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Methylome study of Celeribacter marinus strain IMCC12053 and Comparative
Genomics of Flavobacteriales strain UJ101 using Single Molecule Real Time

Technology

Jhung Ahn Yang

Specialized Graduate School Science & Technology Convergence

Pukyong National University

Abstract

Single Molecule Real Time (SMRT) technology is one of the Next Generation Sequencing (NGS) tool
using Pacific Bioscience (PacBio) RS II Sequencing. This sequencing technology has the advantage of
possible methylation analysis. In order to analyze 2 Marine Microorganism (Celeribacter marinus strain
IMCC12053, Flavobacteriales bacterium strain UJ101), we used PacBio Sequencing analysis.

First, Celeribacter marinus IMCC12053 was isolated from coastal seawater from Yellow Sea of Korea,
it was used as the host bacterium for bacteriophage P12053L. We report the complete genome sequence
of strain IMCC12053 for further study of the marine bacteriophage P12053L. Genome sequencing data is
3,096,705 base pairs in length by single circular chromosome and the GC content is 56.24%. It contains
3,155 ORFs with 45 tRNAs and 6 RNAs genes. N6-methyladenosine patterns were also investigated for
32 unmethylated genes and intergenic regions that covered many regulators and phage genes as well as
ribosomal RNA genes and tRNA genes. Cryptic N4-methylcytosine pattern was investigated to speculate
GpC methylase activity throughout the genome. Comparative genomics with other Celeribacter genomes

were carried out for polyaromatic hydrocarbon degradation, but there were no aromatic ring oxygenases
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in IMCC12053 when compared to Celeribacter indicus P73.

Second, Flavobacteriales bacterium strain UJ101was isolated from a xanthid crab shell collected from
East Sea of Korea. We report the complete genome sequence of strain UJ101 for the study of metabolic
interaction between UJ101 and its host organism. Genome sequencing data is 3,074,209 base pairs in
length by single circular chromosome and the GC content was 30.74%. The genome of UJ101 contains
2,698 ORFs with 46 tRNAs and 9 rRNAs genes. According to the annotated list of genes Embden—
Meyerhof and pentose phosphate pathway is well conserved, but key enzymes of Entner-Douddoroff
pathway were impaired. TCA and glyoxylate cycle were conserved while carbon fixation and one carbon
metabolism were mostly lacking except formaldehyde dehydrogenase. UJ101 encodes degradation
enzyme including 8 glycosyl transferases, 3 amylases, and 8 peptidases. Biosynthetic enzymes for lysine,
tryptophan, phenylalanine, and tyrosine were also impaired. Alcohol and/or organic acid fermentation
could not be expected. Strain UJ101 was compared with bacterial genomes isolated from other marine
animals (3 strains from invertebrate and 5 strains from fishes). Other related genomes from the same genera

were included although they were reportedly isolated from seawater and marine sediments.
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Chapter 1. Celeribacter Marinus IMCC120532] Methylome

LR
1.1. A &

Celeribacter £-2 d}|Qt sfj4of|lA] E2]%] 9 o t(Ivanova et al., 2010)

Alphaproteobacteria 7}, Rhodobacteriaceae 30| 435t= JL4Ydo =z,

201002 Szt RAME Atolo] Qe Ef=W  HiTio] QoA
Bealggn, st o U sf|oj|A] Celeribacter baekdonensis (Lee et

al., 2012), Celeribacter marinus (Baek et al., 2014) (Table 1) &

sier O] SiSERE URoz FId A7 4F 9= uE=2A

Celeribacter indicus P73T(Lai et al., 2014)} C. baekdonensis B30-2



A= Mol A ZoA v JTHCao et al., 2015).

A} Celeribacter & FO|A C. marinus IMCC12053 T+ 35fQt9]
uith 2ol Z2]5itHBaek et al., 2014) (Table 1). o] @5+ sl
dtg2] @u}x] P12053Le] ZAE Hig2|otg o] gE|t| (Kang et al,
2012), 27)/dolH 35t 54 Y80It 2 A+o|X= C marinus
strain IMCC120532] A QSXx A¥S SMRT7|&S 0]&3}9
SRsHAl 7t [AA|(Table 1) ¥315t3, methylation HEH-S
A5t o w3, YU Celeribacter £9] UAYESY [AA|

R usat vl wsigrt.



Table 1. Celeribacter marinus IMCC12053" genome assembly and general features.

Genome assembly data
Item Description
SMRT pipe HGAP, SMRTpipe Celeral
Assembly method
Assembler, SMRTpipe Quiver
Genome coverage 1063 <
Sequencing technology PacBioRS2
MIGS data
Item Description

investigation type

bacteria_archaea

Genome sequencing of Celeribacten

project name .
marinus

experimental factor NA

lat lon 37.449722 126.599722

depth NA

alt elev NA

geo loc name South Korea

collection date 2009.12
material Marine waters
biome Ocean
feature Water
num_replicons NA




ref biomaterial PMID 24425746
pathogenicity NA

biotic_relationship free-living

trophic_level chemoheterotroph

rel to_oxygen aerobe

isol_growth _condt PMID 24425746
seq_math PacBio RS II sequencing
assembly name NA

finishing_strategy complete; 1063x coverage; 1 contig
annot_source NA

assembly SMRT

env_package missing




1.2. 7 A8 &4 Holg

7% IMCC12053"9] AR §HA A Q-2 Pacific Biosciences SMRT
tool (DNA Link, Inc., Seoul, Korea) (Table 1)& o] &3} 2HEYH
ORFs (Open Reading Frames)= Glimmer 3 program, Z} & 7|59
22X L Blast2Go (SMRT tools pipeline)2 &5 9itt. BLASTP=
ORFsE 2915}7] 95l AF&-EY a1, rRNA, tRNAE= RNAmmer(Lagesen
et al., 2007)2} tRNAscan-SE(Lowe and Eddy, 1997)& A}-835}9]

oI55 ATt

Al F=2 SIS 9Joll, BE TR X E2 National Center for
Biotechnology Information (NCBI) GJo|gHlo|AS 7|¥toz 3}o]
sfelstglon], RAST MHE Algsto] B4 alSicHAziz et al., 2008)
GeneBank A& A9 © dolH: SAxle AzatE s
CLGenomics =Z2 138 &HAlChunlLab, Inc.,, Seoul, Korea)o =

