ae tisle] Organelle Genomes (ptDNA, mtDNA)S <+
43Rt (Tables 13-14, Figs 15-18). H|©& (C. kondorn) *MAA 7 A
(ptDNA)e] Zdol= °F 171,870 ~ 171,958 bp® Coding Sequence (CDS)+
20078, rRNA 371, tRNA 2870 & 2xststt; (Table 15). A EHH|GE (C
Japonicum) M AA| A (ptDNA)S] Zol+= ¢F 171,634 ~ 171,687 bp=
Coding Sequence (CDS)T 19971, rRNA 37, tRNA 2870& 2:xshsit)
(Table 16). HIFES] HEZE=gol Fd4 (mtDNA)S] Aol= oF 31,423
T 31,429 bp= CDS 2871, rRNA 27l, tRNA 2670 & 3 &3tt} (Table 17).
ZlEn g Ee] mEZEgol FAe] Aol oF 26746 T 28285 bpE
CDS 2770, rRNA 27, tRNA 2771 & X33ttt} (Table 18).

AEZ 78 (BAaA B rEZEgol) fd4 vus 3 A spaAg ol A
dojt WH3lE #2312 Geneious Prime 2020.1.1.¢] MAUVE alignment
& I (Figs 19-22). H|@EE (C  kondon)¥ ZlEH|GE  (C
japonicum)®] M AA FAA= AACE shvel EHow FHAY (Figs
19-20). ¥t HEZ=gol fHAE v AES A, A SHE

(duplication) ¥ A¥l < (rearrangement)S HolFt} (Figs 21-22). v &=
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ol 4 FES Hol= {FHAE= 7/ CDS (cob, coxl, cox2, cox3, rpll6,
ps3, ymf39) 370 tRNA (trnL, trn@Q, trnG)e]t}. ‘ZlEH| G E oA FTE-S
Hol= HFHA= 470 CDS (cob, cox2, cox3, ymf39) 37 tRNA (trnL,
trnQ, trnG)°|t}.

443k ptDNA % mtDNAE A @332 MUSCLE AlignmentE <3 3}
Act. A8 ZAyo] thate] Single Nucleotide Polymorphism (SNP)¢] =
U el = distance matrixE WEAHFigs 23-26). H©E (C. kondoi)9)
ptDNAC A 7HA = 3E 2ol & H dal-Aal, dal-FAe JHAT
oo, A MAT A MATH We] e =gt (Fig. 23). A&
HSZ (C japonicum)® MAaA FAAdAE BE A9
T7F 395 T 45322 WAL AbolZb Al vEbsteH, da AT A
S AW WHo] w3 =9k (Fig. 24). |9 E (C. kondon® " EZZ2

rO
Y
flo

AA] MAaA FAAS} LI FEES DA AL Aol E
B 32 dell-Aal, dal-EAa JHAI ollew, Ml AL A

Ay ol HEdk =Tl (Fig. 25). AER|GE (C. japonicum)®] v E
Zedol 784 WA= BE A4 tiste] AALIE Aol7t 2 A yE
Wtk 538 sal-Adl, sa-"al ATl A SNP 7 2017 T 2,156
o2 MATIE Aol7b Fal-A81(633 T 681Kt AA vERSTE HEl )
Ao A AATWH Wo] =g &9kt (Fig. 26).

HehE MAaA] f-AA s yef652t groEL AFel o] orfl56ell A Aol 12
bp (AAACAAAACAAT, AAACAAATCAAT)® short tandem repeat
(STR)o] YEFSTE o] 23k repeat> 91EH Afo]& HATE Als] LY==
AT E repeat 7 2 T A Eoue AEFS HAT Wb FaE) JhA

ol A= 1o whENE B vt (Fig. 27).
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Table 11. Summary of Next Generation Sequencing (NGS) results of

Ceramium kondol.

