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ABSTRACT

Co-culture of several isolated methane oxidizing bacteria

and production of prodigionie pigment

Jaewon Ryu
Advisor: Prof. Si Wouk Kim, Ph.D
Dept. of Renewable Energy Convergence

Graduate School of Chosun University

To isolate methane oxidizing bacteria (MOB) from various types of soils (paddy
field, wetland, garbage landfill, etc.), enrichment culture was performed for 2 weeks
at 30°C using nitrate mineral salt (NMS) medium with methane as sole carbon and
energy source. Headspace of 300 mL Erlenmeyer flask was replaced with
methane/air gas mixture (50/50, v/v). Over thirty methane oxidizing bacteria were
isolated from the enrichment culture using a solid NMS medium. During isolation,
more than 40 non-methane oxidizing heterotrophic bacteria, which were grown with
methane oxidizing bacteria on NMS agar medium at first subculture but not grown
on NMS medium at second subculture, were isolated from the LB agar medium.
16s TRNA gene sequence analysis of isolated MOB and heterotrophic bacteria were
carried out. As a results, Twenty eight MOB strains were identified. They belonged
to Methylomonas sp., Methylophilus sp., Methylosarcina sp., Methylosinus sp.,
Methylocystis sp.. And twenty three heterotroph strains were identified by 16S
rRNA gene analysis. The eight strains that grow fast among the isolated MOBs
were belonged to Methylomonas sp., Methylosinus sp., and Methylocystis sp.. In
addition, the specific growth rates (p™') in NMS medium contained in the 70 mL
gas tightly sealed vial supplemented with methane/air gas mixture (50/50, v/v) were
0.031~0.178. Several mixed culture broths showed high ODgy values of 10 within

5 day cultivation. It was found that some of mixed cultures showed higher ODggp
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values than pure cultures of corresponding MOBs, but the other presented lower
ODggo values. This result suggests that a certain MOB and its related heterotrophic
bacterium(a) are symbiotic with each other by exchanging carbon sources or growth
promoting substances, but are competitive with each other by inhibiting cell growth.

In our study, a novel methane-oxidizing bacterium (MOB) isolated from a rice
paddy field soil was identified as Methylocystis sp. JRO2 by 16s rRNA gene
sequencing analysis. Its specific growth rate and doubling time in nitrate mineral
salt (NMS) medium contained in the 70 mL gas tightly sealed vial supplemented
with methane/air gas mixture (50/50, v/v) were 0.089 hr' and 7.79 hr, respectively.
The color of the culture broth was milky white throughout the culture period in
the NMS medium containing 4.2 mM phosphate. However, when the phosphate
concentration in the medium decreased to less than 0.1 mM, the color of the
culture broth turned pink, and the colonies of the NMS agar plate showed metallic
green sheen. The pink pigment extracted from the bacterial cell showed two
absorption peaks (A,.) at 467 nm and 535 nm in methanol at neutral pH.
However, A,. was solvents and pH dependent. That was 467 nm at pH 2.0 and
535 nm at pH 12.0. The pigment was purified and analyzed by LC-MS/MS with
m/z 338.7, 352.6 and 366.7. These values were the typical characteristics of the
prodigiosin analogues consisting of 2-methyl-3-hexyl prodiginine (m/z 338.7),
2-methyl-3-heptyl prodiginine (m/z 352.6) and 2-methyl-3-octyl prodiginine (m/z
366.7), respectively. The maximal concentration of prodigiosin analogues in the
medium was obtained in the stationary phase of cell growth, indicating that it was
a secondary metabolite. The maximum concentrations produced were 62.9 mg/L for
2-methyl-3-heptyl prodiginine, 8.1 mg/L for 2-methyl-3-octyl prodiginine, and trace
amount of 2-methyl-3-hexyl prodiginine, respectively. To our best knowledge, these
were the maximum concentrations obtained from MOB.

The anticancer efficacy of the extracted pigment against several human cancer
cells were demonstrated through cell viability assay. The pigment concentrations at

which cell viability fell below 50% were 15.6, 500, 250 and 250 4g/m¢ in prostate
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cancer cell line LNCap and PC3, breast cancer cell line MDA-MB-231, and lung
cancer cell line NCI-H460, respectively. Similarly, an immortalized cell line,
HaCaT, exhibited <350% cell viability with 62.5 #8/mM¢ prodigiosin analogues
produced by JRO2. These results showed that the pigment produced by the JRO02
strain was effective in suppressing cancer cell lines similar to prodigiosin.

The genome of JRO2 strain consisted of a total of five contigs of 4,362,918 bp
with GC content of 63.39%. Size of all contigs were 3,885,632; 311,335; 158,371;
4,565 and 3,015 bp. Contigl has 3,624 CDSs, corresponding to 88.5% of the entire
genome coding sequence (CDS) and it was analyzed that contigl has 55 tRNA and
9 rRNA distinct genes than other contigs. Thus, contigl is bacterial chromosomal
DNA.

The particulate methane monooxygenase (pMMO) and the soluble methane
monooxygenase (sMMO) gene groups were also present in contigl. Sequence
analysis of the three pairs of pMMO a and [ subunit genes revealed their close
resemblance to the genus Methylocystis, similar to the results of the 16S rRNA
gene analysis. Methane monooxygenase components A, B, and C, the constituent
genes of sMMO, showed highest homology with the genus Methylosinus, while
component D of MMO was most homologous with the genus Methylocystis.

Among the prodigiosin-related genes, pigC, pigD, pigE, pigF, pigG, pigH, pigl,
pigJ, pigM, and pigA were located in contig2 in the form of an operon. PigB,
pigK, pigl, pigN, and pigO genes were not found in pig operon of contig2.
Instead, two hypothetical protein genes were found between pigJ and pigM genes.
Protein blast analysis of each gene of pig operon showed relatively high homology
with various types of prodigiosin biosynthetic gene groups such as Hahella
chejuensis, Zoshikella ganghwensis, Janthinobacterium lividum, Rugamonas rubra,
and Massilia sp. However, the homology was low with the gene group of the
well-known prodigiosin-producer Serratia sp. The size of contig2 was about 311
kbp, which is a plasmid size. Considering above facts, it is possible that the JR02

strain has the ability to produce prodigiosin analogues by horizontal gene transfer.
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In general, phoR and phoB genes related to phosphate uptake are known to
involved in prodigiosin biosynthesis depending on the concentration of phosphate
and these genes were located in contigl. Homology analysis of these genes showed
similarity to the strains of genus Methylocystis and Methylosinus. In addition, genes
that regulate prodigiosin biosynthesis, such as ftamd, tamB, and rapA, were found
in contigl.

The culture supernatant of the JR31 strain, a MOB isolate, showed growth
promotion effect on MOB strains (JRO7, JR09, JR29, JR30) which require
cobalamin(vitamin B12) to grow. Culture supernatant of the JR31 strain not only
increased the biomass concentration of JRO7 strain but also increased the growth
rate. In the activity test of the culture supernatant obtained according to the culture
period of the JR31 strain, the JRO7 strain showed almost the same level of activity
in the supernatant after 7 days of culture. The culture supernatant of the JR31
strain was fractionated by HPLC, and demonstrated growth promoting effect on the
vitamin-requiring MOB strains with each fraction, and the best effects were
observed with fraction No. 17 (20.1-21.0 min) and 18 (21.2-22.0 min). Fraction
No. 11~20 fractions were analyzed for metabolites. In the GC-TOF-MS analysis,
among different metabolites, elaidic acid was distinctly present in fractions no. 17
and 18 than other fractions. Elaidic acid is an unsaturated trans fatty acid, which is
not known to promotes the growth of microorganisms. In
UPLC-LTQ-Orbitrap-MS/MS analysis, a total of 14 possible metabolites were found
and among them only one metabolite was identified as
amino-methyl-oxononanoicacid. As a result of comparing the contents of
metabolites, 5 metabolites (NI 1-5) showed relatively high content in fraction No.
17 whereas 9 metabolites (NI 6-13 & Amino-methyl-oxononanoicacid) showed

relatively high content in fraction No. 18.
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Fig. 1. Overview methane oxidizing bacteria]www.methanotroph.org].
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Table 1. Characteristics of type |, type ||, and type X methanotrophic bacteria

Characteristic Type | Type |l Type X
Short rods, usually occur|Crescent-shaped rods, rods, )
) ) ) Cocci, often found
Cell morphology singly; some cocci or|pear-shaped cells, sometimes|
airs
elipsoids occur in rosettes P
G+C content of DNA (Mol %) 49-60 62-67 59-65

Membrane arrangement

Bundles of vesicular disks Yes No Yes

Paired membranes aligned

) No Yes No
to periphery of cells
Nitrogen fixation No Yes Yes
Resting stages formed
Exospores No Some strains No
Cysts Some strains Some strains Some strains
RuMP pathway present Yes No Yes
Serine pathway present No Yes Some strains
Ribulose-1,5-bisphosphate
No No Yes
carboxylase present
Proteobacterial subdivision Gamma Alpha Gamma
- 3 -

Collection @ chosun
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Methylosinus®= 1 SE0| &40/&tS E2J6HALH13, 14].
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Fig. 2. Cycle of organic wastes degradation, methane production and methane oxidation in ecosystems.
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Fig. 3. Primary sources of methane release[IPCC, 2007].
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cyclopropanol, dithiothreitol, phenylhydrazine, NaCl, iodoacetate, MgCl, 12l JD=&2
phosphate S0| RUACH26]. MOBE 0| &St methanol A2 02 HFE Sot &
Ct. Metha S2 200l M Methylosinus trichosporium OB3bE 0| &E0t0H, AZ &
FAIZS 3|24 2 ASA MAH ZEU A methanol &0 HE =
t[27]. OIS0l &8t DES MES XHIHUAM HE2S MEKE
| C= 6 uml/mg-hrOIR2MH, O =

T M Methylobacterium organophilum= 0| E
S MAH ol=stdeEl MEs55= MDH MolMCe sS0 i 21=26t0, 2% L pH
= 0

I 2 I LQULH?28]. Shimoda S M. trichosporium OB3bS
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cyclopopane 2 2 X 2|8t = methane, ethane, propane, —12|1) butane2 2F E methanol,

ethanol, propanol, butanol2| MAtIMME S HAGHAUCH29].

= AF0AME et X9 X0 HEd, s, s, =, =2 52 &2 Al
S5 MFotH MOB2H E£Z M IS =clotl] sEoIM, 2l MOBe E4s 1t
oIotl), SHES MU EFHHAS Sot0d MOB2H SES AT o= 2HE It
oISt At SHCH el FelE MOBZRH |RESZEQ M0 JISEHAE H76H,
SEISMZ US| =SS AlotRALH
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H2& Ogdtsthle & sdMZ2 =222 s8

MES 2 ESZASE 1%(wtivol) sE2 14 202 SctAI0 20 200 me2

MOB Hi & Nitrate mineral salt (NMS) HHXIO &E0tALCH (Table 3)[11]. SctAIL

g7 JtA REY0l Jise 2= ZXlotl, Al ObM

Ol=Zotd JtA<

O] 2dotAl EE= 23otth JtA RE7E 21, IJtA 7270 HIE/SJ12 Blot
h

cadspace 12| 108 Ol& =&otH =ctA3 RS =
J

I

tAol REE ZSotch el

180rpm EHCLZE 2=72F 1A SSHHYSE 2ot ) HHYHS seedZ20tH =&t
22X ¥ 3% SIS GIUCH 3R SIS HYHE 1/10°~10°%61 =

o =
=Y

90k

30°

0z
112
10

%
I

ISIESKe;

O NMS JXHBHXIO SIAEHEE 2 2 3022 NMS JXBHXI(1.5% St&)0l HEEY
StOl DIIEY/ZBD12l HIJF 5:5Q1 SIASE =28 HEEII0 €10 LSotUL

BlEl AlZE 30CO0AM 7~1422t B

OIE X

& £ o 22Ll(colony)E HFSHH A NMS
DMBIXI0 SdEY 6l), SUsH ESIIAE 38 HLEINUNAM SL Z2AH2Z i
o

2ot =5 ZclotULt (Fig. 4).