W35ttt CLGenomicsolA] ¥4 QAKX Ho]lE2 H|n SJAA+



FAo] A=A, GeneBankol| 553171 Hsl A&t AlZfet €

mtel [MCC120532] A& SAA Ay mjele o]f35}d,

BEE A5t HFigure 1).

% IMCC12053T9] {-FXHTable 2= 56.24% 2] GC

3095705 7] 9 @Y Y FANE Pt
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SRR 37]& v|wdlE W, C indicus P739} C. baekdonensis
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Figure 1. Circular map of the chromosome of strain IMCC12053.

From outside to the center: genome size (black line), RNA, forward strand (colored by COG categories), reverse strand (colored by COG

categories), GC ratio (brown), GC skew (green and red)

COG functional categories

: Cell cycle control, cell division, chromosome partitioning

: Cell wall/membrane/envelope biogenesis

: Cell motility

: Post-translational modification, protein turnover, and chaperones
: Signal transduction mechanisms

: Intracellular trafficking, secretion, and vesicular transport

: Defense mechanisms

: Extracellular structures

: Nuclear structure

: Cytoskeleton

: RNA processing and modification

: Chromatin structure and dynamics

: Translation, ribosomal structure and biogenesis
: Transcription

: Replication, recombination and repair

: Energy production and conversion

: Amino acid transport and metabolism

: Nucleotide transport and metabolism

: Carbohydrate transport and metabolism
: Coenzyme transport and metabolism

- | : Lipid transport and metabolism

: Inorganic ion transport and metabolism

: Secondary metabolites biosynthesis, transport, and catabolism
: General function prediction only

: Function unknown

: Not matched to database



Table 2. Celeribacter marinus IMCC12053 genome summary.

Attribute

Value

Genome size (bp)

DNA coding region (bp)

DNA G + C content

Total genes

tRNA genes

rRNA genes

Protein coding genes

Gene with predicted function only

3,096,705

2,759,002

56.24%

3,206

45

3,155

249



1.3.SMRT 7]=2 C.marinus®] methylomeQl N6-methyladenosine (m6A)

Al
Ay

2 N4-methylcytosine (m4C)2] A EE

aosroe
HeaeE =

Alphaproteobacterial ccrM2  5'-GANTC-3'9JX]9] Adenosine2 WHE3t A]7]1,

3 AzH 503

oluilz wejalo} Az Z7|o]

&

=ltHKozdon et al., 2013).
IMCC12053¢] 9&Ate] ol2jst wjist el SMRTEHO o) ol 5En o

SERI

)
g

£ 4}, (methylome listed in Supplymentary table 1). GANTC 9 X] (N6-methyladenosine,
7

mo6A)2] HE3}t Aej¥ul ofyz} N4-methylcytosineg(m4C)= I
R|7t Hel&]o] QHTable 3). DNA methyltransferase (N6 N4 Mtase; PF01555.14
E-value 3F £A](Table 4)=2

PF015550]  tjjst

from  pfam.sanger.org)+
IMCC12053_0024, IMCC12053_0065, IMCC12053_31162 47]9] ORF7} REFE o]

ghsi gt

gt oz Yl

AR
IMCC12053_1885+= 71 367719] o}n]xAto]H, Type Il restriction modification
IMCC12053_2040 (411 olg]xAb),

system?] WE3d A9 (EC 2.1.1.72)c}.
IMCC12053_3116 (421ofojx=AH& DNA

al
ES

IMCC12053_0065 (411o}0]x=Ah)
-9.



modification methylase2, A}AlQ] N-terminals2 ParBc (ParB-like nuclease

domain)2 ME BE U MEZ7] £ (Table 4) ¥ FMA (ZAAo|E)

ogE]ldYd 715S 4338 4 9t} N6-adenomsinedt N4-cytosine HE3} mt&

Q]gFy1a] W (exocyclic modification) (Loenen and Raleigh, 2014)& E3f] WAIGH7]

] &of], IMCC12053_1885% DNA methylase=2 ojjAtst 4 Q).

320670 wEst RAA F 784 [AAE WES HA G2 mEHo=

UL AHTable 3). J2u, dlde GANTC AMEx 327] YXl= + 719 (Table

50 wEds} Al %2 M2 Jda, oI Hs m|E2 NERV] Ee A9

AAet E2 28 =2 V)5 &

e

* qlrt,
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Table 3. IMCC12053 methylome. GANTC (m6A) and m4C methylation patterns were
detected by SMRT, which was summarized for 3206 genes and 1334 intergenic regions.

Methylation mo6A m4C mo6A & m4C null Total
Genes 383 1091 948 784 3206
Intergenic regions 745 589 - - 1334

Table 4. DNA methyltransferase (N6 N4 Mtase) found among IMCC12053 genome.
Hmmsearch (v3.1b1) was used for searching IMCC12053 ORF’s. Full sequence search results
are shown(PFAM accession :bPF01555.14, E-value <1.0x10-6). Query names are according to

pfam description.