No. Population Region Sample ID Haplotypes Read-pairs Yield (bases) Over_Q30- Mean-Quality-

Bases (%) Score

West
1 10 CK2106DCD 004 21 50,94293% 15282.881,700 87.55 34.50
2 TA CK2105SMED 002 30 49988059 14996417700 87.95 3455
3 CK2105MED 003 cl 41627450 12,488.235,000 84 80 3390
4 CK2104HAP 007 cl4 49138993 14741697900 85.75 3405
5 CK2104HAP.008 cls 39,190,902 11,757,270,600 8450 3380
6 CK2001UHR.001 cl 39,849,537 12,034,560,174 90.11 3533
7 CK2005UHR.001 cl 44451801 13,335,540,300 8485 33.90
8 CK2005UHR.002 cl 43,999918 13,199,975,400 8530 3395
9 BR CK2105MCP.002 c31 43,526,540 13,057,962,000 8430 33.75
10 CK2105MCP.004 c32 50,368,282 15,110,484,600 84.25 33.70
11 BA CK2104CSG.001 c4 51,043,773 15,313,131,900 8425 33.75
12 CK2104CSG.002 c3 57,812,658 17,343,797,400 83.90 33.65
13 CK2104CSG.011 c3 50,160417  15,048,125,100 84.35 33.75
14 SA CK2003BSR.004 20 49,259,484 14,777,845,200 84.05 33.70
15 CK2006BSR.001 20 45,448,150  13,634,445,000 85.20 3395
16 CK2006BSR.002 20 47,751,906  14,325,571,800 85.75 34.05

South-West

17 HN CK2003NSR.008 c7 40,062,871 12,018,861,300 84.95 33.90
18 CK2003NSR.010 <7 46,379,729  13,913,918,700 84.30 33.75
19 CK2102NSR.001 eS| 46,745,306  14,023,591,800 85.85 34.10
20 CK2102NSR.002 23 40,282,667  12,084,800,100 87.75 34.45
21 CK2102NSR.004 24 52,373,593  15,712,077,900 85.60 34.00
22 CK2102NSR.006 <7 41012774  12,303,832,200 86.05 34.15
23 CK2102NSR.007 25 48,556485  14,566,945,500 85.85 34.10
24 CK2102NSR.008 <26 38,517,133 11,555,139.900 87.05 34.30
25 CK2102NSR.011 27 49,801,871 14,940,561,300 85.55 34.05
26 GH CK2105NDH.001 c33 46,046,146  13,813,843,800 84.90 33.85

South
27 YS CK2104MSR.002 22 63,312,111 18,993.633.300 85.15 33.95
28 CK2104JPR.004 c6 45,764,632 - 13,729.389.600 86.75 34.30
29 SC CK2104DBD.003 c9 49.538.518 14.861.555.400 84.90 33.90
30 CK2104DBD.004 c13 78,360,555  23,508,166.500 84.70 33.85
31 TY CK2012SHD.001 c9 43,736,821 13,121,046,300 84.70 33.80
32 CK2102SHD.002 cli8 47,160,891 14,148.267.300 84.75 33.85
33 CK2102SHD.003 c9 46,686,839 14,006,051,700 84.70 33.85
34 CK2102SHD.004 c9 62977439 18,893,231,700 84.65 33.80
35 CK2102SHD.00S c9 51275376 15,382,612,800 84.20 33.70
Average: 145150133%6 8541 34.00
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Table 12. Summary of Next Generation Sequencing (NGS) results of

Ceramium japonicum.

Over Q30 Mean Quality

No. Population Region Sample ID Haplotypes Read pans Yield (bases)
Bases(%) Score
West
1 TA CJI2105MED. 002 c20 46.154.039 13.846211.700 86.70 34.30
2 CJ2003UHR.015 c20 34445003 10.402.390.906 88.95 35.10
3 CJ2104UHR.004 cnll 47.249.446 14.174.833.800 87.05 34.35
4 CJ2106S0R.003 cn26 48.031.994 14.409.598.200 86.75 34.30
5 CJ210650R.010 cn28 49820.627 14.946.188.,100 87.35 34.45
6 BR CJ2105MCP.002 cn2l 48694634 14.608,390.200 88.35 34.65
7 CJ2105MCP.003 cn9 44305.179 13.291.553.700 87.70 34.45
8 BA CJ2104CSG.001 <20 48663232 14,598.969.600 87.80 34.50
9 SA CJI2106GMR.001 cn27 48114821 14,434.446.300 88.50 34.65
South
10 HN CJ2003NSR.035 cl 43,600,942 13.080,282.600 87.80 34.50
11 CD CJ2004CDR.003 cnl2 44.439,605 13,331,881,500 §7.30 34.40
12 CJ2105CDR.002 cn24 48.028.316 14.408.494.800 87.35 34.40
13 CJ2105CDR.007 cnls 41.528.366 12.458.509.800 86.25 34.20
14 CJ2105CDR.008 cn25 52264.600 15.679.380.000 87.55 34.45
15 CJ2105CDR.009 cnls 49477,700 14.843.310,000 87.00 34.35
16 CJ2105CDR.010 cn20 51,750,166 15.525.049.800 87.60 34.50
17 YS CJ2004JSR.002 cnl3 47351201 14,205.360,300 88.10 34.55
18 CJ2104JSR.009 cns 48923438 14.677.031.400 88.10 34.60
East
19 BS CJ2103YD.001 cn23 50,928,867 15.278.660,100 87.55 34.45
20 CJ2104YD.001 cl6 50.185.363 15.055.608.900 87.60 34.50
GJ CJ2101GPR.001 cl6 48.853.600 14.656.080.000 89.15 34.80
22 CJ2101GPR.006 cl4 46,595,991 13,978.,797.300 87.90 34.55
Average: 14,176.864,955 87.65 34.50
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Table 13. Assembled organelle genomes (ptDNA, mtDNA) statistics in