IS0A 22 ZR0 22 S22 =20 &2 G 20t &
E

A 2
el Olddet 22LIE 22Iot0 HE=S $AYELE ==ti2olH X H=s &

= Oo
Ol LIEtSCH OIS Z2UE ChAl LB SF&BiXI0 THE S0t ot S2LIE &4
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ot= Z#3=0I UEtU=0l, oldde SX8YaFsS -2 22otjth 2cld @
S HUXMUIXIOA BHZ = MOB= 10% DMSOO, SEILAMT2 25% =clHS0l
S¢eot0 -80CUHA 2&toty, == A0 AISotALH

b

Table 2. Sampling site and type of soil samples

No. Area name Type of soil sample Location
1 Sludge 35°05'09.0N, 126°53'32.5E
=LA G+
2 Garbage 35°05'09.0N, 126°53'32.5E
A s

3 Bio-gas outlet 35°05'10.0N, 126°53'23.0E
4 Wet land 35°04'59.2N, 127°00'08.0E

&g st=x Y%
5 Forest 35°05'00.9N, 127°00'09.0E
6 dg st=x ¢ Paddy field 35°02'42.4N, 127°01'50.3E
7 dg =4z &I Paddy field 35°13'45.4N, 127°1321.9E
8 dg 24z 430 Paddy field 35°07'23.7N, 127°14'S6.1E
9 dg g2z HEH Paddy field 35°13'44.6N, 127°0028.2E
10 | &g 22 HEH Wet land 35°15'11.5N, 126°52'58.8E
11 d= ZSAl AES Drainage 35°30'34.2N, 126°50'25.8E
12 | &g 242 =SEH Wet land 34°46'39.5N, 127°11'07.6E
13 Wet land

dg 242 SEH 34°45'16.7N, 127°13'33.3E
14 Wet land(sea water)
15 | &g 2472 =UH Paddy field 34°53'26.4N, 127°08'11.2E
16 | &5 24= 0|8H Paddy field 34°47'34.1N, 127°0623.7E
17 | &g B24= 0IgH Livestock wastewater 34°47'10.7N, 127°06'37.1E
18 | 8 B HuWsS Wet land 34°50'10.6N, 127°21'51.2E
19 | M4 B2 HuUsS Wet land(sea water) 34°50'09.8N, 127°03'14.4E
20 | 88 342 A4=H Paddy field 35°07'25.1N, 127°14'54.8E
21 dg =4z =) Paddy field 35°13'56.9N, 127°13'13.8E
22 | MY 22 HEH Paddy field 35°13'43.6N, 127°00'31.7E
23 _ ) Paddy field

A =&A HEH 34°52'58.8N, 127°31'08.6E
24 Wet land

Collection @ chosun
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Table 3. Composition and concentration of stock solution of modified nitrate

mineral salt medium[4]

1. Stock solution

KNO; 100 g/ 4 100 X
MgS0O,4- 7H,O 100 g/ £ 100 X
CaCl,- 2H,0 20 g/ 100 X
Fe-EDTA 3.8%(wW/v) 1,000 X
Na,MoO,-2H,0 0.1%(w/v) 200 X
(optional) CuCl,-2H,0 1.7 g/ 4 1,000 X
2. 100 X Phosphate buffer solution
KH,PO;4 26 g/
Na,HPO, 62 g/l
Adjust solution to pH 7.0
3. 1,000 X Trace metal solution mg/ 4
FeSO,- 7TH,O 500
ZnSO4- 7H,0 400
MnCl, - 7H,O 20
CoCl,-6H,0O 50
NiCl, - 6H,O 10
H;BO; 15
EDTA 250
4. 1,000 X Vitamin solution mg/ 4
Biotin 20
Folic acid 20
Thiamine HCl 50
Ca pantothenate 50
Cobalamin 1
Riboflavin 50
Nicotinamide 50
- 12 -
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‘j [ ey

Soil sample ‘ Methane/Air

:> (5/5. viv)

28d and 3% Enrichment culture for each 2 week.

15t Enrichment culture for 2 weelk.
(as tight sealing
Methane/Adr

Methane/Air
(3/3, viv)

=

Fig. 4. Isolation of methane oxidizing bacteria.
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st =2 S5t 16S tRNA genell FIIME E2HS >HOIAULE M
g 222 o8 aJlet YYHOZ HHHi Lot HHAMUS 10,000 x gllA E&=clot]
cell pellet2 2= HOIRUCE ==HE cell pellet= phosphate buffer (pH 7.4)& & H MIEHSH = 10
mee| HHIH (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCI, pH 8.0)0l M& & StACH D]
Ol 1 M2l lysozyme&H (50 mg/m)Dt 0.5 M RNase (2 mg/me) L 0.1 ™ proteinase K (50 mg/
mS HIIGHN 37CUHIA 1 Al2F BES8t T2 0.6 M2 10% SDS solution2 & IS0 37 COll
A TAIZE S0F BFE0IRCH 0] BHSHU 1 M2 mercaptoethanolS Jist & BHS MOl 0.58H0fl

OHE o= 3M sodium acetate solution (pH 5.2)2 JIot0 BHSHN S 22| chloroformE X
cIotRALCE 01F 15,000 x gOlAl 3022t A 22|00 ASHS 20, 0 ASHU 0.68H0i of
&t3tE iso-propanolS It st chromosomal DNA pelletS 2|6t 70% ethanolZ AMIZsH Ct

0

= 60COA AHAXSIUCE Ol 3 M2 TE buffer (10mM Tris-HCI, pH 8.0, ImM EDTA)0l =
o A0 ASBotAUCE 0= Z=HIE genomic DNAS| 16S rRNA genell GIIMES
Polymerase Chain Reaction (PCR)2Z Z=AIZICt. PCROI AtES8t universal primer set2 27F
(5'-AGAGTTTGATCCTGGCTCAG-3") 2t 1492R (5-GTTTACCTTGTTACGACTT-3")O|C}.
Denaturation, annealing, extension2| 252t AlZtE2 2H2F 95COlA 30=, 55COlA 30=, 72C
OA 2228 XH2Z 30 cycles =&otRULE 24 @F=EZ PCRE S0t 22 PCR productS
DNA purification kit (QIAGEN Inc.)2 & XMI& =, pGEM-T easy vector system (Promega inc.)S
O0I23t0 T vectorll £ &dtD ampicillinOl 100 48/m2| =52 &HItE Luria-Bertani (LB)bH Xl
Of B2 S50 37COIM 24A12F B = LIEHY white colony2tS ZFZE= 500 014 TH
F Gt ampicillinOl 100 #&8/mee| == HItE LBHUHXINIA HXBHLSH =, FAZCIZ2 cell
pelletS SACH 22 2t FFY cell pelletS ThermofisherAl2| PureLink™ Quick Plasmid
miniprep kit=S Ol &0t 16S rRNA geneOl insert2 & A& T vectorE LRUCH OIEH ZHIE
AN ZE Macrogen Co.0fl SIIAE2 ZAS 22I6HULE 2 @32 16S rRNA gene EIIME
2 NCBI GenBank2| BLAST program= O|&35t0 &4 6HRLCH.

_14_
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ZelE 2Fo dF2S L HED MAS AHIBEE =FOHI| /IGHH 550 Mo Fel
vialOff 50 M2 NMS BHAIE 210 1%2 =s&2 @2 36 =, JIAI RELY0| L5t
A AEFE A2E 02 LSotACH L=E SAHA A0 syringe2 60 ™2 100% HIEHIEA
30COIA 150 rpm2 2 HHLOHACH Z==0l [t 8-24Al12F 2tH2 =2 FAIE
OlZ6t0 HBHMS THFGHH 600 nm2 IMEUHA SEEZ MIEEE ZSHGIRULE SAlO
S2st A2t 222 Z headspacell JtAE gas-tight syringe (Hamilton co.)& Ol &30 100 #£
E MHGIH HADZ0tECHIIE 010t HIEY &0 =5 SHOIALCH
IFIAAZ20LEDNT] EA4 2 CP-molseive 5A capillary Z & (length 30 m, diameter 0.53 mm,
film thickness 15 4m, Agilent Inc.)& O|Z3t0 Shimadzu A2l GC2010 plus SN M ZAGHA

Ch. 24x2422 FAF 2% = 150T, column oven 2% 150C, carrier gas= &S AtEot
1, 52 245 M/min, split ratio= 1:1022 oSIRA 20, detector= TCDE 2= 200CZ &
ot ZAGHRULCE 0 2AZHUM HE2 224 AME = 38 25F, &thesE 282 826N
AE=CIACEH 100% GIEI D AAE 282 10, 20, 40, 60, 80, 100 #% ZAGH0| L2 peak area
a2 0I25t0 HIEtD &A0 et EEZSESHE HHGHRAULH

_15_
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Microbacterium,

Acidoborax,
AJRUA AlSE

| = Stenotrophomonas, Bacillus, Acinetobacter, Pseudoacidoborax, Variovorax,
Q|
0l
==

W

—

[—

-

(v10.2.2)

1, Caulobacter, Flavobacterium, Doknonella2 & 0|

A

Rhodococcus, Staphylococcus, Pseudoxanthomonas, Rhodanobacter, Cupriavidus

(Table 4). Fig. 5
MEGA X

Collection @ chosun



Table 4. List of identified strains by 16S rRNA gene analysis

Identities
No. Strain name Species
Match/Total Percent
1 JRO1 Methylosinus sp. 1393/1408 98.9
2 JRO2 Methylocystis sp. 1391/1408 98.8
3 JRO3 Methylomonas  sp. 1493/1497 99.7
4 JRO4 Methylomonas sp. 1485/1495 99.3
5 JROS Methylosinus sp. 1386/1408 98.4
6 JRO6 Methylosinus sp. 1396/1408 99.1
7 JRO7 Methylomonas sp. 1492/1497 99.7
8 JROS Methylophilus sp. 1491/1500 99.4
9 JR0O9 Methylomonas sp. 1427/1459 97.8
10 JR10 Methylosinus sp. 1359/1408 96.5
11 JR11 Methylosarcina sp. 1480/1484 99.7
12 JR12 Methylosarcina sp. 1488/1492 99.7
13 JR13 Methylosinus sp. 1401/1408 99.5
14 JR14 Methylosinus sp. 1399/1411 99.1
15 JR15 Methylosinus sp. 1399/1410 99.2
16 JR16 Methylosinus sp. 1402/1410 99.4
17 JR17 Methylocystis sp. 1446/1477 99.9
18 JR18 Methylocystis sp. 1444/1447 99.8
19 JR19 Methylosinus sp. 1443/1447 99.7
20 JR20 Methylosinus sp. 1394/1408 99.0
21 JR21 Methylosinus sp. 1393/1408 98.9
22 JR22 Methylomonas  sp. 1510/1524 99.1
23 JR23 Methylomonas  sp. 1515/1528 99.1
24 JR24 Methylomonas sp. 1502/1513 99.3
25 JR25 Methylophilus sp. 1471/1481 99.3
26 JR26 Methylosinus sp. 1403/1406 99.8
27 JR27 Methylosinus sp. 1401/1408 99.5

Collection @ chosun
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28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

JR28
CUHO1
CUHO02
CUHO03
CUH04
CUHO05
CUHO06
CUHO07
CUHO08
CUHO09
CUH10
CUH11
CUH12
CUH13
CUH14
CUHI5
CUHI16
CUH17
CUH18
CUH19
CUH20
CUH21
CUH22
CUH23

Methylophilus sp.
Stenotrophomonas  sp.
Bacillus sp.
Dokdonella sp.
Caulobacter sp.
Acinetobacter sp.
Flavobacterium sp.
Pesudoacidoborax sp.
Variovorax sp.
Rhodococcus sp.
Staphylococcus  sp.
Staphylococcus  sp.
Pseudoxanthomonas sp.
Acidoborax sp.
Microbacterium sp.
Micrococcus sp.
Flavobacterium sp.
Bacillus sp.
Variovorax sp.
Rhodanobacter sp.
Bacillus sp.
Cupriavidus sp.
Rhodococcus sp.