Locus/CDS Query name E-value  Score  bias Pfam-A matches

IMCC12053 1885 N6 N4 Miase 1-4x10% 1960 00 ={mmN6iNdMtase

IMCCI2053 2040 N6 N4 Mtase 4x10° 1206 o0 {B2B)
IMCCI2053 0065 N6 N4 Mtase 1:5x10% 1174 oo -B2Be)
IMCCI12053 3116 N6 N4 Mtase 1.6x10% 1173 oo -BerBe) NEubidMrase

-11 -



1993)2 AR50} m6A L

=439) ¥ 5°"NNNNmCGCNNNN-3" (n=172) ® m4C modification®] T}¥-

A
T

AR B QAR x|do] USR] S moA AL RNA Ei (RNASH

M
rlo
U
ol
1
Pa)
(o]
-rl
rlo
of
18

& TA] FAf(phage remnantl} o] F

[
o =

9 A (mobile genetic element) Y HAF A GA KX}

ztelo] wgstelx o

Aoz YUEHHT. (Table 5)

soze YA

r

a4

!

22 GANTC Agat= 28] XHE 21

=
u
|
ok

o2 E£o0] weblogo.berkeley.edu), m4C U|E3} el ofufstA] Hol m4C ZH

N (20 @7] e A A7t & & Ych (Table 6)

SMRTZ BA%E m6A @ m4C XS Gibbs motif sampler 3.1 program (Lawrence et al.,

=

;O

D m4C motifS FA3WTE ESH 5-NNNNGmCNNNN-3" (n-

Ao m mbAL 5-GmANTC-3’ (n=2647)2 Aldst 2 9l9ict.

e
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Table 5. Unmethylated GAnTC sites (g

"— GANTC -

' _ CTNAG — g,) without N6-methyladenine (m6A) from IMCC12053 genes and intergenic regions.

gAntc Strand ganTc Strand Comments

1364135 + 1364137 - Upstream of IMCC12053 1380, dihydroxy amino acid enzyme

181161 + 181163 - Upstream of Lacl transcriptional regulator, IMCC12053 0192

1963620 + 1963622 - Between phage tail fiber protein, IMCC12053 2002 and peptidoglycan binding protein, IMCC12053 2006

1991273 + 1991275 - Between Holiday Junction resolvase, IMCC12053 2044 and phage helicase, IMCC12053 2045

2184266 + 2184268 - Upstream of Arsenical resistance operon repressor, IMCC12053 2243

2710246  + 2710248 - Upstream of IMCC12053 2771 ; TetR transcription regulator

2835314 + 2835316 - Upstream of IMCC12053 2883 ; integrase

2849521 + 2849523 - Downstream of IMCC12053 2907 ; phage mobile protein

2862938 + 2862940 - Upstream of phage integrase family protein IMCC12053 2922

2886980 + 2886982 - Upstream of IMCC12053 2941~2934; Cell wall synthesis genes cluster

2892583 + 2892585 - Downstream of IMCC12053 2948/2947 ; phage virulence and mobile element

2895952 + 2895954 - Upstream of IMCC12053 2952; Lon-protease

2953197 + 2953199 - Upstream of IMCC12053 3004; Autoinducer producing enzyme

3044382 + 3044384 - Upstream of IMCC12053 3094; GntR family Transciption factor

3096258 + 3096260 - Downstream of IMCC12053 3155 ; phage remnant

327210 + 327212 - Upstream of IMCC12053 0327; HTH-transcriptional regulator

522709 + 522711 - Upstream of IMCC12053_0518; AraC-transcriptional regulator

60148 + 60150 - Downstream of IMCC12053 _0067/0068 ; phage genes

1286398 + 1286400 - Malyl-CoA lyase (EC 4.1.3.24) ; Serine-glyoxylate cycle for CO; fixation

1433766 + 1433768 - L-proline glycine betaine ABC transport system permease protein ProV (TC 3.A.1.12.1) ; stress response &
upstream of Ribosomal RNA gene cluster IMCC12053 3180~3175)

1689630 + 1689632 - Flagellar motor rotation protein MotA; motility and chemotaxis gene cluster

-13 -



1825088
193258
202821
248052
302158
3096250
682591
1935613
2847128
421917
673352

+ + + + + + + + + A+ o+

1825090
193260
202823
248054
302160
3096252
682593
1935615
2847130
421919
673354

Nucleoside-diphosphate-sugar epimerases

hypothetical protein; down stream gene of sugar-alcohol utilization operon
5-aminolevulinate synthase (EC 2.3.1.37)

Xylose isomerase (EC 5.3.1.5); xylose utilization gene cluster

Peptide methionine sulfoxide reductase MsrB (EC 1.8.4.12)

Hypothetical protein; phage remnant; down stream of phage tail fiber protein gene
tRNA-Leu-TAG

Large Subunit Ribosomal RNA; LSU rRNA

tRNA-Phe-GAA

Transcription-repair coupling factor; RNA metabolism

Methyl-accepting chemotaxis protein

- 14 -



Table 6. Motif elements flanking m4C (N4-methylcytosine) and m6A (N6-methyladenine)
modifications. Gibbs program (v3.1) was used for collecting DNA sequences (10 base pairs
long window size) and motif elements occurring greater than 50% of the time was used for
visualization of the patterns. Methylated bases are shown in black letters.