Ceramium kondol.

Total Length (bp) Average Coverge (X)
Plastid  Mitochondria Plastid  Mitochondria

No. Population  Region Sample ID Haplotypes

West

1 10 CK2106DCD.004 c21 171,876 31425 3,363.02 7.081.10

2 TA  CK2105MED.002 c30 171,892 31425 725967 6,065 .44

3 CK2105MED.003 cl 171,886 31,425 3,931.07 2,547.65

4 CK2104HAP 007 cl4 171,886 31425 2,545.05 3,086.49

5 CK2104HAP.008 cls 171,910 31425 4,854.86 223361

6 CK2001UHR.001 cl 171,910 31425 9,997.43 5410.72

7 CK2005UHR.001 cl 171919 31,425 5,605.98 4,490.37

8 CK2005UHR.002 cl 171919 31425 10,756.81 6,720.27

9 BR  CK2105MCP.002 c31 171,898 31,429 1917.78 1,483.25

10 CK2105MCP.004 c32 171922 31428 2,112.01 1,754.58
11 BA CK2104CSG.001 c4 171,958 31,425 4061.27 2817.27
12 CK2104CSG.002 c3 171910 31425 3234.01 5,529.47
13 CK2104CSG.011 c3 171,898 31,423 2,701.80 321521
14 SA CK2003BSR.004 c20 171,880 31,425 8,873.01 4,092.56
15 CK2006BSR.001 c20 171,880 31425 5,982.98 3,660.39
16 CK2006BSR.002 <20 171,880 31425 7,625.30 3,550.51

South-West
17 HN CK2003NSR.008 7 171,880 31,423 327533 341195
18 CK2003NSR.010 7 171,880 31424 429496 4877.18
19 CK2102NSR.001 c5 171,880 31424 5.078.42 2,716.90
2 CK2102NSR.002 c23 171,880 31424 9.511.36 3,662.48
21 CK2102NSR.004 c24 171,904 31,424 5,737.96 498047
22 CK2102NSR.006 &7 171,880 31,424 6,759.53 3302.72
23 CK2102NSR.007 c25 171,881 31,425 5,551.83 2,530.85
24 CK2102NSR.008 c26 171,881 31,424 5.529.42 252649
25 CK2102NSR.011 c27 171,880 31424 8554.13 3,088.6%
26 GH CK2105NDH.001 c33 171,880 31425 2,090.31 1,651.99
South

27 YS CK2104MSR.002 c22 171,870 31,426 5,158.34 5.042.72
28 CK2104JPR.004 6 171,870 31,426 10,038.06 6,088.37
29 SC CK2104DBD.003 c9 171,877 31,426 2,734.50 2,416.01
30 CK2104DBD.004 cl3 171,896 31,428 4202.49 3,666.86
31 Y CK2012SHD.001 c9 171,859 31,428 3,111.47 4519.23
32 CK2102SHD.002 cl8 171,877 31,428 5,898.91 5,198.57
33 CK2102SHD.003 c9 171,870 31428 381843 3,676.25
34 CK2102SHD.004 c9 171,877 31428 6,065.22 6,047.34
35 CK2102SHD.005 c9 171877 31,428 5,712.58 4952.62
Average: 171,889 31,425 5,369.87 394562
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Table 14. Assembled organelle genomes (ptDNA, mtDNA) statistics in

Ceramium japonicum.

