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AL OP9 i1 JS1 Wik 4y, OPY A1 JS1 7 A
SR A, TR —SERER IR i T E W e I b
U G AT, TR R B
PRARUS R A A B e R 5 0 M Al H i EL 3RS
(PRI i LR ZEL A5 R HE DT, I PR 9 i 01
A2 3 MRS YA RS, RS Bk
LRGP ERE N —FF, SR, HA{E — B2k
e F: Wi Bk Atribacter laminatus RT761 AU4R1E, X
HAE BT BRI SR IR T 4L B ), A
SCHE XTI PR I 32 . AR R A SRR — 1 R
GEVERE, FFXTARR BRIy AT R

1 WERWITW AL

I MR 4[] (Atribacteria)fd % OP9 F1 JS1 P>
R, Hrih oP9 fir FJE i Hugenholtz 20
1998 4Fi 1t 16S rRNA K:[F el ey i, 1638
I B A 15 58 2% el ) 2R 8 A1 71 (Obssidian Pool) LR
Yy kB 12 g 0 4 I 15 5 (OP1-0P12) 1y
—Fho SR, TR LR B i35 57 R AAE
REERAF R, X IR MA YR AR R
BR . Dodsworth %51 v £ B 22 4127 A0 4
JFHEAR, MWHRIR TR R A & 5 0 41 4 25 53
WGV RIS T 2 Mg sy OP9 ALK
4, 4Rlar4 o OP9-cSCG Al OP9-77CS. i
ARG AT X 2 A B R A AR i T R
#°4 Candidatus Caldatribacterium californiense 71
Ca. Caldatribacterium saccharofermentans, -
WK HEH 2 3 0 00 A0 T ) 2 —— I R A T
Atribacteria. 75— J5Tfi, JS1 & 5% et F 1994 4%
16 H ASHERE & & P (Japan Sea, -78 m), Ffi)5
Webster 25X 224 FREEAE it (B A5 HEICTTARY) . 4B
bl 1358 | HEAK ST K S ) AT RN, FEAE L rh A

MES OP9 AIMLFIIE B, FF4RH s H AN
IS1., TR RS RH T, MYt
(R R AL 22 B 27 0 B UK U 9 R — A Y
MBI IARF 20 5ok, M Yarza 2007
2014 4E 7 (LT 16S rRNA JL K 7 41 [ — Y
A Wy o 2Hekm e, Nobu 28UV 5740 #rJ5 45 H OP9
F1JS1 M B 16S rRNA JE [K 7 41 | — 1 i Hh i
(80.8%) Fll 5 A A (74.2%) % T4 B 1125 %040 2
FAUTE (B % A 83.68%, HiK(l 77.43%),
P BORE X 2 N R E I N B E B BT F .

Chakraborty 203 35 i 47815 193 42 K (>1000 bp)
16S rRNA EEPFF41, fii ] 4 ATl 53 5 i
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2R R AL OP9 Al JS1 WA~ 4H 7K 43 32
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(MSI{EH 83.6%), Z=/DAF 11 MRKF kL
K (MSI B R 87.7%), I HEBEAE WS MAWIEETT,

JE AR AR AEARBI FE(MSI Sl 94.8%),
X i PR B RIS R T H TR AR A

2 HE AW W F AL

2.1 HEHAG

s B TR (OPQNSL)TE H AR IR B i 43 Aii )z, H:
H OP9 [ IZAF7E T — S I AT, Anflisth #UR
e YRR ARSIV # 5 Ti IST ) 2 DL T rp (IR PR
WREGIURY) . AR X (IR . &), 78
B AN S KRS KA W TR SR B R A
3 S LA (R 5 e =500)0, iRk, FEE
T 2 I R SR RN 22 PR IR RE S B I A I, A K
OO R X 7201l R K PUSE IR A A Y

http://journals.im.ac.cn/actamicrocn



1418

Zhonglin Liu et al. | Acta Microbiologica Sinica, 2021, 61(6)