Motif Left Right No. Avg. Score s.d.
Element End End Motifs (-10 LogP)

1ar(C.s.C 9 0 43 25.7 4.81

] =.0..C -8 1 44 24.7 4.30

J =00 X’ 2 70 25.1 5.81

LT CC-..s -6 3 10 23.4 2.76

}TTC .. -5 4 439 25.4 5.34

1. 060sa. 3 6 172 25.7 5.38

1. C+Caes 2 7 19 253 5.69

] CreiC e -1 8 9 28.1 9.55

L. Cane 0 9 19 27.8 6.24

| aaTz oA 9 0 65 51.9 242

| ATzA -8 1 35 51.9 22.7

| . AITC -4 5 1537 59.8 17.7

| GAaTC. -3 6 1110 59.3 16.9

1 MATz< -2 7 11 26.2 5.81

| AanaTxc -1 8 9 21.8 2.33

AanaAT<C - 0 9 8 25.5 4.17

-15 -



1.4. ©+2 Celeribiacter SR ALe} H|uw. EA

Celeribacter 9] tTF2 2 SA A} (C. indicus P733} C. baekdonensis B30)2t 4| ct

HeFE EbSh4 4 (Polyaromatic hydrocarbon) #9f 53-8 H| w5} TH(Cao et al., 2015).

Uy FAAE 248 3719 fAAE CLGenomicso 93 AlZte} =1, o=

BLASTP 4 Hi tjojoja3io g BXA ] otr}; EzGenome (www.ezbiocloud.net) 2 YLE]

A2 P731} B30 SHAME YIS 9l5to] AME-SHY Ch(Figure 2).

Core Al=& Celeribacter & IMCC12053, P73 12]31 B30 ZF 78.1%, 71.1%, and

76.2% HA2] ORFE F85t1 QAT E3F CLGenomics HIAQ] Alws Q9%

COG-based classificationS A4 (Table 7)ot AR5} TH(Tatusov et al., 2000).

371 2" As 371

=2
r dl
=o'g
|-'>~
o
o3
Ip
o
%
o
1o
2
o
fol
P~
N
—r—l
rE
ok
n
2
x

IMCC120539] Alsollid AotE 4 @9l P73 I B300] Asl E|AZ fPFo=
Z22E Als 3717 5718t Aoz YUeRGTtH(Cao et al., 2015; Lai et al., 2014).

-16 -


http://www.ezbiocloud.net/

IMCC12053 B30

P73

Figure 2. Three Celeribacter genomes compared. CLGenomics comparative genomics files
(*.cg) were generated and were used to count core genes and/or overlapping genes covering
the genomes from strains IMCC12053, P73, and B30.
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Table 7. Classification of protein-encoding ORF’s from Celeribacter genomes under
functional categories based on COG (http://www.ncbi.nlm.nih.gov/COG/)

IMCC12053 P73 B30
COG Description No. of % No. of% No. of%
Genes Genes Genes

Translation, ribosomal structure and
) _ 151 6.46% 159 4.23% 167 5.06%
biogenesis

Transcription 134 5.73% 272 7.23% 263 7.97%
Replication, recombination and repair 152 6.50% 247 6.57% 137 4.15%

Cell cycle control, cell division,
30 1.28% 35 0.93% 31 0.94%
chromosome partitioning

Posttranslational modification, protein
113 4.84% 158  4.20% 137 4.15%
turnover, chaperones

; ) Ubw.

Cell wall/membrane/envelope

) . 158  6.76% 216  5.74% 176 5.33%
biogenesis

Cell motility 76 3.25% 50 1.33% 46 1.39%

Inorganic  ion  transport  and
86 3.68% 314 835% 191 5.79%

metabolism
T Signal transduction mechanisms 82 3.51% 107  2.84% 115 3.48%
Energy production and conversion 154 6.59% 259  6.88% 235 7.12%
Carbohydrate transport and
. 202 8.64% 286  7.60% 250 7.58%
metabolism

Amino acid transport and metabolism 205 8.77% 387 10.29% 410 12.42%

Nucleotide transport and metabolism 69 2.95% 99 2.63% 83 2.52%

Coenzyme transport and metabolism 94 4.02% 140 3.72% 132 4.00%

Lipid transport and metabolism 90 3.85% 153 4.07% 138 4.18%
Q Secondary metabolites biosynthesis,

) 33 1.41% 83 221% 62 1.88%
transport and catabolism

R General function prediction only 259 11.08% 421 11.19% 391 11.85%
S Function unknown 249 10.65% 376 9.99% 336 10.18%
Total 2337  100% 3762 100% 3300 100%

- 18 -


http://www.ncbi.nlm.nih.gov/COG/

As Z71o] BAIQCl Al Celeribacter 555t SRA:= ©48tE AT Ql

Embden-Meyerhof THAFE 2Q} 58t} QlAM THAFE Z(Pentose phosphate pathway)S

0] 8519931, Entner-Doudoroff YA 2= IMCCI1205394] d-ZFF2AME & 24

8 A (d-gluconate dehydratase)?} BA3HC}t TCAS] 2= Celeribacter %-2] Core A=l

AAIE L A=, ofo]AAto]EZO]E  2footA]  (isocitratelyase)?} e AR

ethylmalonyl-CoA 73 2(Erb et al., 2007)Q1 acetate (+3CO2 FA) 33 =27} £A§3Act.

IMCC1250532 8 Il ribulose-1,5-bisphosphate carboxylase large subunit §F Z7}X] 1L

QA o, Yt (C paekdonensis B30-& RuBisCo? I3 AF2 SubunitE 7FX]al QY11

C.indicus P73 Oo}R A% 71X YX] QFoict.

Polyaromatic hydrocarbon (PAH) degradationys= C.indicus P732] %923t 7]50| X9t

C.baekdonensis B30+= 0]F 9] AHILo|A] H L% (Cao et al., 2015) H}e} Za] oiutgks

Et5t 54 Boll(PAH-degradation) 7]5°0] ATt

<

+ AFolAE= IMCCI2053 FAAE P73 (Table8)9] F8 @40 sl HAT 2t

homogentisate, gentisate, 12]3l catechol ortho-cleavage UHAIHZE= EA|51A]

OFo}ChH(Table 9).
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Table 8. Comparison of IMCC12053 and B30 against Celeribacter indicus P73. Genomic
regions A~D and other extrachromosomal regions (from P73) encoding key enzymes of PAH-
degradation paths were used as seed sequence for blastp searching in CLGenomics. (-): not
determined, left arrow (€): the same annotation as shown in left reference CDS.