Total Length (bp) Average Coverge (bp)

No. Population Region Sample ID Haplotypes

Plastid  Mitochondria Plastid Mitochondra
West
1 TA CI2105MED.002 c20 171.669 28.280 3.844.77 1.628.28
2 CI2003UHR.0LS c20 171.669 28278 5.625.24 1.883.37
3 CI2104UHR.004 enll 171.669 28.280 6.048.98 1.413.46
4 CJ2106S0R.003 cn26 171.669 28277 3.232.41 2.736.83
5 CJ210680R.010 cn28 171.669 28279 4.137.86 5.482.46
6 BR CJI2105MCP.002 cn2l 171.669 28.278 2.851.87 1.714.31
T CI2105MCP.003 cn9 171.669 28278 4215.15 1.953.92
8 BA CJ2104CSG.001 c20 171.669 28279 317.81 410.92
9 SA CJ2106GMR.001 cn27 171.669 28.280 4,762.19 5.790.23
South
10 HN CJ2003NSR.035 cl 171.680 27,749 5.027.50 6.351.24
11 CD CJ2004CDR.003 cenl2 171.680 28.285 9.701.61 5.621.08
12 CJI2105CDR.002 cn20 171.687 28284 2.889.97 2.307.57
13 CJ2105CDR.007 cn24 171.680 28284 10.817.88 8.190.94
14 CI2105CDR.008 cnls 171,687 28284 3.781.07 6.244.88
15 CJ2105CDR.009 en25 171.680 28.284 4.356.64 3.030.92
16 CI2105CDR.010 enls 171.687 28284 3411.44 2.677.89
17 YS CJ2004JSR.002 cnl3 171.680 28.283 9.904.94 6.113.94
18 CJ2104JSR.009 cns 171.680 28283 4.506.31 1.373.53
East Sea

19 BS CJ2103YD.001 cl6 171.648 26,752 6.588.98 1.630.37
20 CJ2104YD.001 cl6 171.648 26,752 4.305.77 804.49
21 GJ CJ2101GPR.001 cl4 171,648 26,753 8.638.03 8.256.65
22 CJ2101GPR.006 cn29 171.634 26,746 6.995.04 2.766.50
Average: 171.670 27,979 5.270.98 3.562.90
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Table 15. Gene contents of ptDNA in Ceramium kondol.
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Japonicum.

Table 16. Gene contents of ptDNA in Ceramium
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Table 17. Gene contents of mtDNA Ceramium kondoi.
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Table 18. Gene contents of mtDNA Ceramium japonicum.
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Fig. 15. Complete plastid genome (ptDNA) map of Ceramium kondoi.
The genes inside and outside are transcribed in a clockwise and
counterclockwise directions, respectively. The genes are color coded

according to the functional categories listed in the index below the map.

_52_



Fig. 16. Complete plastid genome (ptDNA) map of Ceramium
japonicum. The genes inside and outside are transcribed in a clockwise
and counterclockwise directions, respectively. The genes are color coded

according to the functional categories listed in the index below the map.
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[l ATP synthase B chain pracursor
[ Ribesomnl proteins (SSU)
B Ribesomal probeins {LSU)

Fig. 17. Complete mitochondria genome (mtDNA) map of Ceramium
kondoi. The genes inside and outside are transcribed in a clockwise and
counterclockwise directions, respectively. The genes are color coded

according to the functional categories listed in the index below the map.
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[ ATP synthase B chain precursoer
1] Ribosaenal probeins (S50

B Ribosomal probeins (LSU)

B Transfer RNAs

B Ribosomad RNAS

Fig. 18. Complete mitochondria genome (mtDNA) map of Ceramium
Japonicum. The genes inside and outside are transcribed in a clockwise
and counterclockwise directions, respectively. The genes are color coded

according to the functional categories listed in the index below the map.
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Fig. 19. Plastid genome alignment in Ceramium kondor populations.

