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0 ) T HE R, 3 Sl PR A R C , 1 2 M A SR OB v T R AR Y — A3, R A )
BTG S AL R B S R G o ASPRA N [ PR RER TR (T0DP) 337 ik i) — AP R PEHE 2 5 0
(1 999 mbsf, meter below the seafloor) 7, 5% 540 B B — k4 22 FC BRI 4 H 12 BR A ZF AT 19R1-5(19R) , #F
TR B, 19R 553 B [ R - 580072 AL ZEALFF B DSM 26 (26" ) # Lk, 16S tRNA JE P JF B AR L 100% ,
DNA Z& 58 [k R ik 91. 7% o FATTHE 19R 126" VEABFFEXT G, ML HE B 4100 A B2 Xt 19R (1 ok 5 A
TERBIEA TR . G5SR4 B B VRTRAY 19R S U TRl s [RIIN 19R 45 26" AT 3 ANER A1) 2 4 245 4%
ARG (PTS) 4R 19R BA SRR R T RE ) , 8 2 REAS I8 I S5 167 Fh R R 1) R PR , BT 45 SR AR R

TV TR IS A 9 W i A 90 ) A DB A R ) ST 2 o A T BAT T2 5
KW WA AR T N B BEY
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FE E R B 2= B Bt 1 A 80 TR A P Y
WIC, 15 M R b R A P8l Sh, T R 2 6 ~ 10
kem (1% 5 il o S AR S PR R SR AR 5 Ah—
HEE L BRSBTS R
AR T AR R AR O, 20 R S AR )
M 172 ~2/3, HERE A9 8 ( Sub-seafloor deep
biosphere ) J& VR A= 1) el (1) 2H BGHB 43, 30 540 5L
TEM TS (BEHE R R 1.5 m ZF) LA AN
PEFEHR IR R B R R e
2012 4£ 1 TODP 337 fiiik, +& H A A 8 Z 19 4t
X TR JEE TR TS A 0 B ) R B R U o I IR A
HATN b5 C0020A ¥l sk T T 2 466 mbsf (1)
BR300 IS TR A ) P U AR
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Hil] ( Proteobacteria) & #F [ ] ( Acidobacteria) £lI
AT ] ( Bacteroidetes) Sy £, R ¥
ST RT RE A G A SR U, B35 8 43 B R LA
FE AL I A5 v AT B8 2 W N TR 0B IR R s
FIRE R A Yy Bl v 7 R SR A RS 2]
HEAEH],

1950 4F, PROOM 4" A -4kt A o 43 By 15
B 1 BRANTE , 5 45 N Bacillus pantothenticus ( 127 &
ZEHUFFIE) o 1998 4F, HEYNDRICKX " 5 i 9 4%
PE rDNA FR i P B U] 7 B 23 M (amplified tDNA
restriction analysis, ARDRA) , ¥57Z iR ZF AT 5
AT TR (8 A AR DXk, 40 43—
J&* Virgibacillus” (BEFEF IR ) o W78 LB, AL
AR B AR TR oA o3 iz, T B il
H1 NS R R S B,
HETE & RIA IR A M %R i £
BRI

FANG 5" )\ T0DP 337 fii i rp kAR H 4
JETURR AR it , 16 U TP 23 18 BB FLA 14 R
Bk, £ % E v 4 N Virgibacillus pantothenticus (72
PR AT ) 19RI-S (19R) o AHRAYZ, 19R 5
SYES A IR R R 267 A9 16S tRNA JE[H 7
1 AR BL B 1R 35 100% , DNA 2% 3¢ [] 95 PE 155 3k
91.7%"""  FH] 19R I AEK U5 T B SR 85, A
WF5E A B 8 5 20 58 W) S 338 m sl 2E 9 % g i JE
FEW TR, SR T9R BF Ak ) 442 2R 85 o
AL & B, A 5 PTG P & R 48
IR A2 19R 1k LIRE 2y 3 B0 U5 A 13
A=Wy, 2 VAT I SRR B 1 7 R P 5 A B s
JIT i B A RE T oK 1SN B W7 AS BIF 580 B AR
19R 126" $EAT T BRI LL ¥, 1 ol ad #5374
FHA R G KB 19R FRIE, gk imixt — &
A R0 28 F1 % iz 2 AT F AL, 20 B LOR WA
BERERAF IRE S . BOAh A SCHLRE X B 2
FLRT P T F180 32 i R ZH A A7 0 A, 485 19R g
BT PRBE AR I A7 T 1 43 A
1 AR
1.1 SEIesh#y