Bacillus sp.

1486/1498
1513/1523
1526/1529
1487/1498
1440/1444
1493/1499
1470/1475
1481/1487
1492/1493
1475/1475
1514/1514
1509/1509
1505/1506
1487/1497
1481/1482
1481/1484
1462/1473
1510/1511
1490/1496
1477/1477
1509/1510
1489/1490
1474/1474
1506/1507

99.2
99.3
99.8
99.3
99.7
99.6
99.7
99.6
99.9
100.0
100.0
100.0
99.9
99.7
99.9
99.8
99.3
99.9
99.6
100.0
99.9
99.8
100.0
99.9

Collection @ chosun
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a 0.024 o .
: Py Methylopila jiangsuensis
- Methylocapsa palsarum
0.017 0.005 - Methylocella silvestris BL2
0.001 0.009
— 008 Methylocella tundrae
. Methyloferula stellata AR4
0.001 0'012 Methylocapsa acidiphila
0.005 - Methylocella palustris
0.024 0.010 - Methylocystis hirsuta
0.001 0.003 .
oon Methylocystis rosea SV97
oo : Methylocystis heyeri
- Methylocystis bryophila
0008 % Methylocystis parvus OBBP
0.003 oo - Methylocystis echinoides
. Methylosinus trichosporium OB3b
0.001 0.005
JRO1
0.003 0.006 R
0.002 Methylosinus sporium
C. 0.021
Methylomarinum vadi
- Methylomicrobium alcaliphilum 20Z
0.013

0.006

0.021

0.015
0.014

0.008

7
0.002
0.010
l_i: Methylomicrobium buryatense
[ oos

oon Methylomicrobium kenyense
Methylobacter luteus
Methylobacter marinus
Methylobacter tundripaludum SV96
Methylomicrobium lacus
Methylosarcina fibrata
Methylosarcina quisquiliarum

0.030
——— Methylocucumis oryzae

0.018.008

0.022

0.008

0.003

0.018
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0.030
e Methylovulum psychrotolerans

0.009

Y Methylomonas lenta

oon Methylomonas rubra
Methylomonas scandinavica
Methylomonas paludis
Methylomonas methanica
Methylomonas fodinarum
Methylomonas aurantiaca
JRO3

Methylomonas koyamae
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0.018

0.012

0.002 oo Methylopila jiangsuensis
’—': Methyilopila oligotropha

0.013

0.019

0.008 . )
" Methyilopila henanensis

Methylocapsa acidiphila

0.002
. Methyilovirgula ligni

- Methylocella silvestris BL2
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0.008
0.001 0010
0.014
Methyloferula stellata AR4

0.004
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0.010
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Methylocystis hirsuta
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Methylocystis bryophila
Methylocystis echinoides
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Methylocystis parvus OBBP

0.007

0.001

0.018
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0.007
_E Methylosinus sporium
0.002 0.012 . .
Methylosinus trichosporium OB3b

0.014
Methylopila oligotropha
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0.015
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Methyilocella silvestris BL2

0.0
0.010
Methyilocella silvestris BL2

0.005

7

Methylocella tundrae

0.002

8,088 Methyiocella palustris

Methyioferula stellata AR4
0.014

0.018

Methylocapsa palsarum
I'-_ Methyilovirgula ligni

0.005

0.014
— Methylocapsa acidiphila

Methylocystis hirsuta

0.010
0.001 0.003 i
001 Methylocystis rosea SV97

Methylocystis heyeri
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Methylocystis bryophila

s
% Methylocystis echinoides
: Methylocystis parvus OBBP

0.000
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Methylosinus trichosporium OB3b
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Fig. 5. Phylogenetic tree based on 16S rRNA gene sequence of the strains used in

—
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22 2F 5 MIETIL WE ¥ JHol MOBE TG0 BHYSIE SHZ SHOIGHAUCH o

M sgE ool Z2AOR ATHIAS AAIBIH MEBXECE ZH5
O

[CH 20 Z D specific growth rate (U/hr)IF 0.031 - 0.178 AOISl g2 LIELKH

r
2EE (ACZ Al

time2 3.89 - 2235 Al2t X2 LIEHSCH (Table 5). Type | Ol =3t= Methylomonas= 1t
type Il 0l £0t= Methylosinus=, Methylocystis=0| H#E ME=EE B/JA2H, 2l B

MOB S0AM JtE e 883558 20 R09 @32 Methylomonas = 0| ALk,

20l REE J =

HEE XS MAHYGIEN 2FO AT L HED MO ALAE SHHAC. O
=209 @O0 FH ODgo 20 2 0IGHE LIEFRtOLE, 0l &B0IA HED aADF D2EE
ANBD 2XIGHs 2002 B0t FIIHQl BARD MAS ZO2 Ols MFO HEOR B
OIC} 2t RFO| MEATO W2t 30 - 90 A2 WOl S| L headspace® ArA S DHIEH
0l 5% 0I9tO2 2ABIACH (Fig. 6)

Table 5. Specific growth rates and doubling times of several isolated strains

Specific growth

] ) Doubling
No. Strain Species Source rate )
Time (hr)
(1 /hr)
1 JRO1 Methylosinus Paddy field 0.087 7.97
2 JRO2 Methylocystis Paddy field 0.089 7.79
3 JRO3 Methylomonas Garbage landfill 0.031 22.35
4 JROS Methylosinus Garbage landfill 0.072 9.63
5 JRO9 Methylomonas Garbage landfill 0.178 3.89
6 JR13 Methylosinus Wet land 0.048 14.44
7 JR14 Methylosinus Wet land 0.128 541
8 JR18 Methylocystis Wet land 0.167 4.15
9 JR19 Methylosinus Paddy field 0.063 11.00
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Methylocystis sp. JRO2 strain BHX| LH phosphate® =&JF 2AE0 et MAS MASHA
Ct. Ol248t AtAIE E015tD| 15t vent seal cap (0.2 #m pore size, SPL Life Science)2 = <
=8t 70 M cell culture flask®l Il NMS HHXI2| phosphate? =% 4.2 mM)E JIE2Z &t
O 172, 1/4, 1/20, 1/1002] s&2 %= , 0l2l HigE 832 1%

et = 2} 20 M 26t
£ ZEoIRCH O U3 2 SctA3AE A KREDX A MAE 1Y EJ/0 €2

st =

Uset & ZI19 & IJtA REFE Z1, UUE F9 ItA R0 HEDL AMAE 5.
£ 288t JIAE EJ19 s5Hf 0la =otHA WFEE HE EgI)tAZ Xget = LSt
O, 30COIA 150 rpm2 = HHZOIHA HHYOHO| MHASIE 2 & 6HUCH

MAo 2l ¥ ZHME ?IotH phosphatel =£E 0.042 mM2 s&=2 FIIeH NMS i X
(o]

StZ e = dJIE BHEESII0 €10 BIEH:AA(5:5) ESItA
of
[}

OtALt HH&MZ 6,000 x gllAl 3022t E&=CIotH 2ME %_ﬂ, Ol @Ml wet weight

A 1022 B&=2clgt = H4SHB MFAGHH 0.2 w2 pore sizeE = PTFE syringe
filter (Pall Inc.)E < 012 A0l AtSotRULCEH

MAO HHME <Gt AgilentAt2l 1200series HPLCE 0| &5tRUCH S EXAH2Z column
Zorbax SB-C18(length 150 mm, diameter 4.6 mm, particle size 5 /ME ALZSIALCE Ol
5% acetonitrile(0.1% TFA)1l 100% acetonitrile(0.1% TFA)E O|&5tALCE 0
acetonitrile0| 100%0H OIE WAl 5 ~ 302 NKI= 100% acetonitrile E0HIt 100 %0 Ol=2=
gradient X=HES AL, 1 ™/min2 K=HCZ FAGHYUL ZZ=JI= Diode Array
Detector(DAD)E AFEGHO 400 - 600 nm2| IHE WA AMGHALD, EZ=
2] ol 533 mUlA EZEE SEGIALE Sample loading 22 2
S0t & JH2 = peak=S EQIGHL, 2t peakl EE==22 ZE0IH P

G HEdE34ds HH6H)| ?ot HPLCZ JHE AIEE 1, 5, 20, 50, 100 48/mle =

T
=}
0
_O'j
k=
X
I~
ol
o

s2 Mo Mo
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T2 MEGHH ALSoHRUCH
Phosphate =50 ([F2 JR02 ZF2| MA MAZ ZAGH| oK Jl2 s& @.

