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Abstract: Microorganisms have survived and evolved in continuously changing and
energy-limited environments for billions of years. Compared with those cultured in laboratories
with abundant organic substrates, the microorganisms in natural oligotrophic environments
exhibit significant differences in physiological states, gene expression, and protein synthesis.
Under extreme and low-energy environmental stress, microorganisms utilize a range of
substances such as hydrogen, ferrous ions, minerals, and organic remnants as energy or electron
sources. They adjust their gene expression, metabolic pathways, and physiological states
through various mechanisms to enhance energy utilization efficiency, adapt to nutrient-scarce
conditions, sustain metabolic activities and population survival, and drive material
transformation and element cycling. Understanding the physiological states of microorganisms
in natural environments and their adaptive mechanisms to low-energy supply is crucial for
revealing the microbial origins, evolution, growth, metabolism, dormancy, and the minimum
energy requirements for life. This review introduces the formation, evolution, and distribution
of natural low-energy environments (i.e., environments deficient in electron donors and carbon
sources), as well as the physiological states and survival strategies of microorganisms in these
variable low-energy environments. The research in this field advances microbial remediation
technology development, extreme environment protection, and bio-mining technology
development, representing a frontier in geomicrobiology.

Keywords: microorganisms; low-energy environments; physiological state; gene expression;
survival mechanisms
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Table I Primary electron donors to early-Earth ecosystemsm]
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Figure 2

The mechanism of sulfate-reducing bacteria acquired photoelectrons from sphalerite in

oligotrophic biofilms"®”. CB: Conduction band; VB: Valence band; Lac: Lactate; PA: Pyruvic acid; Cyt:
Cytochrome; Fd: Ferredoxin; MQ: Methyl quinone; MQH,: Methyl quinone hydroquinone; Qrc: Typel

cytochromec; menaquinone oxidoreductase;

Qmo: Quinone-mediated membrane-bound oxidoreductase;

dstMKJOP: Dissimilated sulfate reductase subunit; Tmc: Transmembrane muti-heme cytochrome.
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Figure 3  Schematic illustration of microbial symbiosis mechanisms.

P4 actamicro@im.ac.cn, & 010-64807516



BlER SF | AR, 2024, 64(12)

4491

Eh-H e % 477 (sulfate methane transition zone,
SMTZ)H, HilR #h id J5 i (SRMs) AT LA I PR 4
H Bt & 1k 5 7 (anaerobic methanotrophic
archaea, ANME);" 4= 94 Y1 o F EA T R £ 38
Jit, iz R R G HERL, X TRERIR
fo AR AL 4 B IR T H e S - R
B JEUROWAE FARFMEAE R B9 BE (20 kJ/mol
CH, #|-40 kJ/mol CH.)iz Ak TACsA Y14
(RERETY, (EF 5T & B SRMs Al ANME REfSTE
B B A TR AA i g R ] AR e A AL
BEZ IR EE hAEiE L Bk, A R B
B LA SR AS [ R G AR Py AL (R X PR 3, A
IR RE 25 PR BT 1 S A AE AL
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Figure 4 Overview of cellular morphology with
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Early stationary phase. C: Growth stasis.

HERIKET

AN FLIRE R A AR, A W e R T
BEDR 235k S8 sh s il 45 oAU A, AT
B b 33 0 PR A AL o XA AR ] DL Ao
e SRR 1 A 1 SO (A0S - R ) B T
K. BN, fEEFFTEEN, KM EES
ST (NusG)IVERT, (5% 545 345
A1) RpoD AR5 41 () JE R & B 53k, AT
Pl skt B, Ah, s aE A 74 B T DNA
5 RNA REHgs G, dE— DR g st; 24
BRI BRINS AT 2 R AR R PR R ik
B, BUBAEYIE I R RNA RG f 2 i
0] T Se i s B o A R LD, 9 IR £ )5 1k
BB DNA il . B@&ER . B S dinE
U S Rk P LR A B SRR O At

KN FF TR 12 38 55 PR IR 1T (cyclic adenosine
monophosphate, cAMP)#) 7K F il LRI
- (lactose operon, Lac)f) ik, DL W A [A] A9 &
FEIREE o 24 AR KR, R A R
cAMP JKF-FHE, cAMP 5 cAMP ZIKZE [
(cAMP receptor protein, CRP)45 4, TERE &