PRk T9R 126" 435l B H A 04 9 07 98
H.[» (Japan Collection of Microorganisms, JCM ) Fl

o ] 9 VA ) B AR DR EE A8 3 P ((Marine
Culture Collection of China, MCCC) ,

1.2 BEHER

WK TS AL IS, PRI T 7 R AT 15 R 9 (35
°C 200 rpm/min) , 3EFRILHIFEER D 2216E, 15
FEE ODgy fHN 1.2 HUA I 50 mLL,12 000 r/min,
AL 10 min, AR K. 5 EilSEE AP B
2R BRA RIS T R ALY . Hod 26" 3R
FHER ZAQ B = AR e BORAR 25 5 1Y 5 125 0 i A
58 R, 19R S T2 A e B AR I A8 R 2H 49
A
1.3 &£YEEESH
1.3.1 ORF il S J Rl 40 3

W PR TR 1) PR ZH P 91 23 J31) 4% 28 NCBI %
P& 22 I PGAP 37 #2 ( https ;//www. ncbi. nlm.
nih. gov/genome/annotation _prok/) it 17 ORF il
I LRNA F1 e RNA JE PR 5000 B 28 1 P 91 ke . 2R
HIEE S H SignalP[lg] TELL T (http . //www.
cbs. dtu. dk/services/SignalP/) , COG 1 FE45 R E
it psi-blast ™ 5 COG H¥ig J%E b xof 3515, 85014
‘B : identities 50% ,
107,
1.3.2 RGKE T

1] GTDB-tk ™! &5 %4 40 4] 120 /> #1450
SRR AT W0 AN 22 91 L X, 280K --locapair -
maxiterae 100, $RITFEFRZ 51 XS 45 2R b &
4 50% LAt gap HYBEE, {fi Fl Fasttree ™ 7t 57 Jir
KANSRAE AL, 3 AT iTOL™ 047 R G K
PRI AL o
1.3.3 R4y B At

i KEGG BlastKOALA X 3 X 40 v fif A /&
HT 81 47 75 28 1 B (https://www. kegg. jp/
blastkoala/) FIA I 2% H 4L

2 4k

coverage 50% , e-value 1 x

2.1 19R 126" f9E FE AT

FRATXE 26" RHC AR ARG A 2, X
19R R AW i, 2 P24 26" 13k
DRI 4 5 J P B 19R i 3k PR 4 o R, A f B an
1 s,

19R LR 41 B &l 4 704 559 bp, A4 27
A~ Scafold , GC 2 5 A 37.3 mol% . % ORF Tii
I % R 2 i 4 067 AN (s 3L, Hoh oy
3268 A~nl gk COG R, fi/KAL & Wi e is Fift
i (COG-G) F% 3% (COG-K) DL ke Z KL TR 11 iz AN
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R (COG-E) 7£ COG MR/ Kb iy i K%
B 26" (FEHLLH — APk DNA #4525
ki, GC &4k 37.3 mol% , JL P 41 4 K
4 742 556 bp, TN fL & 4 738 A HE A IS HER
Frp3 7430l 9 COG 1R, % COG 72K E H
5 19R JEFE LA 83E . HeAh, 26" e K 41 4 i
T 65 4~ tRNA #1 18 4> rRNA

F1 RF26" HEFREMERAEAER
Tab.1 19R and 26" isolated environmental and

basic information of genomics

J& Pk Attribute 19R 26"
/4 *‘ﬂ:i‘t ) B B )
e WRRIIRICR L
Scafold (&
Scafold number 27 1
R4
%‘nﬂo;ij:i/zj;/bp 4704 559 4742 556
G+C&H
G + C content/mol% 31.3 37.3
SR
Total genes 4 067 4 738
COG 3268 3743
{RNA ikt
tRNA number 65 65
rRNA $ &t 8 s

rRNA number

AR, RATTE 26" &I 3 FiT 4
SEBTPER) 16S tRNA J¥ 81 (#5 DB 5 4 .1 i
1) R EL 6] A T B H R 2 A5 1 (SNP) Y 77
feo BT AU R, XME LIRS 19R L
A1 b3k SNP,FRATTA T 267 945 16S rRNA {31
FPIME N 22 Bt ke s M (£ 2) , JF 45 &
16S rRNA 38 Ff1 5| #1%} 19R ) 16S rRNA H:[H J¥
HNHEAT A PCR 744 Sy . 53R BT, — 38 %)
NIFY 16S TRNA J5 41 158 4 — 2,y 3R AT T4
CHAANERRE KR
2.2 RHEREHW