JIELZ 10, 1, 1/10, 1/100, 1/500, 1/1000 HiSl ===2 HHXIE HMZotd, &

= =8
S BHYSISIA 24A12F 2AOZ AR S WHGIACHL | MOl HhL A0 | MO RESS FHI}
SO 302 2F voltexingGtBI Al E88H 2, 15000 x g2 1022 FAZ2IGHACE 0 Raj=ol
of REIS £2 548 (1S 20 M2 HPLCS 0188 M0 MAZ &0 AHSOIACH

Ch MAo X 24

HPLCZ JAHME ANz AX24&ZE ot LC-MS/MS 242 =oALt Thermo At
Ultrahigh Performance Liquid Chromatography-Linear Ion Trap Quadropole spectrometer
(UHPLC-LTQ XL) Ol Z0otRULCH A EXT2H2 Table 610t 2L}

Table 6. Analytical conditions for the determination of pigment
LC: J101Y
MS/MS: LTQ-XL (Thermo,

Instrument

UPLC conditions

Column hypersil GOLD (100 mm x 2.1 mm, 3 um)
Column temperature 30C

Flow rate 0.3 M/min

Injection volume 10 ut

A: 0.1% formic acid in 10% acetonitrile
B: 0.1% fromic acid in 100% acetonitrile
Mobile phase

Mobile phase

Time(min) A%) B(%)
. 0 100 0
Gradient table ) 100 0
10 0 100
15 0 100
MS/MS conditions
Ion mode ESI positive mode
Ion spray voltage 3.8 kV
Capillary temperature 275 C
Capillary voltage 30V
Collision energy 35 eV
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S

JRO2 strainO| #4tot= MACl EHE MAGH)| RASHH =22 pHY Hstol HE S&
C HstE =ZHolb L8, F===2° MZAS SWwE ot ?GHH HaCaT
(immortalized cell line), LNCaP (M&& & ME=) PC-3 (MM NEZF) MDA-MB-231 (&
2 ME=), NCL-H460 (H MIE=)2 212 AIZF=E O0|Z0tK cell viability assayES =24

=

=

OF ALt Cell viability assay= 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT,
Sigma-Aldrich)S O0IEZ0t0 EIIotRUCEH 2+ Bt CIZHAIEZFE= 96 well plateGil Al 200 #£2
BIXIO 5 x 10°2 &It EIE= EFotL, 37CHA 1 - 322F BHsH TS 2 BHH0 A ol
XIE MAHSH & 20 w2 MTT (50 rg/ml)E EIIGIRUCE OIZH Z=HIE AlgE= 37COHAM 4.5
A2t iSO A HotE =&H6t, L8 50 #£2 DMSOE &JIot( formazan=S 0o AlA

1 =% E microtiter plate reader (Bio-Rad)E 0| &0t 570 nm O}&ECQl SZEE =XTGIRULL

Of. JRO2 22 REX =4
JRO2 @2 REME =46t ?Iot0d NMS DHMBIXINA JRO2 252 Hi2&t =, whole

genome sequencing= &= Macrogen Co.(Seoul, Korea)ll 2IZIGHAUCEH AlZ2

Hel &2
=t 20 4 DXHBHXIHMS 2= 2XE +=HotW genomic DNA(gDNA)E &cl, &Kl
Gt1), NanoDrop &2 & & H|(Thermo Scientific)2t Qubit fluorometer(Life Technology) 2 gDNA_°_|
ST E =SHOIQULE QC JI=2 EUE AIBE US 280l AI20ISUCH PacBio RS AIZAIS

fI8t 20 kb library MZEE2Z 8 82| genome DNAE ALESIRACE 2AJIIF 17 kb 02+
gDNAC| A% Bioanalyzer 2100(Agilent)S ALZGIH &AM ZJ| 2ELE ZHGHRULCE gDNA
library insert] 3Jl= =& Pl U2 HE AESotA LD, &S gDNASl AJIJ 40 kbEC
=2 &S g-TUBE(Cobaris Inc., Woburn, MA, USA)Z & &St CtS, AMPure PB magnetic
beads(Beckman Coulter Inc., Brea, CA, USA)E AIE0I0] M S = library M0 AtE0HALCH
library HIZ0l AIEE gDNAS ZAJIE &Qlot)| 2ot 200 ngdt =E2 A

field-inversion gel electrophoresis& 3ot ACE. T 104£2] gDNA library= PacBio DNA

o o

template Prep Kit 1.0(3~10 kb&)S AFZ06tH EHIGIACEH AIFA 0= PacBio DNA Sequencing
kit 40 ¥ 8 JH2| SMRT Al X (Pacific Biosciences)& AFZ0IRACH 28 SMRT cell® Macrogen
Co.2l PacBio RS IIAIE4 ZSHS=S AEotH 4ot s ©@HS =42 PacBio
Sample Net-Shared T2 EZ2E DBt 2 XIS 5 A Ch(http:/pacificbiosciences.com/). AlS& DNA=

PacBio RS Il A|&4A Z3E 2L Illlumina HiSeqXten S ZZ2 ArE0I0 AIA & SHALCE PacBio
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RS 1M MAE subreads= Hierarchical Genome Assembly Process (HGAP)E AHEZ St
O CH30]. DNA ZJ12 90% Ol&2 phred E=Jt 30 O|&Q! readsE 2LF =& AtE

kA

@ [

t
Ct. 2l1 Pilon v1.212] 1)EZ& HiSeqXten readsE AIE0t0 A&S =&GtUCH31]. Prokka

ol

v1.132 --compliant, --rnammer % --addgenes S S AESIH RAEX 0= X JI2 annotation
Ol ArE3JERACH32]. It annotation2 ?I5t0{ EggNOG DB v4.52 COG OIOIEHIOIA v2014E
01235t InterProscan v5.30-6.901t psiblast v2.4.0= ot CH33, 34, 35, 36]. & contigE &

A 51
Mote 8 X &= Cirocos v0.69.32 AME0H0 A SHACH3T].
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T2l MOBS Methylocystis sp. JR02 @ 3= BHXl i phosphate2] =St 2480 [et
= SN HHYMS ZRUACH BHXILH phosphate?] =& 1 mM 0l5t2 &t0 1)
BIXIGIA BHYGIRAES 22 22U SSM0IHAN HEHO| 2 BIAD} Moz 2AEGY
(Fig. 7).
M-S phosphate2 &S B

EMGtH, &ASH0= H2 EMSHA EUACH Ol

rfrF

0©
12
o
({0
0>
Al
u]
Qj
)
o
=
Iz
N
rr

CHEE cell pellet0fl O

= MAD 240U HE AR 2H|g

X 2= A0S 0B 01N HE cell pelletS HIEISD BG5S AN MAI} =S
Ch 012 Z2% crude extract® NaOHEF HCIS OI2510] pHOl BISIE =01 MAJ} W
PHOIAE RZEMOZ =2 pHOAS L2tMOZ HIGIQON, A4l #351Jt 0|RUHA AlZ0l
CHA AHOILF 212 pHE BISIAIDIE KEMD LS Br=st0l LIEHWQICH = EH)
0125101 MAO STIHES HoIsh 2D, =25 MAS pHI} SHY M AH 467 M
535 MOILAl EI0) SZEES UEN B3 AMQY A= 535 mo S2TOF 3N SIH6D,
467 MOIA ST = LASIACH pHIF LIIHY A= AAO| A9 HEHF| BHHOl A
S UEHHUCH (Fig. 8). Ol= M2 UEHHE 2RO pHO H3l0l M2t SR X} W35}
Of E2o THEIOl HIRE 2002 sHAs & Uon, NXHQ pHO BT 275D e
ol MEBIF O|R0IXE AO2 O Jjei0l B2 2oiECh J2l0 209 =20
M2l =229 2l ST DR W3 AACL S HO 2 ST IR0 S0A=
4954979 533 nmOIAl, BIEFSOIAIS 4671+ 535 nn, OFMIELIOIEZOIAIS 469, 528 Ol Al

LIEFSHCH (Fig. 9).
JRO2 HIZE HEE2EZ == cell free extracts AJ|st EAXAH0AM HPLCE 0/&23dH(H

400 - 600 nm B2 LEUA Aet 2, FE= HEE2 A F H2 SEAIZE (22.0
cC =

D

(98]
S o

=

2t 25.8 min)0lM peakE LIEL O, zIth && mOl A LIEFS CHFig. 10). =4 &

ZIUE HIZHOZ cell free extractE: HEZXHOZ HPLCE FEGIHA, 222 SEAUS A=

S 2 BI=20A SEGIULEH 2 SEZS ABAHXE F 2ASHC=Z HES2WH =012 012
HP

S22 &2 prodigiosin & prodigiosin & &b O]

40, 41]. prodigiosins d&tol= AR LAN WEZHQ  Serratia  marcescensOl 1) 8.
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pyimuthica, S. rubidaea, Streptomyces  coelicolor, Pseudomonas Magnesiorubra, Vibrio

psychroerythrus, Zooshikella rubidus S0| M&totE 22 Led M RUCH4L, 42, 44]. MOBIt
prodigiosinsS M 4toteE HRE

A= 19835 Starauss 2 Berger2l A0 SloHA Z=H=Z EUNEUS
Lt O SI2 A2 Methylosinus sp.2t Methylocystis sp. 0l M2l MAO| 2 0& b UACHA43, 45].

Fig. 7. Color changes of culture broth and colony on agar plate

containing different concentrations of phosphate in NMS medium. (a) 4.2
mM and (b) < 1 mM phosphate.
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a. I
pH 2

b. —not treated
1.0+ - pH Z2
pH 12

pH 12

Intensity

Wavelength (nm)

Fig. 8. Changes of pigment color (a) and maximal absorption peaks (b)

at different pH conditions.
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Fig. 9. Changes of absorption spectra of pigment dissolved in the different solvents.
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Fig. 10. HPLC profile of cell free extract from cell mass of JR02.
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Fig. 11. HPLC profile of cell free extract and purified fractions.
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Lt A9l X

HI
Jx

JRO2 Z#FE22H 22 FE22 LC-MS/MSE 0|86t R 246U

Q2 mass peakE m/z 352.62 366.7(M+H])0l LIEISOO, AUHECE &S 22| m/z 338.7
Ol LIEFSCH 22 AME AlZ (fraction 113+ fraction 2)Ml A fraction 12 m/z 352.60(, fraction
2= m/z 366.70] LIEFSCEH (Fig. 12). 01218t m/z gt M E X Q! prodigiosin analoguell m/z 2t
b 2CH42, 43]. 2 BHAISEE MSMS 242 TASIJACEH 1 2, precursor ion [M+H]" =
m/z 352.62] MS/MS WHEE m/z 135.1, 175.2, 252.3, 266.3, 320.5, 3224t =R m/i 82= U
Ett 1D, precursor ion [M+H]" = m/z 366.72] MS/MS IEE m/~z 135.1, 1752, 252.3, 266.3,
334.5, 366.5 m/zJt LIEFSCH (Fig. 13). Ol Al precursor ion m/z 352.61F 366.72 H2 22
fragmentation INEIS 2 A0, 142 22X X0l= MEFH2Z XU acyl chain0l =&
(4, analogue?t -CH, & =2Xto 22X X0l SLOICH m/~z 2522= fraction 11 29
precursor ion m/z 352.62 366.70lK B X222 LIEILIE fragment ion2 2, prodigiosinlt 1
analogueOl M alkyl chainS & LIEtLE= ionOICt FIt2 HPLC =4 0lA &= minordtHl Lt
EtSt XIS MSEA 0N LIEHE m/z 3387 SL0HAH m/z 252.20t fragment ion2 2 LEEHGCE

A S A
—/ -

Ch. Cell free extract=

0

[@)s;

[
r

=2
JRO2 22| Histd S41 Mitcte Ao 22

-/

Rl
ol

A 2 MS spectrometry =41 2]
ZUE = M, HPLCE JAME fraction 1 (m/z 352.6)d 2 (m/z 366.7)= prodigiosin
(2-methyl-3-pentyl prodigionine)2| analogue?! 2-methyl-3-heptyl prodigioninet 2-methyl-3-octyl
prodigionine2 2 = QIZ|AUCH HPLCHIM BHE K= HAAKXICH LC-MS/MS =42 Sl LEt
b om/z 338.72] 2 & E fraction 110 22| EEAIZE 2O 42t ¥ E= (183 min)E AL, MS
fragmentation INE1 & fraction 11b 22 ZFQUCt Prodigiosin0l =XH3St= acyl chainOlM -CH,2
SAZFMW:14) X022 H2 m/z 22 -CH, &It & 22X ZHERUCH=E HS 20IStCh
Old2 &N 22 A HAE FYGHLD reverse phase HPLCHI M2l E=AI2H 242 L
EtHCH. 12l fragmentation patternO] ZUCH= AAES SE0IH, miz 338.78 2&2