Region in

P73 CDS/gene P73 B30 IMCC12053
2-Keto-4-pentenoate 2,4-Diketo-3-
Fumarylacetoacetate hydrolasehydratase/2-oxohepta-3-ene- deoxy-L-
A P73 0177 . . . :
- family protein 1,7-dioic  acid  hydratasefuconate
(catechol pathway) hydrolase
Gentisate 1,2-dioxygenase (EC
A P73_0175 1.13.11.4) < )
Maleylacetoacetate  isomerase Maleylacetoaceta
A P73 0176 Y Glutathione S-transferase te isomerase (EC
(EC5.2.1.2)
52.1.2)
2-
B P73 0352 2—Hydroxychr0mene—2— < Hydroxychromen
- carboxylate isomerase e-2-carboxylate
isomerase
2,3-dihydroxy-2,3-dihydro- ~ Dehydrogenases with differentze_l?r?e(;acyl_r[gfe}ﬁ;]
B P73 0349  phenylpropionate specificities (related to short-re ductasep (EC
dehydrogenase (EC 1.3.1.-) chain alcohol dehydrogenases)1 1.1.100)
Phenylpropionate dioxygenaseBenzoate 1,2-
B P73 0346 Biphenyl dioxygenase alphaand related ring-hydroxylatingdioxygenase
- subunit (EC 1.14.12.18) dioxygenases, large terminalalpha subunit(EC
subunit 1.14.12.10)
Benzoate 1,2-
B P73 0347 Biphenyl dioxygenase betaSmall subunit ofdioxygenase beta
- subunit (EC 1.14.12.18) phenylpropionate dioxygenase subunit (EC
1.14.12.10)
‘ . Phenylproplqnate dloxygengseNaphthalene
Biphenyl dioxygenase systemand related ring-hydroxylating ..
B P73 0348 . . . “dioxygenase
- ferredoxin component dioxygenases, large terminal .
- ferredoxin
subunit
Catechol 2,3-dioxygenase (ECbiphenyl-2,3-diol 1,2-
B P73_0353 1.13.11.2) dioxygenase ©)
Dihydrodipicolinate  synthase
B P73 0351 (EC 42.1.52) < <
B P73 0354  Ferredoxin reductase Uncharacterized NAD(FAD)-Ferredoxin
dependent dehydrogenases  reductase
2-Keto-4-pentenoate 2,4-Diketo-3-
B P73 0330 Fumarylacetoacetate hydrolasehydratase/2-oxohepta-3-ene- deoxy-L-
- family protein 1,7-dioic  acid  hydratasefuconate
(catechol pathway) hydrolase
Homogentisate 1,2-dioxygenase
B P73_0329 (gC113.11.5) ©) ©)
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P73 0350
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P73 0841

P73 0844
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P73 0842

P73 2964
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P73 2965

P73 2968
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?éz(ijleg. lzel'iééciacetate 1SOMETASE 51 utathione S-transferase
Probable . VANILLINNAD-dependent aldehyde
dehydrogenase oxidoreductase dehvdrosenases

protein (EC 1.-.-.-) yarog
3-Carboxy-cis,cis-muconate <

cycloisomerase (EC 5.5.1.2)

3-Oxoadipate CoA-transferaseAcyl CoA:acetate/3-ketoacid
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transferase
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Succinyl-CoA:3-

ketoacid-
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subunit B (EC 2.8.3.6) CoA transferase, beta subunit transferase

Acetyl-CoA  acetyltransferase <
(EC2.3.1.9)

Beta-ketoadipate enol—lactonePredlCted jyirelases or
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dioxygenase oxygenase subunit
(OhpA?2)
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Gentisate 1,2-dioxygenase (EC < )
1.13.11.4)
. Maleylacetoaceta
Maleylacetoacetate ISOMETASC 51y tathione S-transferase te isomerase (EC
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Figure 9. Missing enzymes of IMCC12053 compared to P73 that had PAH degrading functional genes in chromosome and plasmids (etc) (Cao
etal., 2015).

Regions | LOCUS

) P73 B30 IMCC12053

in P73 | from P73
Gentisate 1, 2-dioxygenase (EC ] y

A P73_0175 Gentisate 1, 2-dioxygenase -
1.13.114)
Catechol 2, 3-dioxygenase (EC| _ _

B P73_0353 Biphenyl-2, 3-diol 1, 2-dioxygenase -
1.13.11.2)
Homogentisate 1, 2-dioxygenase (EC

B P73_0329 - -
1.13.115)
3-Carboxy-cis, cis-muconate | 3-Carboxy-cis, cis-muconate

C P73_0845 . . -
cycloisomerase (EC 5.5.1.2) cycloisomerase

D P73_2964 | 4, 5-Dihydroxyphthalate decarboxylase | — -

etc P73_1122 | Benzenetriol dioxygenase Intradiol ring-cleavage dioxygenase -
Gentisate 1, 2-dioxygenase (EC ) )

etc P73_1454 Gentisate 1, 2-dioxygenase -
1.13.11.4)
Gentisate 1, 2-dioxygenase (EC ) )

etc P73 4775 Gentisate 1, 2-dioxygenase -
1.13.11.4)
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1.5. Nucleotide Accession Number

Celeribacter marinus IMCC12053 9] complete Als A€l Genebank database

accession number= CPO120230]c}. E3Jt, IMCC1205329] A= Korean Agricultural

Culture Collection (KACC) =2 Biological Resource Center, National Institute of

Technology and Evaluation (NBRC) & Z]3of|A ZFZF KACC178482, NBRC1097022]