Progressive MAUVE

identifies stretches of nucleotide matches and

selects locally collinear blocks (LCB) that meet a minimum weight

criterion. Homologous

LCBs between genomes are connected with a line

and identified by the same color.
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Fig. 21. Mitochondria genome- ali-g‘ﬁr.nent
populations. Progressive MAUVE identifies stretches of nucleotide
matches and selects locally collinear blocks (LCB) that meet a minimum
weight criterion. Homologous LCBs between genomes are connected

with a line and identified by the same color.
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Fig. 22. Mitochondria genome alignment in Ceramium japonicum
populations. Progressive MAUVE identifies stretches of nucleotide
matches and selects locally collinear blocks (LCB) that meet a minimum
weight criterion. Homologous LCBs between genomes are connected

with a line and identified by the same color.
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Fig. 23. Pairwise single nucleotide polymorphism (SNP) distance among

plastid genomes of Ceramium kondoi. The color gradation represents

the number of SNPs between taxa.
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Fig. 24. Pairwise single nucleotide polymorphism (SNP) distance among

plastid genomes of Ceramium japonicum. The color gradation represents

the number of SNPs between taxa.
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Ceramium kondoi ptDNA
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Fig. 27. Repeat region map of the ptDNA orfl56 of Ceramium kondor.
The different number of repeat unit (12 bp length sequence; four amino

acids) were found in the West and South-West populations.
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HTHE< (Ceramium) U Fol tiste] Als #AAE coxl 7|HEezE B4
st Ay Ml SE(Ceramium kondon™} 7 &8 (Ceramium japonicum)

< AlsHew JHgA A, dAES AASA = Fskdh a2y

rbecLel 278 Bl@ESE (Ceramium)Yl AlgFolA HlEE (C. kondoi)™
V&8 GE (C japonicum)S HAES A A gt} (Hughey & Boo, 2016).
Aty oz X[/ FAAEYA ALE ¥ DNABLZE=E M AA rbele]
MEZEZot coxle] AeT FAAH A rbeléd AFT FHAAS} 5
A Yoz YelyrZ (Kim & Lee 2011), H©E<4 (Ceramium)<] 2]

Hol| Abg & 4 gtk = 2 Ao A BAE coxl 7|vF AEFY A
7% %%, Hughey & Boo (2016)¢] rbcl 7]4F =
Foll vla) Aok waEA T 57 F7F 2 8% coxd AT HEEI 2
HEHlgEe] dAlEAdel AAE JhsAel Utk E AT HEE (C
kondoi) coxl A AI}= old A+ (Yang et al. 2008)o 4] H 13k

AZS Ao Ag ¥

Southern lineages A3}ttt o] d Aol A& A AA| RuBisCOol A
stod Wik (Shouthern lineage) & wH{3IA L & AFolAE HEZ=F
o}  coxleol 7|HEEte]  EFSF Tl Southern lineagee| &3t Al S|
haplotypes A, B, #3 haplotypes C, E= A3, ¥4 2 3 3 /WA
Wk oy} HigES FAE] JRAITel A A E

=
71892 W &G = (C japonicum) coxl AES5 A= oA
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A (Yang et al. 2009)14 &1z 3 A=t (A8, @3ll, sa)3 &Lt
o ZER g RS vgEgE gE AgA AHe JHAANE JE 2 A
3l Aol A 7Hg WA 23 etk ol wdatth oleld Ade wA
vpA e Hof Wakr] (LGM) BAl Felvel Jaleh Ao A& vy
A refugiume] A& AAS AlAMETE

coxl haplotype ¥4 ZA3} v|GE(C. kondone A3, F-Aa), Fa 71
A haplotypest X7 SHAo|ATh dall Aol A= 1S (GH)
%538 (NDH) haplotype ¢332 A g4 o 2= dAs] /HATtol e #
Ao 2= Aal MAT ESHE T A BN 9= (C japonicum) GA P
3, &, AMsf WAl haplotypes= R FHACIIG. HgE (C
kondoi)2 w-Aaltel A3k sl 107, A&V EE (C. japonicum)
& afete] A3 ZmAoA SME ZFE B& haplotypes?t YEFWETE
Al A9 oF 18k 5xd A wpAE Hdl WEr] (last  glacial
maximum @ LGM) ®, 41 100 m H|RFe] sF oz S35 =HA &t
Aol HF-AMa & Faior ddl2 ¥ Wl (Rohling et al. 1998, Wang.
1999; Lambeck et al. 2002) ©]%, 3152 F o= thA] Aol ol
B E o], Mafictel]l A& @Al A& AL FHA FE (genetic
drift)e] 3 oIl FAAF &3 (founder effect)oll 9] #HAE F24 thek
A 7 E AeR Holu AR gE Qe FHAE] WIE T
& 2 e ATz vd Aoz ®mAth o el AL AA
o Abele]l A A A Aol g AR