2.3.2

PiGes e ik Lac ¥R\ 0% %, MmNtz bs
AR s SRR AL TIRE TR EE, JF 55
FAEM AR IER, Eald—RIME51E
SR R B AL, A FE ] Lac #5901
BT 37 /A B #5229\ 1~ (arabinose operon, Ara) (1 B¢ Fif
A7 A 09 A5 ) 02 FLOBE 9L T (galactose
operon, Gal) (f1 3 FFLHAIICHHPY, LI E
I BT AR R o A fR DR ) B S T 4 3 R R S TS
B A P 5 B B AR A, 54 N e T
3, HRE A AR RE A P Y AR A RE
2.3.3 FIMIE4WED RNA

JE% A% RNA (non-coding RNA, ncRNA)/Z
—RABIFEREARM RNA ¥ S5%t55E
FIE A mRNA AR, ncRNA 7F % [F £ ik
5. RNA NN, Gy (o o 25 00 9 B oAt A= 42
R HAA AR, fERRE R, flk
Wy kPR AR AR DL R e R R AR
ncRNA AL 55FE mRNA 454G, JTAHE
FEINFIR, BN, /v RNA (sRNA)A] LAs#E i FH
1E mRNA (1) R B LR A 15 G T
AKAF, LA B AR P vy s 28 A8 fb . FE
2R B TR (Pseudomonas aeruginosa)t, E4wfis
RNA (RsmZ 1 RsmY)ifiif 254 RNA 455 HE A

(RNA-binding protein involved in the regulation
of the small RNA, RsmA), JH#5 BN |

15 B PEFN A W) IRTE AR DG I PR 3Rk s 7RI
sUEFRRRH AT, RemZ Hil RamY 3Rk
fin, #0i RsmA BYIEYE, M THE A Py A TE
B, AT BT AN AR AR PR ol s B AR T
LEE AR, TR TR F (Slmonella enterica)
M, MicA &—FhE 21 sSRNA, BRI
#E [ (outer membrane protein A, OmpA) ] &
ik, BV e EA A A pH AUIRE
FeLE . WA, MicA 5 5T 5 B E
FT 25 PEAE DG BE R R ik, S8R A I 7E 18 F 1K

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



4494

ZHONG Chao et al. | Acta Microbiologica Snica, 2024, 64(12)

P A A7 RE Y
24 ReEEMEPHENKEEENEKL

TEARRE R IR, A Wb Al Ak LA g
AR, DA IR A SR I RE R ORAE, AT
TERE T BEUR R = ARG P A2 T ok . XA AL
8 W MR R R G U, FRIBE RN AE
FHT 43 A T Ak A% R R 4% 0 PR F A S
24.1 EEEMFIABAFMLL

TEARRERE AL, A YU Se R AR I
A E R “Be R ST, @H A ATP,
ATP 4 B 32 2558 1 I W7k -F- W IR Ak A i 1%
BRI 2 MOy RSB, JRYIKE B R L TR
Y7 R IGO0 AR, MR s = ik
REFEPAEE R, ol W A8 P, 115 18 Wi 1R Ak
i Rk A R R Y A R s W R Ak i R
W, AR I A H B Na 8 1ok it 7 i 1
KNIy, MTHESh ATP B4 . ik, 400
SRR AN B b H/Na e B AR T AR R o vk
B, ARRHAT H/Na W2k REERE . Wik
A YA RE Fh Ukt HY/Na B s by, G
PG L ATP, H'/Na™# 8l iyl 4" # 2> 5 36k
SR, AR W 20 3 A A Y S Bl s ok A b
XA RE R AR . TESLIR IR EUE R
BT, X RE R H G SRR —
INER Ay o R, E TR Hb B R U A5 K R R A B
H, B ES YRS S O E R RE R .
N TR RE R T Y REE R, PR A
PR A ) 2 B0 A B ) 3 37 A D X
PIRE R o AN, by R A R Al Dy R i
B K B B o R B ) R ok AR I 2 i A 7 i
PE, AT $ = e AT A D i 1 PR T A 555 v Y
SR AL R O0TON i e LA {13 1 M N i
B R E AT PR DR v ) i s T
RIZUIEYU, AN, RT H BB BGE S
Bt At 57 1 LA B 9N, R R