52 Wag SN BY e 4 Aok

o
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Chapter 2. Xanthid Crabo]| 5-A88l= Flavobacteriales bacterium

2 UJ1019] H]Z SAA A
2.1. A 2
Flavobacteriales= Flavobacteriia?}, Bacteroidetes<-9]| &3t= FAYo=Z 0|
oge HeEgot 2F5or {LAE] e EY, Y, AlE 2 529 UR
S cpget S7olN Bejslo] gtom, 1SS 44 U 84 HAY ueeo}
+AA Fa%t AFES S, UA8E A 1LY 2097 = & & UAS
Aeg o] ZFX3ch(Kolton et al., 2013).
DA Flavobacterium 2 A3t F117]9] Aol AQl(Declercq et al., 2013)0] E7| %
stof, AlEolyd 529 ¥3s R S FA6t= I(Sang and Kim, 2012) X EY
s 3|k EA2o PatA Mojor PS O]RICk(Fu etal, 2011; Jit et al., 2008).
ZolQto]] Al= Xanthid Crab ZBAO|A B2|¥ Flavobacteriales bacterium 3
PR wE U AESrE 9X7t Bas el AeiAoA
205

UJ101 oAIZHA] A&



oA 715 $steRl LARNIA Ysiek

ojo] & AFolM= & U019 X {HA MBS SMRT 7|2 ©]&3t9q

Ao A 77He S A RKTable 1)S 1t}

T3t o] SAA|S o] &3}, ANI(Average Nucleotide Identity) Ztoll 2]3t Als §ALE

T 165 RNA QALEO] O3 ASER L BY B3 52 wsto wad

#Z%9] Flavobacteriales 29] SAX AAsch. E35H Chunlabe] Hl@ SAF]

Z A E (cg.erbiocloud.net)S 0]Lsto], FZF UJI01 L  Flavobacteriales®] &=

15359 QA 715 2 dAIES vR BHat Alsstuch
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Table 1. Flavobacteriales bacterium UJ101 genome assembly data and general features.

Genome assembly data

Item

Description

Assembly method

SMRT pipe HGAP, SMRTpipe Celera
Assembler, SMRTpipe Quiver

Genome coverage 1063 X
Sequencing technology PacBioRS2
MIGS data
[tem Description

investigation type

bacteria_archaea

project name

Genome sequencing of Flavobacteriales
bacterium UJ101

experimental factor NA
lat_lon 37.10 N 128.38 E
depth NA
alt elev NA
geo loc name South Korea; East sea
collection_date 29-FEB-2012
Country Korea
Environment Xanthid Crab gut microbiome
num_replicons NA
ref biomaterial NA
pathogenicity NA
biotic_relationship Symbiotic
trophic_level chemoheterotroph
rel to oxygen aerobe
isol _growth condt NA
seq_math PacBio RS II sequencing
assembly name NA

finishing_strategy

complete; 1063x coverage; 1 contig

annot_source

NA

assembly

SMRT

env_package

missing
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#5 UJ1019] AA] SAR A LEL Pacific Biosciences SMRT tool2 0] 835} 00,

AL z) faofo]gxd 3 (DNA Link, Inc., Seoul, Korea) (Table 1)& ©0]835}9]

Mz

B 5]t} Open Reading Frames(ORFs)= Glimmer 3 Program, 2t A8 7|59 F£4&

Blast2Go (SMRT tools pipeline)2 O|Z& 2t BLASTP= ORFsE 2QIs517] 2df

AFE-E] 931, ribosomal RNA, transfer RNAY RNAmmer(Lagesen et al, 2007)2}

tRNAscan-SE (Lowe and Eddy, 1997)& A}&-s}o] o5& it

A A2 s|AdE ¢sfl, =& TulAl x2A.2 National Center for Biotechnolo
gy

AstA o0, RAST AHE

Joi

Information (NCBI) G|o]EH]|]o]AE 7|¥to g 35}o]

AHg5to] BA 51Tt (Aziz et al., 2008). GeneBank A& Q1 ¥ go]El= SAAL9]

AlZrstE 95 CLGenomics Z= 27188  Al(ChunLab, Inc., Seoul, Korea)2 &

ot

HESHA T Clgenomicsofl A Bl JAIX} Elo] &2 vl {AAL FAlo] A=A,
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GeneBanko]]| S-23}7] 93 AM35I9 1, A|ztst

rin
=)
ne,
2
é
Jo
|-'>|
>
2
oX
ko
_E_L
ne
fulo

o]-g3to], AMA A= FHE FF3FAS (Figure 1).

w5 UJ1019] {ARE 30.74% 9 GC &3, Zol+ 3,074209 /7] o 2

Ay dMMz FAEYT SAAHE 46709] (RNA, 9712] RNAZ} matE|o] it

(Table 2).
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$
2

COG functional categories

|:| D : Cell cycle control, cell division, chromosome partitioning
: Cell walllmembrane/envelope biogenesis

: Cell motility

: Post-translational modification, protein turnover, and chaperones
: Signal transduction mechanisms

. Intracellular trafficking, secretion, and vesicular transport
: Defense mechanisms

: Extracellular structures

: Nuclear structure

: Cytoskeleton

: BNA processing and modification

: Chromatin structure and dynamics

A LURMEEY
N

uJ101

CH'CUIG!' g.-: : Translation, ribosomal structure and biogenesis
3,074,209bp == : Transcription

i
i

: Replication, recombination and repair

‘ ==
iy .ﬁ : Energy production and conversion
\\?.:Q»* : Amino acid transport and metabolism
\\"\‘\S\ : Nucleotide transport and metabolism