STRUCTER #4& H|@4Z (C. kondondl thal] 2 = 5709 AA-&
YEelWa, BN SGE (C japonicum)ol Wl 27 = 4709 MATLS Y
btk vekE (C kondon®] STRUCTURE #4] ZAzte] mt2d K = 2
d W= F-Aaet Mall JiAIL ol stue] AT e w FRou K = 3 -
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5ol M= E-Asl, @all, Al Aoz Uk K = 4, 594+ A3
AT Weoll 9ol wel st B45S Ha, PCA B4 Ao A=
Y5 0.020 #3x AR vt HAEdel X g =, A= QAT
X st AEN S E (C japonicum)® STRUCTURE #241 ZA3o] u}
2 K =2 9 "e et sal shATo] stte] Ao m FH o,
3 ], s, A AR UFEAnh K = 44 = )
AL Hell A FA2 E3p7F vewton, 538 o] A et 917

# zEAollth 2Rl Wl ANT F /b ANE A9 A wd
s MwEs ABugE BT S B 94 2w 2 5 v,
927 thel §AAE Mo @ vk dale R Falgtel R

= %% Pachymeniopsis lancolata®y P. elliptica®l haplotype #3ol uw}
23 Aok dali]be] haplotype s o2 w2 g7t AS wE WY
(Yang & Kim 2021). WA Grateloupia asiaica®t G jejuensis
(Rhodophyta)®] st= 7HAlat Wl Fd2 ogdde] stasts &ls A3,
FAA gde] v AR A2l4 £FE Bd (Yang & Kim 2021).
Park & Takayama (2019 m=2H 7]FHe F¥35tE Suaeda
malacosperma (Chenopodiaceae/Amaranthaceae) = VA" ZHd W3}
(LGM) ol % AeldgdH oz daf¢tat A3t haplotypeel F3ldk 2]
& He]lva Basiitt
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2. AIEA7]H FAA v

%5 (Rhodophyta) Ml X713 F#A A (ptDNA, mtDNA)ol| #3F
T e % (Genus) B ¥ (Family)E tid o=z 3ol AfEo] ¢
t}. E74<% (Pyropia, Bangiales) 3%°] t3F ptDNA HE4, mtDNAZ

content 2 Zo] zto]  (Hughey et al. 2014). w77 %o]3}

[-40

rr

it

(Rhodomelaceae) 5570 Ao Wet EF/F3d AHE (Diaz-Tapia et al
2017). Gracilariaceae 10&°l tgt AlZz&7]# Fd4 e Sd2v =
Z A <& (plasmid derived sequences, PDS) 4%} (Tha et al. 2018). ¥ <

TolM = &%+ (Rhodophyta) & W Fx2 WolE AxL7|# FHAAE
Abgsto]l A gom EA8EH

ptDNAE WA Z %7 (Florideophyceae) WollA HEAo] mj$ =2 7
o2 dHA AT} (Lee et al. 2016). HJHE A= oA content zFo]+&=

Ao dol= 171,859 T 1719582 99 bp #lol& EH Ao I8y 2 o
Tl A AT 271D (SNPs)S] #ol& Atk AT 7+ Wo)
= 38 (Malet A8 AT T 507 (Mt el AT o]k A
AA T2l AT W ol 07 140 oo 7 =S WolE B
FoF A7 (CSGH A = (DCD) MAA . T3 yef659F groEL
Abolel X8 orfloboll A El STR (12b)2 H|EZoAwt & 4 9=
w9~ Eo]3t Aol C japonicum®t C.sungminbooiol A+ @A E 4 ¢l
Ak AEHGE AT WA content xholE §llo} ol 171,634
T 171,687% 53 bp ztolE EH AU JRAlE 3 Wol= 395 (el As) AN
) T 453 (Felet wal AHAT) ol vk Hal A Al W We]
= 3 7180 oo JbE w2 wWolE Hol JiA|= haplotype cnlb5¢t
cn24 Atk ptDNA Zo]9] ztol= ZlEH|GER T HwhEo] o =LA e

i)