2-methyl-3-hexyl prodigionine@& Z&& = QUL
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Fig. 12. Mass spectra of cell free extract (a), fraction 1 (b)
and fraction 2 (c¢).
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Fig. 13. MS/MS spectra—-fragmentation patterns of the previously

reported prodigiosin and analogue[42] (a),
fraction 2 (c).
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st2ctelof, eAld, e, B, ME=I] M s2 e

b b

Prodigiosindt ~1 analogues= &Y =l
ez ENE UL 53l Madin-Darby canine kidney(MDCK),

st st d g4 Il
Chinese hamster ovary (CHO), Human epithelial carcinoma (HeLa), Green monkey kidney
(Vero-317), Human myeloid leukemia (U937), Human acute leukemia T-cells (Jurkat-T), Human
lung carcinoma (A549, NCI-H460), Human colon adenocarcinoma (DLDI1, HT29, SW-620),
Human breast carcinomas (MDA-MB-231), Human promyeloblast (HL60), Mouse fibroblast
(MC-3T3-El), Small cell lung cancer (GLC4), Human myeloma (NSO), Human Burkitt lymphoma
(Ramos), Human gastric carcinoma (HGT-1), Human neuroblastomas (LAN-1, IMR-2, SH-SYSY,
SK-N-AS), Mouse lymphoma (P388)S2| Ct&st L AIEZSl AMOM SUHC Hez 2NN
QUCH46, 47]. £ 8t anti-bacterial, algicidal, anti-malarial, antineoplastic activity™e =1 Us= A2

2 2™ ACH47, 48].

2 AF0AE JR02 @?FIt MASH= prodigiosin analoguesl &L sSE EItot)| oA
cell viability assayS & AISHRACE 1 23k, cell viabilitydt 50% Ol5t2 E0HXle s&= &E
A NAIE==Ql LNCap2t PC30IA 15.6, 500 4g/meOIULD, F&S ME=2 MDA-MB-2310{A
= 250 wg/me, el MY MIIEZFQ! NCI-H4600 M= 250 4g/me0| LESICH HIW CHAe

v
HT
s2  Hu

immortalized cell line®! HaCaTOlA= 62.5 wg/mM2] =0 A 50% 0I5t cell viabilityE
Ct (Fig. 14). Olefi8t 2= JRO2 It Motol= MATb prodigiosint S AFSHAL 2FAl

AMo 2t UASS 20 FACH

H
1o
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Fig. 14. Cell viability test of cell free extract from cell mass of JRO2.
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ct. Phosphatel| =S 0l (2 prodigiosin analogues2| 24 Ak

ol

JRO2 2= E2 5%(1 < mM)2| phosphate =S Ul Al prodigiosin analoguesS 2 &SR L
Phosphate2] =S 2 BIF D120l (et 600 nm OHES| E& & L MAQ| MAtets HIIEH &2
o, B4 NMSBHXIQl phosphate =% CHHI 1/1008H SH MIZSH HHXI(0.042 mM)OIA = CH
703 mg/L2 & =H LIgt204, 1710812t 1/5008H 2 phosphatedt S U2t HIXIHA = =
31.13F 255 mg/Lot MALEIACH (Fig. 15). 21 212 =S 0 A= prodigiosin analogues)t 24 AT
A HUALCH EZE=2 SFE MEO F0/E 248 Z 1, phosphate?l s&Jt 422 S0

e =2 S LB, 1/108H, 1084, 1/1008H, 1/5008H21 =A &

fm

Uqe K42 mM)UHIA D =

=2 ODgo at= LIEILIRUCE Phosphatedt 1/10008H, 0BHQ! BHXIIA = JRO2 ZF== HOl M
ZStKl 26tALCE Phosphatedt BHXIOI 108H, 180 &OtE! BHXIOIAM JRO2 3= JH&E &2 Kt
S0 & =270t prodigiosin analogues= AT X 2 UACH 12l1D prodigiosin analogues)t 24
MElE R, Mo AIE 2 1 20| BItcte A2 MAIMHD HO AXISHRAUCH SHE D]
E0 & LeA& Serratia marcescens 2| prodigiosin2| MAHY =X SHE Z W2k HWGHAS
M, JRO2 =2 prodigiosin analogues®| MAtSE2 HIE MAZ0] HI|= otXIEH HES EA

=
T
2220 AHES
analogues®| &b X H3IE O|FHAH B, FME FSHUA 08 =H 2 H2=2 0

A EICH (Table 7).

2018t Zt= BHXIU phosphate?| MI&t& Z=0| prodigiosin®| M4 SRE RAHS 2
O Z=LCt. Phosphatel XSOl prodigiosin®l MASS SIHAIII= A& 0101 20 HE UCHSI,
52]. Witneys< Serratia marcescens)t 10 ~ 250 mMZ2| inorganic phosphate =% 2| HH X0l A

[}

prodigiosinS &SI AIERH D, EO A2 0.3 mM OIGHSl inorganic phosphate2| = & 0fl A

OIFHR/CLY 2I6HULH 8HH, prodigiosin® MM 42 inorganic phosphate2 &JH0 2
ot =E2Xoz ANEe=E NS SQISHRUCH [49, 511. OIM, BHXI LH phosphate? ®& s&=

prodigiosin®| &4 BZ0A Pst transporter % Pho/R2 two-component systemE &0l
prodigiosin®| MAtE XHGH=E 2022 B NERUCH (Fig. 16)[50, 56].
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Fig. 15. Effects of phosphate concentrations on the cell

analogues production (b).
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Table 7. Comparison of prodigiosin production from several bacterial strains

Strain Prodigiosin analogues Production conc. (mg/L) References
Serratia marcescens P-125 2-methyl-3-pentyl prodigionine 2423.4 [52]
Serratia marcescens UTM1 2-methyl-3-pentyl prodigionine 8000 [53]
Serratia marcescens TKUO11 2-methyl-3-pentyl prodigionine 2480 [54]
Streptomyces coelicolor 2-methyl-3-pentyl prodigionine 9.8 [55]
Zooshikellarubidus S-1 2-methyl-3-pentyl prodigionine 47.8 [42]
Methylocystis sp. JR02 2-methyl-3-heptyl proéigioTline 623 in this study

2-methyl-3-octyl prodigionine 8.0
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Fig. 16. Summary of the genetic regulation of prodigiosin production in Serratia species. Summary of the genetic regulation of
prodigiosin (PIG) production (from the pigA-O biosynthetic cluster) in Serratia 39006 and Sma 274. Activation is represented

by triangular arrow-heads, repression is shown by flat arrow-heads [56].
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OF. JRO2 =2 S&MEA

PacBio RS Il A4 EHEZS 0|28 JR02 2F2 SANM FDINEEN Z2UE HMEFE
& ATZTEY Q! Unicycler v0.4.6(https:/github.com/rrwick/Unicycler)E O0|&3dt0] &St CH
= 23042l contigE L& St Z 1, gDNA total lengthdt 4,352,433 bpOl04, =) 3,338,643 bpl
contigE = RAEX FEE 2 S0IRULCH PacBio =4 AAEE AMAHES SHA& 21 readsC
FAS =2 o222 HEst REM 242 ot &0l ERothh 012 fiof 4UHES

.I
(=}
=
=

o

|23t U
v1.21(https://github.com/broadinstitute/pilon/wiki)E  AF&E3t0{ 2t contighll CHSt subreadsS
J

IMgs 4ot O 20, =&

rio
>
i
>
i
v
5
=

S mi
£ &2 reads€ MAGSt= Illumina HiSeqXten =HZ

mappingotO{ coverage depth CIOIEJt Z&&E WHE & S
E contige ¥
=

M= & OAX M contige AN AL, 2 OIALCE. w&EAMC &M AJl=
4,362,918 bp ], GC content= 63.39%ULCE. 2 contigl AJl= 22 3,885,632, 311,335,
158,371, 4,565, 3,015 bp ACh(Table 8). assembly2| H&HZS Z2ZE0tJ| |0 Iluminall readsS
assembly Z Jt0ll mapping® Z 1, mapping= site %E LIEHH= coveragedt 100%010 &
mapping depthJt 227.52 assemblyE ZDtJt &l2Ig BHSLCH(Table 9). contigl2 3.8 Mbp2l =
Jlel 8tE DNAZ bacterial chromosomal DNAZ Ol & &ICt contig2~5= 3Dt +=&~=4& 0t
bpE plasmid DNAZ O &AECE JIE 16S rRNA E40A JR02 &#3= Methylocystis parvus
OBBP'2} JI&E =2 A4SHE 2 =0, M parvus OBBP'C| genome 3AJ|= 4.5 MbpOl 1l
GC content= 63.4%0| A Ch(Fig. 5-a).

ZEE JRO2 22 2 contighl CHEH BLAST Z1t= Table 83t ZCt 2+ contig? circular
map& Fig. 1710t ZCh contigl® ™M H=2 coding sequence(CDS)Sl 88.5%0 dHEGt=
3,624002] CDSE =1 ULH CHE contigfle EMStA 2= 55902 tRNA genedt 9JHS
RNA gene2 21 Us= H2Z HQULACSZ contigl Ol bacterial chromosomal DNAQ! 212
£ SOOI ULt contigl Ol = articulate methane monooxygenase(pMMO)2| A KRE X2l pmoA,
pmoBIt 2t M0l ZALUF2DH pmoC= hypothetical protein@ & EggNOG Ol Ol E{ HI O A 0fl A
DMEAUCE Al A2 pmoA, pmoBll SEXE HlwWEAHst 21, 0|2 16S rRNA |&L &

A ZL A Methylocystis S04 JHE S ASE X222 EOIE ALK Table 10). OF&HIHAZ

Job

soluble methane monooxygenase(sMMO)2| =& KRE XLl mmoB, mmoC, mmoD, mmoX, mmoY,

mmoZE= contiglOfl RIXISHD UA2MH mmoRYU mmoGe= EQIE X LQUCH sMMOS| 74 K
MXHE BLASTE Z3t, mmoB, mmoD, mmoX mmoZe= Methylocystis =1t mmoC, mmoY <=

Methylosinus =13t Jt& ASHO0| =QUCKTable 11). HLt MMO 28 4 KRS
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homology)t =2 Z<ct Xtz 95%E A LULD, F2 B 90% 0I2H0IAC 0l &
Zit= JRO2 @0 A3 Jsd0l U= HAE 20IsHTH
2