<l actamicro@im.ac.cn, & 010-64807516

A R ) T A NatIK 3l ) kA = A
ATP, DLg/b Dl sh 4 1= A i R s i e 104
X IR 2 b BRI G A WA i B e i 5 S
Na‘8KZfi i) ATP & B o SV i) 4 it 3 A i 2%
FHENCL DL ESEREY, NatBKshi ATP & AL
R G BRI ARG RE S IR R o T AT,
AT BB G W0 £ 150 RE 1 B BRI (1) — - ik
i P HL

TEREE R B Z I, V2 2k A
BBRIRARAS o 4 MR X PR S T AL GE R 5 A
() A5 B T e (191 4N A% R 55 A= ) K 43 B 45
&)1 %R B 5 X T A B )z
RO BOCHE S, HAIN B R E A Y AT Bk A
A AET o R . AN, AR B BE R AT
TERBRCIR ST 322 DU AL - 18 5 i 35 T8 A7
FHapy, Ak AP, R AL F RIS,
A5 BHFE—E WU RB T, X Fh B
FRN 715 BE B (survival energy), HAUHIEH
HEROIRA TR 4E£75E 5 (maintenance energy)HY T
Gy 22— Bk W TR R IIRCHR 25T L P A9 41K
LKA B TR B 0 A A e R A
MR B A 4 368 30 34 D 1) BRI B0 R BRI
B, AR P Z A S 5 s Y
BTN AR A &, i A MAEY R E IR, X
— 5 PR AN FERE I, DAY B AR AR L
A= e et &2 IR
242 RFHEEHZHEMNE

A Yl AR Z AR REER S, REME
TEAIRN IR EE S5 T G DGy =X, AT
TEAR AN AL, B, s KXE
(Shewanella) G Z R IFIREE, AR HI A .
SRR EL . VA IR £ 55 Z2 B i 52 AR A IR I
SRR AR AR Ak, Bl s eT LU
FLACH = T2 AR A . 7B AR
i, 454% 50 WiFF i (Mycobacterium tubercul osis)



BlER SF | AR, 2024, 64(12)

4495

02 1] FH 52 10 = 2 2 7 28 (reverse  tricarboxylic
acid cycle, rTCA cycle)]H#EA K= AR T
NADH. 4%FESMS, %5 AT L 20 AR
wie, A A SR AN E BRI H AR
VEN W 2 AR T B AL IR AL, DT FE B4R 1Y
WA, peah, BUEY T DIARSE B
AT AR s ke o T AR AR . Filin, BRERER
I I B A R 2 A S IR (A FLER BRI RS BL T, m]
VIR . SRR S AR IR AT A0,
il B 1 T AR 5 B A AR R AR BT B s ]
DLt 5 Z2 il REETE R, EIRBE RS
TEREME BTG O AR AR, QA sl el b | b 7
PSR RIE 2, Dhi/bRE i A IR IR 2% .
BIANS5 o B TR ERIRAA . BREZ
A fent, i = IRIRTEI(TCA cycle)
FEYE, JFHG N 2R EL AR 7 IR 1Y) A1 ke 3 1
RBE R PR, R, 7R I AR A8 10 Ao ] 42 18
figt FIURE 5 2 3 10 S B BB 2 110 e 3 R 2
243 KH~BETF A

AR 7 4 ) ) P (B A G 1) 2 A
YITE R RE e PR TP AR AR G B R G Z — .
R B B s A A ) A AT )
WAE Y REMS AE R LA R AR BRIN R, 4R S RE R A
R, IFER A BRI AEfE, X een]
PEIFFH B9 P 46 K B Y (NFLIR . &
BE) . BRIE(IN TR . HIR). MR . K% .
A EUUF LA 3 1 (0 22 BE AR 11 5T) 4 o
TEGAABRRE S AT, R W20k w7
Wi AR BLELIR o SR, XSGR Py al A 2
A AR AR A FLIR , R HLEE AR S 9 I
B2, FEmsEA TCA RS HA A L 72
iR st. B0, AMREEARMES, #
1o LR M S R LR e A R N R R, PR AR
At P2 BB (I Methanobacterium) g
W R R BB A ) 1R . AR R bk