HBEFE 19R RS AL, FATR I8 5% A=
PR IE LI 21 73 %0005 % ( GTDB) 19 120 A4 RF
HEHEFS, %F NCBI RefSeq (4% 72 Firmicutes | ]
PUREE N BT AT R KT T, BE T 25
AP TR EE , PR 4 PR 2R HE R
MR 1) EERZ, I9R ZERG K F M
Y V. pantothenticus DSM 26, V. pantothenticus
Marseille-P1102 , Bacterium 1XD42-44 | Clostridium

http://www. shhydxxb.com

sp. 1xD42-85 I Negativibacillus sp. 1xD8-3 %% 5
PREEAL T 7] — A 0 3, X S R 203 125 A Rl
HEREE . B 19R WAl RE TR F Bl A 3035, e 78
Kuyshseiz g, 5 REA HLT— &2 TTRE a2,
RN DU B REY) o

%2 19R By 16S rRNA E[F PCR ErH5|#
Tab.2 Primers for PCR of 16S rRNA gene in 19R

HARFEE A Target genes 5|#) %3] Primer sequence

. TGTCGTGACTTCTGTGTTCGT
. GGTGGGATGCTGGAATGGAA
: TGTCGTGACTTCTGTGTTCGT
: TCTGAGGGCGGATCTTGGTA

: TGTCGTGACTTCTGTGTTCGT
. CCAAGCTGATGACGAGGGTT
: GGGGGACTTGGTATAGGGGT
: AGATCACACGGTTTCGGGTC

: CGAATTATCGTTGCGTGCGT
: AGATCACACGGTTTCGGGTC

: GGTCGCGCTAACTATCCGAA
: GTCCTACAACCCCAGAAGGC

ssul

ssu2

ssu3

ssud

ssud

== B> =~ B B~ B B v B B o B S B = v 3|

ssub

AT 16S rRNA
bl F: AGAGTTTGATCCTGGCTCAG
Bacteria 16S rRNA F. GGTTACCTTGTTACGACTT

universal primer

2.3 19R BHELERHERE T

SIBIFFE TOR S JEUAL R IR 8 37 PR A 3 7 4
B, FRATA 19R F1126" 9847 T XI5 9 2% 1) 2 48
L, o0 IR, 38 1 HAT 50 B 10 4 9% ik
ZIRIRAE P4 F0 05 IR 1A & 42, (B D-1 24 (D-
sorbitol ) fX I AH I 1Y) 6~ R 111 B -2 - i S il AN A7
FEF 19R Wi ([ 2) , £ 19R nfAERA (L 26" &
Nz B2 A I fE

gkim, KA X 19R 26" (1 & 7 51 kAT
all-versus-all b X, 253 B8 ,3 779 MEH KK
N FIA A 314 S0 19R AL A 352 A
Jy 26" A5 ( BLASTp % %%: identities 50% ,
coverage 50% ,e-value 1 x 10 7'%) o % 53¢ 46 & bk 4
S PERER 1T KEGG {188, JAT TR B 19R BR4HA
26" (¥4I R A R L AL T R G0 (PTS) KISh, 18
WA 3 AFRIRAY PTS, TN HAE 2R 4 4 31 R
lactose/ cellobiose ( ¥ #i/4F 4 — B ) . glucitol/
sorbitol ( LLIZLRE/ ILALET ) Fl glucose (44 ) ,
WA 3. %L FANG 4 HE (Y 19R AL
STz WOREA FHRE 1 i 25 R A — 3
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Virgibacillus pantothenticus 19R 1-5
Virgibacillus pantothenticus DSM 26
— -------Virgibacillus panto i \ ille-P1102

rrrrrr Clostridium sp. 1xD42-85

""" Negativibacillus sp. 1xD8-3
rrrrr -Bacterium 1XD42-44
--Virgibacillus chiguensis CGMCC 1.6496

-Virgibacillus sp. Bac330

Virgibacillus dokdonensis AK90

-Virgibacillus sp. KG7
Virgibacillus dokdonensis Marseille-P2545
Virgibacillus dokdonensis 21D

Virgibacillus proomii V-P
-Bacillus megaterium MSP20.1
Virgibacillus sp. AGTR
Virgibacillus sp. Bac332

""""""""""""" Virgibacillus salexigens P2

rrrrrrrrrrrrrrrrrrrrrr Virgibacillus salexigens NT N53
~oo-o--—-Virgibacillus salexigens DSM 11483
---Virgibacillus kapii JCM 30071

Virgibacillus massiliensis 22513_12_Sand
""" ~--------Virgibacillus sp. JCM-4

Virgibacillus massiliensis Vm-5
rrrrrrrrrrrrrrrrrrrrrr Virgibacillus massiliensis Vm-5
rrrrrrrrrrrrrrrrrrrrrr Virgibacillus massiliensis MGYG-HGUT-01470
,,,,,,,,,,,,, Virgibacillus sp. YIM 98842

B0 14 55 27 bootstrap {HAE 60 ~ 100,
The black dots indicate a bootstrap value from 60 to 100.