Prodigiosin 281 S EX=2S pigC, pigD, pigE, pigF, pigG, pigH, pigl, pigl, pigM, pigAO|

contig20ll A =CIEIALCEH LA pig operonl *A&E Fig. 160 L2t UAZO0| pigA~ONXl =

1592 OIR0HA RXRVXNE 21D UL JRO2= pigB, K, L, N, OJt &St pig operon2

HMAIE XEGte HHAE S MAMG=E pigSet pigRE ZAEIX ZR/UCH el operon L=

HXL SEXL] BRI 8 pigAdt pigM RE X CHS2l downstream0fl 2| XIGtLD pigMDt pigA

AOIO JIsE & = 9= CDSIt & f EMGHRUCE 28 R&EXE BLASTOHH &40l =
o

2 ZIt HO UK L0t HHE NEES 0188 BLASTPE =oALt 1 Z, pig
operonli 8| SER2E ChA2tS| Xt0l= ULLE Massilia sp., Hahella chejuensis, Zoshikella
ganghwensis, Janthinobacterium lividum, Rugamonas rubra S2| prodigiosinS MAtSl= A2 =2
2 Y ZFIF BERe SN MAECE =2 ASH2 ZACKTable 12). il &
MELZ 2 70% 0122 RALE EJA2H, & LA Serratia =2 prodigiosin 244 o

Fo REAZU=E 440l EULHL O FEXZ0l /AXIE contig2l] AJIIJE 2f 311 kbp=

plasmid 3121 ENX 1DASHH 0 SEX20| horizontal gene transfer?t 22 J|&E S5t
ARZRH RAHIMS IIsES WESICE =22 ARW 25HH pig pathwaylll 2#est 74

K=& horizontal gene transferS &0t Serratia?t Pseugoalteromonas®| prodigiosin 7 & At &
45t 2= UCHS57, 58]

Bt Fig. 160l LIEIHLE ASO0l, LEHESZ AN phosphate uptakeOll & & phoR, phoB
gene= phosphate2] =S 0 et prodigiosin M H 0l 20ol= H2=2 M U2LH, 0l =
HMXSE contiglOllA EITUCH 0] REX

Ct

ol
90% 0l&tel A=s4dE 2 UCHTable 12).

=
Choto] 4SHS 2Y

i
e
o
0x
Rl
Jx
o
¥

St Z 1, Methylocystis parvus 2t

ote STEXSQ! tamA, tamB, rapA SO0| contigl Ol M
TEY 2 RAXN 2HAZUE = M, JRO2 25
2 D=2 JIsd0l AW, Serratia =2 #FIF &
|= & ChH(Table 12). J2{Lt phosphate?] =% 0 (& prodigiosin
Of MEN XEHN MNEN=Z Z0St= phoR, phoB RV = RVSHOZ SAAAN JAs

= p
Methylocystis 52| @2 RN} =2 &8s ERULCHL

71 20l prodigiosin® MEHES XH
SOI ULt Prodigiosin® M L 1
9| pig operon2| J|& 2 MOBJt

o

HNol )| Ol 202

I

- 44 -

Collection @ chosun



Table 8. Result of assembly and annotation

Contig name Length(bp) GC(%) DNA form CDS tRNA rRNA

contigl 3,885,632 63.70 circular 3,264 55
contig? 311,355 61,22 circular 286 0
contig3 158,371 60.06 circular 180 0
contigd 4,565 70.51 circular 2 0
contig5 3,015 50.91 circular 3 0

Total 4,362,918 63.39 circular 4,095 55

45 -
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Table 9. Overall mapping stats

Library name  Total reads Mapped reads’ Coverage(%)  Depth” Ins.size(Std.)"

JRO2 7,161,128 6,737,983(94.09%) 100.00 227.5 438.45(95.47)

"Mapped reads: Total number of mapped reads
“Coverage(%): The percentage of mapped sited(>=1x)
““Depth: Average mapping depth

““Ins.size(Std.): The length between adapters and standard deviation of predicted length
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Fig. 17. Circular map of contigs of JR02 strain. Marked
characteristics are shown from outside to the center; CDS on
forward strand, CDS on reverse strand, tRNA, rRNA, GC content
and GC skew.
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Table 10. BLAST of pmoA and pmoB gene

Query Per. Query Per. Query Per.
pmoAl 1 pmoAl 2 pmoAl 3
cover(%) Ident.(%) cover(%) Ident.(%) cover(%) Ident.(%)
"Mc parvus Mc parvus Mc parvus
100 92.98 99 90.90 97 94.20
BRCS2 BRCS2 BRCS2
Mc rosea Mc heyeri Mc rosea
91 91.60 . 96 86.96 100 92.24
BRCSI1 H2 BRCS1
Mc rosea Mc bryophila Mc rosea
91 91.60 89 87.06 100 92.24
GW6 S285 GW6
Mc heyeri Mc bryophila Mc heyeri
& 88 87.80 er 68 87.97 > 100 88.04
H2 G2s H2
M bryophil s M bryophil
¢ bryophila c ophila
op 86 88.04 trichosporium 64 88.96 rvop 97 87.75
S285 T S285
ATCC35069
uer Per. ue Per. ue Per.
pmoB1 1 Query pmoB1 2 Query pmoB1 3 Query
- cover(%) Ident.(%) - cover(%) Ident.(%) - cover(%) Ident.(%)
Mc parvus Mc parvus Mc parvus
100 93.74 95 85.07 100 93.81
BRCS2 BRCS2 BRCS2
Mc rosea Mc heyeri Mc rosea
100 86.54 . 95 81.54 100 86.61
GW6 H2 GW6
Mc bryophila Mc bryophila Mc rosea
rop 99 85.82 1op 92 80.33 100 86.38
S285 S285 BRCS1
Ms
Mc heyeri ) ) Mc bryophila
T 99 85.59 trichosporium 46 78.41 99 86.04
H2 T S285
OB3b
Ms
Mc rosea Mc heyeri
trichosporium 96 83.45 42 76.58 T 99 85.91
T BRCSI1 H2
OB3b
"Mc:Methylocystis; ~ Ms:Methylosinus
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Table 11. BLAST of mmoB and mmoX gene

Query Per. Query Per. Query Per.
mmoB mmoC mmoD
cover(%) Ident.(%) cover(%) Ident.(%) cover(%) Ident.(%)
. " Ms
Mc rosea sp. Mc parvus sp.
100 94.48 trichosporium 100 83.69 89 88.74
C49 WIi4
IMV3011
Ms
Mc parvus sp. Mc rosea sp.
100 93.76 trichosporium 100 81.89 96 82.21
WIil4 T C49
OB3b
Ms
trichosporium 100 93.29 Mc heyeri H2T 100 74.28
OB3b’
Ms
trichosporium 100 93.05
IMV3011
Mc heyeri H2T 98 86.37
Query Per. Query Per. Query Per.
mmoX mmoY mmoZ
cover(%) Ident.(%) cover(%) Ident.(%) cover(%) Ident.(%)
Ms
Mc parvus Mc parvus sp.
100 93.74 trichosporium 100 91.08 100 93.33
BRCS2 Wi14
IMV3011
Ms
Mc rosea sp.
Mc rosea GW6 100 86.54 trichosporium 100 90.92 49 100 90.20
OB3b"
Ms
Mc bryophila Mc bryophila
99 85.82 97 85.60 trichosporium 100 87.89
S285 S285
IMV3011
Ms
Mc heyeri H2" 99 85.59 Mc heyeri H2" 97 84.44 trichosporium 100 87.70
OB3b"
Ms
Methylocella
trichosporium 96 83.45 ) ] 72 76.75
T silbestris BL2
OB3b
"Mc:Methylocystis; ~ Ms:Methylosinus
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Table 12. BLASTP of prodigiosin biosynthesis related genes

) Query Per. ) Query Per. ) Query Per.
PigA pigC pigD
cover(%) Ident.(%) cover(%) Ident.(%) cover(%) Ident.(%)
Massilia Hahella
100 67.28 97 58.94 Massilia rubra 96 57.29
frigida chejuensis
Janthinobacter Janthinobacter Massilia
100 66.75 96 59.26 95 58.17
ium lividum ium ilvidum mucilaginosa
Massilia Rugamonas Spartinivicinus
100 66.75 96 59.03 97 56.31
aquatica rubra ruber
Massilia Massilia Massilia
100 66.02 96 59.14 96 57.14
mucilaginosa aquatica frigida
Rugamonas Massilia Rugamonas
100 66.75 96 58.92 95 58.11
rubra mucilaginosa rubra
Query Per. Query Per. Query Per.
pigE pigF pigG
cover(%) Ident.(%) cover(%) Ident.(%) cover(%) Ident.(%)
Massilia Massilia Massilia
o 99 64.34 ] 99 59.17 ) 100 65.12
mucilaginosa aquatica aquatica
Zooshikella
Massilia rubra 100 64.15 99 61.24 Massilia rubra 100 65.12
ganghwensis
Habhella Massilia Massilia
100 64.70 99 58.58 94 66.67
chejuensis mucilaginosa frigida
Spartinivicinus Massilia Massilia
100 59.79 99 57.99 100 63.95
ruber frigida mucilaginosa
Serratia Janthinobacter
99 59.04 Massilia rubra 99 57.99 100 63.95
rubidaea ium lividum
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Query Per. Query Per. Query Per.
pigH pigl pigl]
cover(%) Ident.(%) cover(%) Ident.(%) cover(%) Ident.(%)
Hahella Janthinobacter Massilia
97 59.51 95 55.58 99 48.36
chejuensis ium lividum mucilaginosa
Zooshikella Habhella Massilia
97 52.85 97 54.51 99 48.69
ganghwensis chejuensis frigida
Massilia Rugamonas
97 55.89 95 56.07 Massilia rubra 99 48.85
mucilaginosa rubra
Massilia Massilia Janthinobacter
97 55.11 95 57.20 99 48.14
frigida aquatica ium lividum
Notoacmeibact Massilia Rugamonas
73 72.46 95 56.05 99 47.92
er marinus frigida rubra
ue Per. uer Per. ue Per.
pigM Query phoR Query phoB Query
cover(%) Ident.(%) cover(%) Ident.(%) cover(%) Ident.(%)
Hahella Methylocystis Methylocystis
98 42.51 98 91.62 96 97.51
chejuensis parvus parvus
Zooshikella Methylocystis Methylocystis
96 40.73 98 75.43 100 92.37
ganghwensis rosea rosea
Janthinobacter Methylocystis Methylocystis
98 42.22 98 75.14 100 87.55
ium lividum hirsuta heyeri
Massilia Methylocystis Methylocystis
98 43.12 97 70.03 98 84.96
frigida heyeri bryophila
Rugamonas Methylosinus Roseiarcus
98 42.45 97 71.22 92 83.04
rubra sporium fermentans
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Query Per. Query Per. Query Per.
tamA tamB rapA
cover(%) Ident.(%) cover(%) Ident.(%) cover(%) Ident.(%)
Methylocystis Methylocystis Methylocystis
o 99 82.80 Ve 98 73.93 Ve 99 87.68
parvus parvus sp.
Methylosinus Methylosinus Methylosinus
) 99 63.92 ) 99 55.92 99 68.90
sporium sporium sp.
Methylocystis Methylocystis Enhydrobacter
99 63.31 99 58.60 97 65.83
heyeri heyeri aerosaccus
Methylosinus Microvirga Rhodoblastus
99 62.38 97 45.62 99 63.70
trichosporium aerophila acidophilus
Microvirga Bosea Mesorhizobium
100 51.18 97 46.77 99 61.60
ossetica caraganae loti
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H4& OlEtdtstAl2 i SdEAZ2 S8