r o
bl
rlo
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AR E %27 (Florideophyceae)®] mtDNAYE THAE 3%H{F 5 HELV}
w2 oz d#A Qtd (Yang et al. 2015). 18y 2 AFoA s vt
3 A EHGFE mtDNAAA fF32 F5 (gene duplication)<s =133
th (Fig. 28). Hl©E ZQAlat WellA content Aol gl oy Aol
31,423 T 31,429% 6 bp #olE E G MAETE G714 <E (SNPs)¥H o=
83 (Mafek FAs) i) T 802 (Mt el ARAT) ol ATk Al Z)Al
o] AT U Wol= 1 T 233 oo JHE =S WolE Bl X2 H
ot Wloj= (MED)$F Algb #W4kg] (BSR) A Aeh. A E&u| k& siA-
o ] content xFol= iAoy Hol= 26,746 T 282852 1,539 bp AFolE
BT MATTE A71A4 49 (SNPs) Weol= 633 (Aafef wAsl MAT) ~
2,156 (Aafek 8l MAE) olAet. Fall JHA L] AL W Rele= 17 7

276 olgdom 71 =L WHolE HS JjA= ptDNA A3t FL3+
haplotype cnl5¢} cn24 At}

flo
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miDNA

Ceramium japonicum
KX284719 (27,888 bp)

Ceramium japonicum
this study (27,867 bp)

= Ceramium kondoi
this study (31,429 bp) Inverted repeat

Ceramium sungminbooi
KU145004 (24,511 bp)

ll cos [ rena [ tRNA  [] ORF
Direction:  Forward (+) Reverse (-)

Fig. 28. Mitochondria genome comparison of three species in the
Ceramium species. Ceramium kondor and C. japonicum have inverted

gene duplication.
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V. 89

B W&E % (Ceramium Roth 1797)2 ¢F 129 @ A Zdsld o AA A
2105 ] ¢&HA Aok A ety HaESS 1550 & A QT H
G (Ceramium kondoi)®t Z1Ev|@E (C. kondoi)2 S-uviet 1 <Ak

haplotype ¥ B HdAS ot =4, HdEE $5 5 A5o=
nNEZ=gol §AAE  SAsAT. s eR  MEAVE FHA
(ptDNA, mtDNA) 45 &3 A9 [t AA TS H st

20199 9¥€ 5B 2021 6€7bA vkt Aaf (1A, BiQE, B, F-<h
b B odE Bl 2§, A5, AH, B9 170 AR Ex
£ F 2MAE AFSAT 18602 thEte] coxl EAE s A
) 1870, E-A1& 1074, @3 970 = 37709 haplotypesE 74 23} t}. 186
AN et coxl AlETF A3 F-As] JRAEAA g WA EsHt
oyttt FA3 Al7] Ma) (Eieh ®E, Fob Aloh) Ta (3, ol
S (FAE 2k AF 23 &7) 1670 A EESE ZEHGE &
30970 A& A FskATE 22070 Al st coxl A4S st A& 1071,
Fal 1470, 3 670 & 30709 haplotypesS A o] &t}

HeE 3570 A0l ekl AY Hit 145 Gb HOlHE AAlEte] AEA
713 FAAES AT ptDNAE ¢F 171.8 KbE Coding Sequence
(CDS)+= 20070, TRNA 371, tRNA 28712 33t} mtDNAE oF 314 Kb
Z CDS 2871, rRNA 271, tRNA 26702 ¥3ch. Z&u|dE 227 A9

e

)
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skl HAD Bt 141 Gb Hlo|HE Aibsto] AEA7H FAAE 44
3t ptDNAE oF 171.6 Kb® Coding Sequence (CDS):= 19971, rRNA
370, tRNA 28705 sttt mtDNA+ ¢F 27.9 Kb® CDS 2770, rRNA 2
7, tRNA 2715 £33}

H e mtDNACI A ZRAIRE ZF WolE& Bl 32 Asiel dal, &t
H-AE A o]k Ael JRAIEY] g JHAI W Wo] TEdE =t
ZEAGE A EL7B FAANME ZE AT AT E o]t
wokow dasiA e A WAL W WHol EERE ok As R dE-A
al ATl A HHE 3140] ZolE HoH R AFE Foue H
e Bt

B dAFdMEs FHuve dal R Mol &Xsk= Bld
MATE £ 2 GFES &7 S &

H A AL R Yo =osigit. HEEd ZlEHdE T Fo &
XE THE ERs W, 4 AL F

2
o vhA Ay WavlE Ag AgH Fold 2 5 vk

fljt

_|

N

BY
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