. : Carbohydrate transport and metabolism

: Coenzyme transport and metabolism

: Lipid transport and metabolism

: Inorganic ion transport and metabolism

: Secondary metabolites biosynthesis, transport, and catabolism
: General function prediction only

: Function unknown

: Not matched to database

T IOGTMmMOrARCOPN<sS<CHOZZ

®imll T
dh gt

F 11 1 O 1

XWIDO D

B
(]

Figure 1. Circular Map of the Chromosome of strain UJ101. From outside to the center: genome size (black line), RNA, forward strand
(colored by COG categories), reverse strand (colored by COG categories), GC ratio (brown), GC skew (green and red)

-30 -



Table 2. Flavobacteriales bacterium UJ101 Genome Summary

Attribute Value
Genome size (bp) 3,074,209
DNA coding region (bp) 2,803,554
DNA G + C content 30.74%
Total genes 2,740
tRNA genes 46

rRNA genes 9

Protein coding genes 2,684
Gene with predicted function 197
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23. "2 |AA 24 glolH

g otus] 9ol che

2 ABEfA A A
74 dlo]g ¥ ANI(Average

Sty HAAPAE 15 Flavobacteriales®]

Nucleotide Identity), 16s rRNA SAMJE 1185

tol ulwslgict

ol

FugddZ A
0] £-5}9{, Phylogenetic

o

=2

A ¥ (Table 3)= 15719

ZY Flavobacteriales?] Ortho Average Nucleotide Identity 3k

ol% S5 7185t Flavobacterium %-(genus)it

tree (Figure 2)5 3t 3 ZAy} A
7Vt ZOF  Flaviramulus  ichthyoenteri Th78, 2073

ek AL
Flavobacterium  psychrophilum JIP02/862}  Flavobacterium — branchiophilum FL-15

Folgith. 2oyt A5 £A
53 2500z SAWAL 19 sty B 4 ok
dli 9Hske ofE Q2o 98" SHL ulasts stRoln, o] Z5 59 Hli
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AR #A42 @ A (cgezbiocloud.net)2] FJHE o]8sto] AAIGH Auto|ot,

EF1 22X pan-/core-genome w2, FQ Clusters of Orthologous Group(COG)E

0] 83t Pan-genome Orthologous Groups(POGs)2] Wl&= BA  [dentity differentially

present POGs enrichment pathway 18] 1l singleton ¥4 So] Qlt}.
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Table 3. Summary of 16 Flavobacteriales genome and their contextual data.

Organism Country Latitude/ Isolation Pathogen No. of contigs | Genome size | DNA G+C | No. of CDSs No. of rRNA | No. of tRNA | Reference
Longtitude source (bp) content (%) genes genes

1 . South o .
Flavobacteriaceae . 37°06'01.1"N Marine .
bacterium UJ101 IS{eoarea, East 129°2248.1"E Invertebrate X 1 3074209 30.7431928 2683 9 46 This study

2 Flaviramulus ichthyoenteri | China: . . (Zhang et al,
Th78 Qingdao ND Marine Fish X 5 3953230 32.03400763 3433 6 40 2015)

3 Flavobacterium . . (Touchon et al.,
branchiophilum FL-15 Hungary ND Marine Fish O 2 3563292 32.85829508 3123 9 44 2011)

4 Flavobacterium . e (Duchaud et al.,
psychrophilum JIP02/36 France ND Marine Fish (6] 1 2860382 32.53299734 2510 18 49 2007)

5 Gramella echinicola DSM | Pacific Marine (Nedashkovskaya
19838 Ocean ND T ottehiite X 18 3513826 36.89915209 3184 6 40 etal., 2005)

6 Gramella forsetii KT0803 | Germany ND Seawater X 1 3798465 36.61076251 | 3446 9 44 %';‘Z;“h et al,

7 o 01017 (" ;
Gramella  portivictoriae 22°18'37.0"N Marine
DSM 23547 Hong Kong 114°07'11.9"E Sediment X 8 3269398 39.52859211 2985 6 41 (Lau et al., 2005)

8 ) " South 01414 /" (Kwon et al,
Nonlabens  dokdonensis | oo, 3T°1424.8"N Seawater X 1 3914632 3531529911 | 3455 6 41 2013)
DSW-6 131°52'04.2"E

Dokdo

9 North West 30°11'01.0"N (Park et al., 2012)

Nonlabens marinus S1-08 Pacific o ) Seawater X 1 2915920 39.52515844 2677 6 36
o 145°05'00.0"E
cean

10 Nonlabens sediminis 41°48'59.7"N (Khan et al,
JCM 19294 Japan 140°41'59.7"E Seawater X 22 2935762 35.33494881 2899 3 32 2006)

11 . . 7°25'45.3"N Marine (Park et al., 2012)
Nonlabens sp. MIC269 Micronesia 151°5131.9"E Sediment X 1 2884293 35.45142605 2613 9 36

12 Nonlabens — ulvanivorans | France; 48°51'35.2"N Marine (Kopel et al,
PLR Brittany 3904143 1"W Invertebrate X 45 3211390 35.010852 2940 3 33 2014)

13 Tenacibaculum maritimum . . (Yoon et al,
NBRC 15946 Japan ND Marine Fish (¢} 159 3225035 31.80458507 2915 3 39 2005)

14 ges”h“/l"’lbgufgg“’" ovolyticum |\ way ND Marine Fish 0 34 4124462 29.53267602 | 3693 12 45 Uit etal., 2008)

15 Tenacibaculum sp. (Suzuki et al,
47A GOM-205m Japan ND Seawater X 11 2897856 31.81379613 2766 4 45 2001)

16 Vitellibacter Marine (Nedashkovskaya
vladivostokensis Japan ND Invertebrate X 25 3269452 40.76019467 3088 4 35 etal., 2003)
KMM3516
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Vitellibacter Madivostokensis KMM 3516(T)/GCF_000952855.1