Zclst MOBY =d SXZ SN2 S A2 S4= =elot)] fIot 20lM =cl
et MOBE UsS &&82 E22=x AME0LL MOBE HMEHXl ?I0A ===Zclots WE
A MOB Z2Z2LI =20 X2 S2LIE S40ls SMESEILNF @S 20 M2 LBHH
KOl B3B6HH 30T, 150 ipm2 ZHCZ BHAGIH SBF22 ALESHRULE 2249 SAE &
gt =, SSJ M0l MOB2 MES ZF&ot=X 20t2I] 26t 160 M =2l vialOl 20
M2l MOB HHZE NMS HBHIXE €1, 2 05%2 &2 =52 MOBZ IESIHU E=
MOB2t B4 ZEXEAJAAXMNIS SSoHA ESBotAL. 8 =, HEDY SAE 469 HIEZ 2
28t JIAE vial headspace R1UIC| 108 014 BFAIAH R SII2 X2AIZI =, 2R
210t ST HEF SAl A2lE 0HHE S22 M B0l HWARZ JtAS REL0 2
CE OIQCEH OIEH =HIEl AISE 30C, 150 rpm8 £XH2Z 6 ~ 82+ HHLSIRUCE.

o
rlon

MOB2| &=t MOB2t =4 SHEI LA STHHGHR A BHESE AlZHON (HE O E
o AHIE ZACIALE 6 ~ 24 Al2E 2HHA2Z vial headspace9| HAE gas-tight syringeE Ol
25t 100 4E MFSt = A AZ0IEDHD 242 &GIALCH ItAIZ0LE DR TI
Z42 CP-molseive 5A capillary Z& (length 30 m, diameter 0.53 mm, film thickness 15 4,
Agilent Inc.)& O0|&05t0 Shimadzu A2l GC2010 plus 2L Z 2AGIUALCEH EAXTHLZ F¢
7 2%&= 150C, column oven 2% 150C, carrier gas= PSS AMEGStL, |
/min, split ratio= 1:1022 GIU2H, =)= TCDZ 2% =P
Ol 2AXAH0A HE=2 224 AMH = 32 25280 SEs&= &lotd

Ol2ol s =&dotALh

aad

]
=

=2|8 MOBE IR31 RFS iUt tHyarSoH
=

0l MZ0l cobalamin(vitamin B12)S Z
tOd cobalaminO| Sl= bH £

CZF R+ots MOB =01 CHo A ZHUNAME d&83= Sdots &
HE ERUCH [MetA O HHZROl cobalamin £= CHE MelE2dSEO0| JA=X &lot)| #
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=)

:

clE 26t MOB B BHXICI NMS HHXI &= = HIE
stock? 2t A2 22 WY HQl stock (100x)2 2 M ASHALH (Table 13). E2I8t MOB =&+
£ HIE2I0l EOtEl Z& NMS BHXI0IA BHZsE =, Al BH2F LSl HIEtRIS KIHGHD]
?IGtH 10,000 x gllA 1522 Fa=2clet = 4SHE HAHE =, cell pelletS HIELRI0l &
JLEIXl 22 NMS BHXIZ & B MESIH S22 AFEotLH 22l @2 HIEE 274
£ IWAoH)| 10t vent seal cap (0.2 #m pore size, SPL Life Science)2 2 LS8t 70 M cell
culture flaskOil HIEF2I0] EIIZIXl 22 NMS HiXl 20 ME £, 2 & =F°| HIEtoIor
NMS XIS E& s&E2 FIst =, AEE T3S 1% (viv) s& |
2t EATE JIAIN |RELDA LA HEE Y 210 €0 LS8 = EJ|2 &F It
& £

SEFE 21, UE X529 IJtA RYF0 HE W &AE 5:52 HIESZ EE ItA

10
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=
o
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als
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x
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Table 13. Composition and concentration of individual vitamin stock(100x) solution of modified

nitrate mineral salt medium

Vitamin mg/ £
Biotin (B7) 20
Folic acid (Bo) 20
Thiamine HCI (B;) 50
Ca pantothenate (Bs) 50
Cobalamin (Bi2) 1

Riboflavin (B,) 50
Nicotinamide (Bs) 50
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Of OHet ME=X SEHO 2AS 26t JR31 @5 HHLE iAo =2

FACH S4 HIEHEI0l I Xl 22 NMS BiXl 200¢A S vent
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S A=K 2215t 2ol0 JR31 @32 HHYMS vjYUE=z MFst TS, HIE2 2
- =2 A&E NMS BHXI0 5%t EHES 228 &0 2

AZHOICH AIZE THHGHH 600 nmOilAl SEE=E =& otRULL

of MIEX( 0IXs SIS OIS UGH0 2 22S 20 MO NMS BHXIO 10 4% &
et (HYASHS %2 ST2 HIIE AT SUE HIS), HIER 27 JR9 BFE 1%
o ZEZ FEZE B, ANVEZ STEE SHOI0 MFEX 2H0| Y= BHS MY

(4) Methylosinus sp. JR312| CHALH =4

JR31 =2 HiZASHE HPLCEZ FEHME 22 230F = No. 11 ~ 202 =2E==S
MetaMassAtOl  CHALMI 24S  2=2/otACH A 242 Gas chromatography-Time of
Flight-Mass spectrometry (GC-TOF-MS)2t Ultrahigh Performance Liquid Chromatography-Linear
Trap Quadropole-Orbitrap-Mass Spectrometry (UPLC-LTQ-Orbitrap-MS/MS)E O| &0t L. L8t
Metalign (Wageningen university & research) softwareE O|Z0t0{ MS dataE X clotll, OIS
SIMCA-P+(ver. 12.0, Sartorius co.) softwareE AFEGt0 Principal component analysis (PCA),
Partial least squares discriminant analysis (PLS-DA), Orthogonal partial least squares discriminant
analysis (OPLS-DA), The Variable Importance in the Projection (VIP) S2 CiHE SHEANS
ot ULt

GC-TOF-MSE 0|E¢gt UAtM =4

ﬂl|0

?Ioh AIZE HXMelotALH HM 2 22 100 #E
speed vacuum dryer2 L8 =, oxidationES /o methoxyamine hydrochloride (20 mg/m¢ in
pyridine)2 50 #E E1  30CUHAM 90=22F BtESAIZI =, SilylationS « ?loHf
N-Methyl-N-trimethylsilyltrifluoroacetamide (MSTFA)E 50 #4E <21 30COHAM 30=2 BHS AR
Ch. BtS0] LA 0.2 um pore sizel| syringe filter® Ol & GC-TOF-MSE =& GtRULCt.
A0 AHEE Z2EHE Rx-5MS ( 30 m length, 0.25 mm diameter, 0.25 #n thickness)0l 1, Agilent
7890A GC systemdt Pegasus Ill(Leco Inc.) mass spectrometerS AFZCIALCE dX2IE AIZE 1

WE =UStH splitless Z2H2Z 50 ~ 600 m/z 2| mass rangeE Z 40t AULCE

o

(_|

HI

UPLC-LTQ-Orbitrap-MS/MSE 0|28 AL =42 Vanquish binary pump H system (LC

system, Thermo Scientific)} Orbitrap Velos Pro™system (Mass spectrometer, Thermo)S AlE o}
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Fig. 18. Comparison of methane consumption in mixed culture of MOB and heterotrophs isolated from soil

samples. JR and CUH represented MOB and heterotroph strains, respectively.
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Fig. 19. Interaction of methanotrophs with non-methanotrophs [65].
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Fig. 20. Effect of cobalamin and vitamin mixture on the growth of several MOB. Methylomonas
JRO7 (a), Methylomonas JR09 (b), Methylomonas JR29 (c), and Methylomonas JR30 (d). Symbols:

(), vitamin mixture (thiamine, riboflavin, nicotinamide, pantothenate, biotin, folic acid, and

cobalamin); (@), cobalamin; and (H), w/o vitamin.
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Fig. 21. Effects of vitamin mixture and culture supernatant of Methylosinus JR31 on the growth
of several vitamin-requiring MOBs. Methylomonas J07 (a), JR09 (b), JR29 (c), and JR30 (d).
Symbols: (H), vitamin mixture; (@), w/o vitamin; ([J), 0.1 M supernatant; (O), 1 me
supernatant; and (A) 5 ™ supernatant.
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Time(days) Time(days)

Time(days) Time(days)

Fig. 22. Effect of cell culture supermatant of Methylosinus sp. JR31 obtained from different
culture times on growth of several vitamin-requiring MOBs. Methylomonas JR07 (a), JR09 (b),
JR29 (¢), and JR30 (d). Symbols: () no addition, (@) 3 days, (A) 5 days, ((J) 7 days, (O) 9
days, (A) 11 days, and () 13 days.
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Fig. 23. HPLC profile of cell culture supermatant of Methylosinus JR31
(a), and effect of HPLC fractions on the growth of vitamin-requiring
Methylomonas JR29.
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JR31 ZF2| HHLASHES HPLCZ 225t ==& Alg = HIER 27 20 Cist A
CISXEHZS HIAESD, fraction No. 11 ~ 20 S22 UAIH S40l AIE0IRUCH Alze
MetaMassAtll =42 2|25t GC-TOF-MS2t UPLC-LTQ-Orbitrap-MS/MSE Sodt0 Z4A &t

0P
ol
2

2, Metalign softwareE O|&E0t0{ MS dataE X cloti], O|Z SIMCA-P+ softwareES Al
CtHe SH=24AsS ot O Z3 GC-TOF-MS =4 0lA 2 28 =2t chromatogram=

Ct (Fig. 24).
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N CO8 =2&2des TUEA PCI1(9.30%)2F PC2(6.53%)0 2dh LiFle= S&2 2ACH (Fig.
25a). PCAJIE 3D-plotOl M= HIEIE 2+ 20 s &4 HAENAM 28 245 22
fraction No. 171 180] A2 CIE2 A clusterd S 2 QIGHRAUCH (Fig. 25b). Fraction No. 16 ~ 195
EE 2 sortingolt( CtAl SHEAHES =6t CH 1O 21, PCA &0IAM fraction No. 171 18

A A cluster &2 ZQIGHACH [HetA Fraction
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(Fig. 26a). PLS-DA RYESAT PCAQ St ZE SUCH (Fig 26b). PLS-DA DL
Z =2t HRA0 =S d S22 FHoHJ| ot GE == XH0IJt
Li= 1X HAIXMIE = 4A0HACE Fraction2t XH01JF Ut= HARMIE & 13E0] = 2l(Organic
acids: 25 / Fatty acids and Lipids: 45 / Etc.: 15 / Non-Identifications (N.L): 63)% A Ct
(Table 14). Xt0IJF Lb= 1xF CHAKMIS &&s HlwWSt Z 1, fraction No. 1610 190l Hel &
MGHXl 2210, fraction No. 173 180 20| &=Iot= WAIXNI= Elaidic acidE2 &4 % AL
(Table 15). Elaidic acid= 2X 3t EgiA XTMOZ UBINORZ = M MES =&ot=