Bl RFATERNRZLEH
Fig.1 Phylogenetic tree of Virgibacillus

sorbitol/D-

Na'/H* Na'H* Na* glycine betaine/
decarboxylates Al Lys/His proli osmoprotectant

lantibiotics

teichoic

gluconate raffinose/stachyose

/melibiose

phospholipid Secretion
t ; pathways
phosphate 6-phospho- glucono-1,5-lactone * D-galactose / GIENAC See Tat GSP
gluconate 6-phosphate / MurNAC
phosphate Pentose
Na' phosphate ribulose-5-P +——+  xylulose-SP +—————— fructose-6-P-----D-sorbitol _
pathway erythrose:4) Glycoly:lsl
pyrimidines fructose-1,6-BP +*
sedo-heptulose-71
purines «——— PRPP +—— ribose-5-P -
Nitrogen l /l-phmyllccmmidc X
fatty acid .
| | metabolism His Phe’ Amino acid glycerate-3P Y iron(Il)
N —( ) N . / T biosynthesis b
= — :
o Gly [URS manganese
e S
s . Lys s ./‘/ I zinc
nitrous oxide Met Thr +——+2-oxobutyrats Val Led acetyl-CoA
I - e+ Val—sLei p-Oxidation
nitric oxide o L Pro cjtrat Mg/ Mo/ Zni*
P
e Gly TCA
N il \ Cyele oxloscetstc
® 20/ Cd/ Zn*
Urea Cycle R, a-k 08'""“'6\_/‘ I Co/ Ca¥/ 2a
i

nitrate Co/Mg*  Nat H

S R 81 2 75 00 SO 328 s 2% 4 5 VR SC 3 AN BE R 0 39 378 LR A3 55 P A9 B ) R e
The outer circle ellipse represents the material transport systems; The bold characters and dotted lines indicate 19R-specific substrate and
pathway.

2 1R#E KEGG Tl 19R F X151 ) 2% E
Fig.2 Metabolic network of 19R predicted according to KEGG substrates and pathways, respectively
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®3 REMTF 26" HENBBREEREEBERLS (PTS)
Tab.3 Specific phosphoglucose transferase system (PTS) of 19R relative to 26"

PTS FEH %5 Locus_tag

8 Annotation

KHP59_RS04010
KHP59_RS04005
KHP59_RS04000
PIS 1 KHP59_RS03995
KHP59_RS03990
KHP59_RS03985
KHP59_RS03980

PTS cellobiose transporter subunit I1C
hypothetical protein
PTS cellobiose transporter subunit I1B
glycoside hydrolase family 1 protein
6-phospho-beta-glucosidase
PTS lactose/ cellobiose transporter subunit ITA

transcription antiterminator

KHP59_RS10670
KHP59_RS10675
KHP59_RS10680

SDR family oxidoreductase
BglG family transcription antiterminator

transcriptional regulator GutM

PTS 11 KHP59_RS10685 PTS glucitol/sorbitol transporter subunit 1IC
KHP59_RS10690 PTS glucitol/sorbitol transporter subunit 11B
KHP59_RS10695 PTS glucitol/sorbitol transporter subunit ITA
KHP59_RS10700 fructose-6-phosphate aldolase
KHP59_RS02630 SPASM domain-containing protein

PTS M KHP59_RS02620 sulfatase

KHP59_RS02615

PTS glucose transporter subunit ITA

2.4 HEFBAAERBZERASTR I9R HEEE
IZEERSKIE

ST 19R Xt T 26" Fre A (1 B2 i iz
FED SRR, FAT X b aA AR vp 2 B bk 1) 2R
F P 4 i 47 all-versus-all (1) [ xf, JIf fff H]
OrthoMCL ™ & 13/ 17 5 2% (BLASTp Z: %[ I,
mcl Inflation 2y 1. 4) , 5 R R, B ZF AT &
{Z 7N 4 (Pan-genome ) 3L 5 47 26 246 M H K
B, ZHREARNGERA B PG R R WA 3
Fis o (HARIERERIE, iR 3 MRS E AT
TERY R AR EIFAE 19R AT, X R W] X Supf 2 it
BARSCHE Ny 26" T 2%, MiE 19R e 5244 3%
o AN, TE 19R Fr7Esr SCHY 6 NS itk e,
{C19R M A X 3 Mz iR R E, TR
ZHIREE s R Al REE 19R REWS 1L IR 45 78 3T
AR R 2 —