7 B PR A v A AR N 3 B B 1Y) [ DR B A
fE. WA LIS WA 1,

FIAE 2878 35 [ AL HE #GR. (29 80 °C)PA,
R (>73 °C)PILI I & K g il b A (81 °C)P
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Table 1. Primers used in study of Atribacteria
Primer Target Sequence (5'—3’) References
8F Universal primers AGAGTTTGATCCTGGCTCAG [38]
1390R GACGGGCGGTGTGTACAA [39]
27F Universal primers AGRGTTTGATCCTGGCTCAG [40]
1492R CGGCTACCTTGTTACGACTT
926F (SSU) rRNA cct atc ccc tgt gtg cct tgg cag tct cag AAA CTY AAA KGAATT GRC GG [41-42]
1392R cca tet cat ccc tgce gtg tet ceg act cag-XXXXX-ACG GGC GGT GTG TRC
63F JS1 CAGGCCTAACACATGCAAGTC [43]
519F CAGCAGCCGCGGTAAYAC [32]
665R ACCGGGAATTCCACYTYCCT [15]
Atri578 ACTTTTAAGACCGCCTACGA 9]

b, WA K R 2 1) i PR TS AH OGRS I R B, AH
{ETEX LY 01 16S rRNA JLP{E BILal -, &
AT BT HE S R S A DG B 1
HAET, £ 16S rRNA ZEH M R4 % & ki
HRAE R TR £k 35 A HREGRRE
10 NMEA MK IEEAFEE (K 2). Dodsworth
2O 3515 (1 SAGS Fl MAGs #1T RS ML K E
SyMr, B Ca. Caldatribacterium californiense i
Ca. Caldatribacterium saccharofermentans /25 |
OP9-1 J& F . Lloyd 2 Bl B4 i 0 e 4 A
HXF Aarhus Bay ST PIAE il 1 3R 45 19 SAGs IH 26
oy JS1-1 J& . Rinke ZEU UG AE T 9 AMEESL A (095
MoK . UIORRTEUE . A . AR RN AS) MR R
o BEAT T LA I . A BRI A SSU
rRNA ik, L3845 T 201 4> SAGs, Ffifi 5 #17
T RGNEHT, 7ETR 5> SAGSs Hh & BLIRE BHAEAE
HE— B UE LT G R DA AR A8 T 4 A Z R4 . Nobu
25003} Lloyd 1 Rinke 25 JGRiHiiE 935> SAGs
B 4 %% (co-assembly) FL o0 A R AE , BF DR A XoF
KW ERER B A ROV A T ARTF H) SAG 232,
SAG 231, SAG 167 12kl OP9-2 ., JS1-2 Fil JS1-4
J& ; lL4h, £E Sakinaw Lake (SAK) SAGs 124,130,
136, 217, 219 Hu kK T IS1-1191) xebsk Ry

& T IRATX HLIALE 5340 T fi%; 434 Aarhus Bay
SAG B17. Etoliko Lagoon SAG 227 & FlL T — ¥
(A IS1-3, 4778 T FoAT X WG A TR 43 S AT
i, FATTR TR At s AE & SB1 Fil SB2,
A SR PR . A AT R R4 R (NAPDC)
Ji 4% ¢ 2 (Co—Coro) Y 5 17 141 2% (SCADC) LA B JR 48
FUE A T 7K S GO TS PR S b 1) 24~ 2 A
41, FHPHEFRAE T 17 SRR MAGS, JfM
FTIEZERILT 4 B E K533, 43l
%3 JS1-5. JS1-6. JS1-7 1 OP9-3 (/& 2)BH,

3 WERE M AZEAMS

MG HATE (OP9AISL) 7E HSRAM 1z 404, W
INIZEWAEY A Re B Z AR T AR, i RE
TR R OEREE . RIS, ISR G LR R RS R
A TR ETR I DR, R A 32 A A R A Y
HuBRALFE A i A B A A, KBILICK,
HY Tk = 20552, A5 0T T WG R 0 1 A= BRI AR
FRAE R Z BRI . T4k, A TFAYEER
SRR T RAT—ARBHE O, S xt e
ARAT 5 K 415 5 40 A AT DAHE DU & ] A A v
AE. HATC AR M R G Re A 3 Fl: W2
fift . A HLER AR IR SR R (8 3).
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Figure 2. Phylogenomic analysis of atribacterial MAGs and SAGs!*.
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Figure 3. Metabolic capacities of Atribacteria. Putative metabolic reactions in OP9 are denoted as blue arrows,

putative metabolic reactions in JS1 are denoted as green arrows and putative metabolic reactions shared in both
OP9 and JS1 are denoted as red arrows.
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3.1 NEEEAR