=22 €238 "= 8lL

HPLC fraction No. 11 ~ 202 UPLC-LTQ-Orbitrap-MS/MS &4t 2= 8 2710t 2L
GC-TOF-MS 240 MEZCH= chromatogram0| & =2t0l Xt0|JF LIEFRCE O Z2UE BIE2
2 HE SHEES +=3oIRUCH PCA &A0IM fraction No. 112+ 15JF CI2 fractiondt Ct2
A cluster 2= QIR L, LIHAI fraction2 &0 cluster &= X0l COIEALH (Fig. 28a).
PCAD|E}F 3D-plot2] 24 Z 1}, fraction No. 11, 15, 17, 1801 CtE2H cluster &AL, LIK X
fraction (No. 12, 13, 14, 16, 19, 20)&= 20| cluster =0 UJUCt (Fig. 28b). EHEE F=

4»
mfo

—/
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?Ioll 24 fraction No. 16 ~ 198 [IZ sorting o0 CiAl SHEA $=SH5IACH. PCA A0 A
fraction No. 16 ~ 19 25 2+2 cluster T A D, PLS-DA 220l A= fraction No. 16 ~ 19 25
2t2+ cluster ©IACH (Fig 29). PLS-DA 20| R2/&0|X= &Ko 42

oiA PLS-DA 2ES JIBtC2 o0 1O 2XEI X0ILts HAINZ2AE ot RULCH
2 X010 Lhis CHAKMIE &ftolst 20t 5 14902 CHAIXIE #2151 (Table 16), 1400 = 14
o HAINIE SEGIRUCEH X010t L= HARKMIS &2k Blw 23 5OH2 HARMI (N.L 1 ~ 5)
= fraction No. 170A HUHECLZ =2 S 20D, 94 AIKM (NIL 6 ~ 13 &
Amino-methyl-oxononanoicacid)= fraction No. 180N &UECZ =2 2 ZUCH (Table
17). UPLC-LTQ-Orbitrap-MS/MS Z 1 ST X = S Mllay

LS LS
JHEQN AXFZAH0] 2 RotCh
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Fig. 24. Chromatogram of GC-TOF-MS of HPLC fraction No. 11 ~ 20.
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Fig. 25. PCA and PCA-3D plot of HPLC fraction No. 11 ~ 20 analyzed by GC-TOF-MS.
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Fig. 26. PCA and PLS-DA plot of HPLC fraction No. 16 ~ 19 analyzed by GC-TOF-MS.
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Table 14. Identification of differential primary metabolites (VIP>1.0, p-value<0.05)

) Unique
Tentative Ret b
No. VIP1 VIP2 ] ] ) Mass MS Fragment pattern (m/z) REF
Identifications (min)*
(m/z)
1 1.58 134 NI 1 4.13 84 171, 73, 172, 79, 64, 52, 173, 58, 186 -
2 1.67 138 N.L 2 4.20 234 77, 73, 79, 110, 52, 69, 138, 58, 51 -
STD/M
3 1.66 143 Lactic acid 5.07 117 73, 147, 117, 79, 52, 75, 66, 148, 191 S
4 078 132 N.L 3 5.47 112 147, 73, 75, 85, 69, 66, 204, 57, 148 -
5 1.68 141 NI 4 5.51 204 147, 73, 66, 204, 148, 59, 79, 52, 57, 149 -
. STD/M
6 0.98 1.39 Hydroxylamine 5.61 146 73, 133, 146, 59, 119, 147, 86, 130, 74 S
7 197 149 N.IL 5 6.07 148 147, 73, 116, 75, 101, 148, 55, 79, 59 -
8 129 147 N.I 6 7.18 186 73, 186, 142, 59, 84, 75, 56, 86, 201 -
STD/M
9 0.88 1.57 Glycerol 7.19 103 73, 147, 103, 117, 205, 133, 75, 299 S
. i STD/M
10 1.57 1.35 Fumaric acid 7.83 245 147, 73, 245, 75, 52, 55, 83, 76, 143, 115 S
STD/M
11 1.89  1.62 Plamitic acid 13.05 117 73, 75, 117, 132, 129, 55, 145, 313 S
STD/M
12 212 1.58 Elaidic acid 14.10 117 75, 73, 79, 117, 129, 147, 51, 81, 67, 339 .
. . STD/M
13 1.72  1.66 Stearic acid 14.23 117 73, 117, 132, 129, 55, 145, 57, 69, 341 S

‘Retention time; PIdentification, Metabolites identified based on the in-house library of standard compounds (STD/MS: Standard compounds/Mass spectrometry
fragments); ‘not detected.
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Table 15. Comparison of differential primary metabolites

No. 16 No. 18 No. 19 Tentative Identifications
1.09 0.98 0.87 1.06 N.I 1
1.08 0.98 0.90 1.03 N.L 2
1.02 0.94 0.99 1.05 Lactic acid
0.99 1.14 1.13 N.IL 3
0.99 0.93 & NI 4
0.99 1.08 0.81 1.12 Hydroxylamine
1.03 0.97 0.95 1.05 N.I 5
0.79 0.85 0.89 N.I. 6
0.91 Glycerol

0.91

Collection @ chosun

_72_

Fumaric acid
Palmitic acid
Elaidicacid

Stearic acid




0 898 610
905 No.16
o 100
8
604 962 77989
iy, 1026
40 N :
0 “\JMU 1% g \( 0 18| e [\ 9 gp5 oy B0
0,03 078 W 119 84 586 646 676 7 o 1134_1193 & ;
nima ik 169 269 305 383 3 68| M1 g A
1 o No.17
804
2
03 100
40 105 905 534
78 33
207 44 . , 85t || 86 980 14 2 18
3007 077 | \ 149 195 220 276 308 B 52 00363 ass (D flogn 5T [\ OB 95 qom  pim d207 31 1 229 265 300 371 474 476 | |54 621 630 ma 1128 /\M
- I
M
¢ 458 g 96
5 804 4 5
2 2 %
5 0] 101 5
2 0 104 909 2 549
@ 404 8 ¢
2 109 z 754 - 949
£ 01 438 g 56 11813 857 19 954 s
3 @ o0y 075 M 2080410 38 387 497 550 604 646 631 17 8.57 0993 73 11 1206 182 5P 3 95 236 277 339 413 43¢ 468 J\{C 6.13 650 687 LA/ ‘9g9 1125 1154 1201 /Lw
0= % 33
1004 ©
80 i agg 391 803
60 — - 607
]
409 n 09 a5
2] 13% 2] 78
o7 073) 1 167 169 250 28 290 508650 714 1 B9 gg nas 11971208 12 009 o.lshz 246 270 338 362 475 452 472 550 | \ 643 667 754 N\g14 856 [\ 949 080  11pp 1149 1208 1328 1334
0 3= = = =R = =
{1
1004 nus ma 327 325 No 10 0% 1 ou No.20
804 803
60 60 781
568 £70
40 403 — -
1335 754
3 El 459 856
RES ot 5 ggp 1146 1200 1205 132 X 172 300 237 33 arsan S2LEH0 g e t124 1165 1200 13%p
0 T T T T T T T T T T T T T 0 T T T T T T T LN T T T T T
2 3 4 5 6 7 8 9 10 1 12 I 1 2 3 5 € 7 9 10 1 2 I
Time (rrin) Time (in)

Fig. 27. Chromatogram
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of UPLC-LTQ-Orbitrap-MS/MS of HPLC fraction No. 11 ~ 20.
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Fig. 28. PCA and PCA-3D plot of HPLC fraction No. 11 ~ 20 analyzed by UPLC-LTQ-Orbitrap-MS/MS.
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Fig. 29. PCA and PLS-DA plot of HPLC fraction No. 16 ~ 19 analyzed by UPLC-LTQ-Orbitrap-MS/MS.

Collection @ chosun - 75 -



Table 16. Identification of differential primary metabolites (VIP>1.0, p-value<0.05)

No. VIPl VIP2 Tentative Identifications R,et [M+H]" [M+H] M;)W' Molecular A PP ID°
(min)® formula M

1 1.20 1.28 N.IL 1 5.19 - 264.12 - - -
2 146 132 N.IL 2 5.21 561.14  559.13 560 - -
3 146  1.33 NI 3 5.23 342.05  340.31 341 - -
4 145 132 N.L 4 5.35 417.02  415.01 416 - -
5 .51 1.26 N.IL 5 535  457.15° 433.16 434 - -
6 1.64 1.16 NI 6 5.36 530.29  528.28 529 - -
7 .63 121 N.I 7 5.39 631.29  629.33 630 - -
8 1.64 1.16 Amino-methyl-oxononanoic acid 5.49 202.14  200.13 201 C10H319NO 2.315

9 .63 121 N.I 8 5.53 386.04 384.03 385 - -
10 1.63 121 N.I 9 5.57 356.06  354.05 355 - -
11 163 121 N.I. 10 5.59 - 481.19 - - -
12 1.63 1.21 N.I 11 5.61 - 388.19 - - -
13 1.63 1.21 N.I. 12 5.62 - 451.01 - - -
14 162 121 N.I 13 5.63 431.04  429.03 430 - -

“Retention time; "Molecular weight; °Identifications. CCD, The dictionary of natural products; ‘unknown or not detected; °[M + Na]*
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Table 17. Comparison of differential primary metabolites

No. 16
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No. 19
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Tentative Identifications

N.IL
N.L
N.L
N.L
N.IL
N.L
N.L
Amino-methyl-oxononanoic acid
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N.L

AN L AW N =

7

8
9
10

11
12

13

. 2.0

1.0

Mo



4L

o0

oD

o)

0l

o

<+
ot

W
r
H

i
P2

JJ

A2 EOl

Ol=olJ|

o2

=]

EAM
=

t6d MOBZ2

[[e}

oK

N

O NS0, Metd tE

i

o

=il

et MOB2t

e ACH

(=]
=

M

cCc=
4/

s}
0D
Rr

o

o

A+ MOB2+ [H

ni

t

845

i
ol

botsd

S
uat]

UA =L WetA 0l
Ct. 21 Z12t JRO1, JRO2, JR14, JR181t

MOBJ} E. coli BL21

gt

T =cl

A

o)

H

A HI=S

S FOII A DIl EF 2

=
=

(Fig. 30). 0218t ZD= LA MOBS}

At
A Ep

o o

H

4

I
o
o)
id

2

o oo
E"IT%E

Et

ZUHCZ N

& SIHAIA

—/

OtLict MOB AHAMl 2

S 25 MOB

2 0l ul IJtXl

=
Methylosinus 2t Methylocystiset= & OICH 0|22 Type || MOB2| CHAbDt

DHt

ioll
or
Kk

Kk

iy

o
%0
Jo

Ju
o3
3

mll

~
KI0

ol ot=
oM sSHel o™ Ol

Type |1 Ofl

CH

_78_

Collection @ chosun



18 4
16
14 4
z = 124
S = 121
g o 104
S g
E= S e
9] s 7
= 2 e
4 -
24
o—
0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168
Time(hr) Time(hr)
20 - d.
18 1
16
14 4
= 124 =
N €
D 104 £
S o :
£ 8 S
S 6 3]
= 69 g
4
2 -
0 T T T T T T T T T T T a 0 T T T T T T r , . T . >
0 24 48 72 96 120 144 0 24 48 72 96 120 144
Time(hr) Time(hr)

Fig. 30. Comparison of methane consumption in pure (@) and mixed (O) culture of MOBs with E. coli BL21. MOBs used were
Methylosinus JRO1 (a), Methylocystis JR02 (b), Methylosinus JR14 (c), and Methylocystis JR18 (d).
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