30 000
24 000 | }has
18 000 [ bhstd
i y=6 262. 69x -1 914. 90
12 000 ZHEKEH K/ Pan-Genome Size

FHAFEH Gene Cluster Number

6000 7=6 940. 13e75x+368. 47
i BLFEFH K/ Core-Genome Size
0
-6 000

0 5 10 15 20 25 30 35 40 45
FERHAE Genome Number

B3 ®FAFERZEEASHT
Fig.3 Pan-genomic analysis of
the genus Virgibacillus
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2RI g SR . gadiEt
ARG, BEF AT DR T2 A 2 1) Ff B
B T2 A W A SRR ARSI IR
INERGE KB B, i 4 58 B %R 2 1 T ik
19R S fti A= 2R Ui, Sk b3 SO e 3R AL T8 B IR 3
AR, RZ LY E ST Y B Z R
— i R, F BRI I A W R RE 52 M VAR T IR
HRA IR R TR R

TR W %) AR it B 55 49 3 o7 P 1) BT 7T s A 2
() H E ) B — . STARNAWSKI %% i i
PCR ™ 380 J 0 7 3 PR ZH 0 s B AR %o 1 22 B R
B (Aarhus Bay)4 b s DT HEAT T 0F
5%, R IRRASTE Fifi b PR P 32 BE AN R B S A B
T I b 5T 1% 0 ML e 2 1 S TR 2 DURR A T O
W A S, (AT SRR g e R
SR, M 5T H A I K- 32 DR 2 % A A ot 35 17 14
JrE A E RS T 5. FEARER R, ATk
MAEJE K 19R 19 3 1Y PTS FEEZ AR T
A X R 19R T3z iR 68 71 B DT
VIR i KRS A . SR, 19R BT TE 7
X6 A IELE R T, AN 19R R P A X 3 A
PTS 158 B AR ity P4 B3 185 15 1) BE 6 Fe 1R 4 19R £
BT BB R . EA U B2, BT
19R F AT ASIE R 20 52 8T, 31T 24 PTS A
PR AT Ge 1T, ek 2 HL 38 DUECH , o
RERME LT B 2 5 7E 19R 38 I IR 30 4 2 PR 8
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Origin and metabolic characteristics of deep seabed biosphere strain
Virgibacilus pantothenticus 19R1-5

HU Xin', WANG Jiahua', LI Jiangyan', FANG Jiasong'’
(1. Laboratory of Marine Microbiology and Biogeochemistry, Shanghai Ocean University, Shanghai ~ 201306, China;
2. Department of Natural Sciences, Pacific University of Hawaii, Honolulu 96813, USA)

Abstract; Rivers transport large amounts of terrestrial organic matter, inorganic matter, and microorganisms
to the ocean, where they are deposited into offshore basins. With the gradual accumulation of terrigenous and
marine sediments in the basin, these terrigenous microorganisms were buried and gradually evolved into a part
of the inherent microbial community in the sediments. It is an ideal ecosystem for studying the adaptation and
evolution of microbial environment. A Gram-positive bacterium Virgibacilus pantothenticus 19R1-5(19R) was
successfully isolated from a coal seam core (1 999 mbsf, meter below the seafloor) in the Western Pacific
Ocean during the International Ocean Drilling Program (IODP) Expedition 337 by our research group. The
16S rRNA sequence of 19R was 100% similar to that of Virgibacilus pantothenticus DSM 26 (26") isolated
from land-based soil, and the homology of DNA hybridization was 91. 7% . We studied the origin and
metabolic potential of 19R and 26" from the perspective of comparative genomes. The results show that the 19R
isolated from the deep seabed originated from the land. Compared with 26", 19R has three additional PTS
systems, suggesting that 19R has stronger sugar utilization capacity, which enables it to adapt to the special
nutritional environment in deep biosphere. The results of this study are of great significance for exploring the
origin of microorganisms in the deep seabed biosphere and their role in the deep sea material circulation.
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