Webster 261535l ] BC-Z RER I BC-H %
WEAE RS I, VRS Ve ol BV N e IR A T
BN, HRE AL E PR IL AR (SIP)H AR
VS EEBERE FL Yk BE A (DGGE)“ IS &, R
Bigeth R P B RIS T JS1 (1 °C-DNA F B, JIf
T HENAS 2228 T a0 A, RITERIRER D
JEAPET , REAE I FH £ 1R ek R 2 0l sl i 2 AR
=%, [FEER), Dodsworth %1%} OP9-cSCG
F1 OP9-77CS HEATACHI IREE 1Y, R BLIX M9 4~ 2
DRl 2 405 G i 22 PR R i A2 S SR ) 61, (H
J& JUT 58 4 il 2K 2 5E 2 R0 U7 R 1) 4 A A8 3
A2, DRI I 32 2 Tl A WU 7E &5 R IR b (AR 3R
BH . £F 4 R OME) 3 B 1o B2 7 1R 15 (embden-
meyerhof pathway , EMP) sl 5 i R 14k 1% (pentose
phosphate pathway, PPP)i [ fif F1 # F &4 AR
B, TR PR A 2R A 20, Carr 25ROk
I R AR U T PR R R 2 A, e R B
A TR AN BN TR A (n 2 0 ) ) AR B . DA
AR BRI L R X, W R
T T HESh b BRI AG 21 A A 0
3.2 APLRRAM

Nobu 250 SIf 57 21, JS1-1 I JS1-2 fike = H
WEff R e, (AR A @ PR I BEA A
(methylmalonyl-CoA, Mmc) & 2 K& fift 45 B2 /Y 2D
BEV, X HAHSCHE M S5 o0 i R B, SRR
7 HBE TR CRIRE Hy FH R ) DA S R % 7 (1)
Cloacimonetes [ K AFAE , B8 S 55N R
Eh R R R 020 SRS AL R I AR AE Y
HHL - I57 £k B 1R it S0 (electron-bifurcating  formate

EBFdh) L1 J& i 45 & & 1k
(membrane-bound hydrogenase), REf Lk i) HL
FAL " XS NI AL AR . HIRAE
i, it BC-ZBRER MR, Webster B
W R IG VA B SRR AR | Aoyagi PEAN A
BIL I 1 25 S I I i vh B R B IR P R i °C
454 %) JS1 DNA 43 F1ma 28 1, e 6% B
BEAHSES S BRIl R . Lee 45615
M B Wi ke AL BE N 4 RS JS1-Csag & Bl H AT
LR EALU B P A G RE R B, R H 2
BRAE ALV BE . KA1, Nobu ZEUWFg &3l , B T3k
K SE#E BRIk JS1-4, 7€ JS1-1, JS1-2, JS1-3
PLJe OP9-1. OP9-2 J[H 41 HrB & A3 4w fith 4 T4 1k
X % #b 5% % 1 (bacterial microcompartments;
BMCs # %3i TA Ay 2 AT o3 A QA5 A Y
MRS, TIZAEAE T AR R PP A ] S [N A
Horp A 5T G B SIS AR b i A5 S 4 O B il
T A-TREAb A T 5 S0 | W PR < T iy LA S R
SAALIR 5 EERE NADH i & i ) [R) 5 £ K] pduP

pduL il pduS, PLRGEHE A AR 219 2- 4 -D-
WMl 5B R T 44 it (DERA) 11 A BA R 2 S 44 iy
) G B S R, AN S 1 PR B 1 B 53 EL A T R
SRR A B O RS A AL T Y RE
71, T BMC A] DA A AC Rl 7 b ™ A 0 B
2, KRR G . #E Katayama S5 F1
Lee 55T & Hhth & 81 BMCs [R] U5 3 R %2 (1) 47
WS A Liu S5 PR A R 2 b ok & B
BMCs [RIJEFEE, A UL HEN BMCs {322 125
Jo3 B AT 28 A T 1) T A Ak P BB S 2 I R TR [
A B =, TR R A R A A R A
) — R 2B A =X