1 Gramella portivictoriae DSM 23547(T)/GCF_000423045.1

Gramella forsetii KTO803(T)/GCF_000060345.1

Gramella echinicola DSM 19838(T)/GCF_000423065.1

Nonlabens marinus S1-08(T)/GCF_000831385.1

Nonlabens sediminis JCM 19294/GCF_000755305.1

-

Nonlabens sp. MIC269/GCF_001430865.1

Nonlabens dokdonensis DSW-6(T)/GCF_000332115.1

Nonlabens ulvanivorans PLR(T)/GCF_000732625.1

Flavobacteriaceae bacterium UJ101//14271.FBUJ101.1

Flavobacterium psychrophilum JIP02/86/France/Picardie/GCF_000064305.2

Flavobacterium branchiophilum FL-15/Hungary/GCF_000253275.1

Flaviramulus ichthyoenteri Th78(T)/GCF_000789235.1

Tenacibaculum maritimum NBRC 15946(T)/GCF_000509405.1

Tenacibaculum owolyticum DSM 18103(T)/GCF_000430545.1

Tenacibaculum lutimaris 47A_GOM-205m/GCF_000518405.1

Figure 2. Phylogenetic tree by Orthologous Average Nucleotide Identity (OrthoANI) analysis
16 Flavobacteriales.
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2.3.1. Pan/Core-genome ¥ A=
Pan-genome2 SXA| ANEQ CTHHERZ] stxlsto 2 |6

HAsll, A

Flavobacteriia®] Pan-genome w42 ¢
=)

CDS7H Uebd 4 9t 7152 BEAC 1 olF BLASTS

Ag 43
F.bacteriumo| Al 7153t A= WIS o|5517] Y5, @ A38Q] Bioinformatics
359 Pan-genomeS

Tool(cg.ezbiocloud.net/)Z ©]8&8}0] WE 16 Flavobacteriia

%I

rlr

Fal, Pan-genome(-S-HAL Hm E2]), accessory genome (52| Al Aol

o155
HEE 2E o XXHE AALSHE CH(Castillo et al.,

E%X SRR U Core-genome (A2
2016).
7t 169539 §AX AHE CLgenomicso]] 23] A]zts} E|9loW, 7z AW E
A% FAAQ)] Pan-genome o5t ZF AMAIX] R FH=E IFZ Ao #4F

] tlojojasio & }ERY QI Th(Figure 3).

UJ1013} v] st
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Pan-genome2 SAAQ] 271 Z7l6tH 1 37|= F7tstH, YWHE  Core-

nk

AR

L

ok

genome GAAY 471 F7tetd Aasts A¥S HAL 16FEE

Pan-genome 1} Core-genome 37| W} A Z(Figure 45 13 o0y A Ail 9
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w101 JIPO2/8 KTOBD3 DSM 23547

Figure 3. Venn Diagram of Compared Genomes. A: Comparison between UJ101 and Marine
Vertebrate Group, B: Marine Invertebrate Group, C: Flavoabcterium Group, D: Gramella
Group, E: Nonlabens Group, F: Tenacibaculum Group (cf. contextual data in Table 3)
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Figure 4. 16 Flavobacteriales pan and core-genome according to the number of sequenced
genomes. Accumulation curves for the total number of genes (Pan-genome, Blue) or the
number of genes in common (Core-genome, Green). This graph is shown for increasing or
decreasing values for 16 Flavobacteriales genome sequenced based on a power law fit models.
The vertical bars correspond to standard deviations after repeating one hundred random input
orders of the genomes (Kolton et al., 2013).
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Frequency of POGs within the 16 genomes
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Figure 5. Frequency of genes within the 16 analysed Flavobacteriales genomes. (Frequency
Plot of POGs with Major COG Category).
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Figure 6. Comparison 16 Flavobacteriales functional Categories by COG (A) and SEED
subsystem category (B).
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Table 4. Comparison of 16 Flavobacteriales strains by Singleton Number. (¢f. COG functional categories in Figure 6, strain’s full name in

Table 3).
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Flavobacterium Group
cf Table 3. 1,34

Tenacibaculum Group
cf Table 3. 13~15

Marine Invertebrate
cf Table 3. 1,5,12,16

Gramella Group
cf Table 3. 5~7

Non-Bio (Seawater, Sediment)
cf Table 3. 6,7,8,9,10,11,15

Nonlabens Group
cf Table 3. 8~12

Figure 7. Venn diagram of each specific isolation source 16 Flavobacteriales
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Table 5. Differentially presented KEGG metabolic pathway enrichments between strain
UJ101 and respective symbiotic group (+: Different number of genes in the metabolic process).
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Figure 8. Compared between strain UJ101 and other 15 Flavobacteriales Metabolic
enrichment by KEGG Energy metabolism. Strain UJ101’s singleton is rectangular box. (1) is
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Compared between strain UJ101 and other 15 Flavobacteriales Metabolic enrichment by KEGG Carbohydrate metabolism. Strain
UJ101’s singleton is rectangular box. (1) is 2-methylcitrate dehydratase (prpD), (2) is Methylisocitrate lyase (prpB), (3) is Phosphate
acetyltransferase (pta), (4) is butanol dehydrogenase, (5) is butyrate kinase, (6) is UDP-glucose 4-epimerase (galE,GALE), (7) is Alpha-
glucosidase (malZ), (8) is Isoamylase 1, chloroplastic (treX,glgX), (9) is Pullulanase, (10) is Glycogen phosphorylase, (11) is Alpha-amylase
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