dehydrogenase ,
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33 REKEFEMR

i, AL IS1-2, JS1-4. JS1-5 F1 JS1-6
149 A DG 55 A 28 v ke BT 5 B 1 i B e TR o
ity (FAE) I H9\ -, 38 5 X gt JE [H assABC Y
ERRE iy R ) | DR ki RS R
A7 5, HEIH B AR e fa i 3 s S RN B
ARETE I RE, (T ek K 2 vh R REAS:
W) p-SA i TSR, JCIRTER &
20 JEL PN 5 B R AT AR B B DT R 2R ) B PR AR A, i
1717 e DRIy S e o 4 3 3 TR K b A
AR AR TR 5 HE A, P R R A R
W% SRR AR PN S XA KBS DA IS R RR S Ak S
W) & TR FR AT AR KOANTR], WS 45 G R P vl R LA
RFNHY IR R PR R . A, HETE &40
2 BRI RE A W Y e TR RE
P 1] (Firmicutes) fIZ5 /11 ] (Proteobacteria)® %,
R BRI R TE TS 3 I B & A

LRI T RE A M A 1126 . Garcia 25059
REFAKIMIE BA-1 A Yo Ik 5 2 rhok I 3] 2
T 5 45 2 & TR I s D RESE A bssA, H 51
AMIEARLL, R FEEA S B,
FER IR AR AHI T R T IR R T Re . 76 3R 2
g TR E B9 AS R A AR

B T X5 MAGs A5 B0, e e
R BRI WS — 2 i g . &iE, Katayama
SR 4y B T S — bk OP9 AR TR, fiv
%k RT761, QIR RV IR R R aibs, ™
4 Hy,. TR . CO, FITR I LB, HASRERI SR
VRS2 AR HEA T RSP (R R SR . BRI IR £
), HEM RT761 2558 i ™ A Ho R 4E R 20 i N
AR L -, BRI, RT761 5 3755 2 4n
EUE IR e T R s RS R AR A Y H X
W TR B L M U8 SR BT L B SR T R R A )R
S B A — AN Ty )

2. HAEICHMAE BRI RIS
Table 2. Metabolic characteristics of different subgroups of Atribacteria

Subgroup Substrate Pathway References

JS1-1 Acetate/propionate Methylmalonyl-CoA [71

JS1-2 Acetate/propionate Methylmalonyl-CoA [7]
Short-chain n-alkanes Fumarate addition [21]

JS1-3 /

JS1-4 Propionate Methylmalonyl-CoA [19]
Short-chain n-alkanes Fumarate addition [21]

JS1-5 Short-chain n-alkanes Fumarate addition [21]

JS1-6 Propionate Methylmalonyl-CoA [21]
Short-chain n-alkanes Fumarate addition

JS1-7 Propionate Methylmalonyl-CoA [21]
Short-chain n-alkanes Fumarate addition

OP9-1 (hemi) Cellulose Embden-Meyerh of pathway [6]

OP9-2 (hemi) Cellulose Embden-Meyerh of pathway [6]

OP9-3 (hemi) Cellulose Embden-Meyerh of pathway [6]
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Environmental distribution and functions of the Atribacteria
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Abstract: Atribacteria is a new phylum covering the lineages of OP9 and JS1. Most of the members are
uncultivated microorganisms, which are distributed widely in the natural environments and dominant in some
environments, such as deep marine sediments, geothermal springs, and oil reservoirs. Studies based on genomic
information indicate that Atribacteria are strictly anaerobic microorganisms and have the ability to degrade sugars,
organic acids, and short chain n-alkanes, suggesting that they may play a key role in subsurface carbon cycling.
However, due to the lack of representative pure culture strains, the physiological and biochemical functions of
Atribacteria remain to be verified. In this paper, the discovery and development history of Atribacteria, and their
environmental distribution and diversity were reviewed. The three proposed metabolic modes of Atribacteria were
analyzed and future research directions in this field were also discussed.
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