PR 1, A U e o 3 2 Y e T Ry HAt
PP R AR, 1R BE SR IR AN e R
T FEAIR AR i PREE Hh A A7

3 MAEMFERRISHRAE

R TR AR AR RE W 53T P Y
ST AL TR BB, SR, REHFR R
W2 F IR B B 094 EURS DIFE IR RE 2 30
Berp A o i e R AR IR T A Y i
Y JE R Rk R B, A WD e AR e o PR 5 v 4 i
W RGEIFARLL T RoRAS T g i 42 ik
R IR R e NI R A e R LB =24
A KAy F; Bl 2 42 TR AR ) &
&, WIS EE A v AU IR 240 1) 3 A AR P R
RUARAY, Bt () FE DR ek AAR R A, DT B
TRAIRFE I AE DR BR ) ELAR TR FE AL 5 3% LE
FRAWB WG . PR B R A Ry A
WiEM: | EEESEEpIY Har, 23
PRI 27 )32 0 T B 5 45 A R SR 2B 55 R iR 4K
MRANME, AR A RN BTt
TR UV IR Y L — 2 5 R IR A DG B 3
R, el fe PR F RpfC. HitEHEEA hipA Hi
yafQ &, TR Z A7 T 25 P I RE S PR 4
U201 e R T X SRR L R Y B, R4S
BRI 20 B A DRI ZH B, P DA Gt PR A AR RS
XA Ak . A ) B0 A A= W) Z2 REPE 1
52 V21122 O N B T R R A e S TR Y
AR AR, T A 2E R R B AT A BRAR 4 1
XTHEVE 0 5 B R T X A FME5E . M2,
PR L AR 1 R R A IX 43 TR A 5T 3 26 4 i
EHE, PRSI P R AR A R 7R SR o AR o 22
SR TAE U, SOk
LA SC PR BF 240 B R A 8 8 FH T R AR AR I 4 i 5
AL AR FRBEAE & Y 7 E UYL B Ah, BT
Y 6 U T B IO #5 5 R (drop  stabilization on A

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



4496

ZHONG Chao et al. | Acta Microbiologica Snica, 2024, 64(12)

chip, dropSOAC)%% & 3 5 £ HOL H i B Ui
(confocal laser scanning microscope, CLSM)A] L)
WD A A A A R AR R S, A B TR A
RO E PR B A 14 2 05 B A AR AR
AT A R T AR WA B LI g AR iR T 5
TR P OR B (R 5 R T 1) 04 L e e R
DX oA B 2 F T T R v AR BN R, XA
[Fi) 7. A 240 3 ) 25 DR 2 TR 1 00 1R A 7 552 P BR B2 R 3
A IOVt 2 A B YA (G A AT R KR
RIS 25 NN €28 i o = 0 PN R /(1= e W
W2k S8 YR T A R RE . LA RTEAN [ A= 9
R B s A8 R BOR B, xR A ROk
A0 B Y S B = BB AL R R B AT AT, R
Az KRS B 20 S AN A AE T TR TR T2 DU A A
EESET, AR A T A RN
LB K S5 82 AR TR BE LA b 3ok L0 A 5
H XX A 4ERRIRAS A SY, AU
T SRR TR E R I R R B A ARG
B, A G E AR T IE R TR R
AURAAE , IRFTARBE S IAEE A= dw e 1) | d
/INRE B 5 SRR G A W 3 N K R T Y g3 T AL
il o 25 B BT S BB A
Mo T A5 Z R AR 5, IR A4 A 45
7N RN TP A W) A A R0 T HIL AR AR A
i

4 RES5RE

TERIRIREE (oA Wy o 1 vk e PR 7
e . 2 TR, RUEYE &
MEEN . P B K T B2 )R
RGN R G, AT N 95 28 1 R IR IR
(CER7BTBON A5 N &) LD N NN
Pl ot ie S 2 MR A, e A
S RE AR, BB BERIHFE. 1L
Gb, TCHE W e R R T R R A R A

<l actamicro@im.ac.cn, & 010-64807516

R o Pl AR RE 1 PR rh a7 Ak TR
AR EPRAS, DAREIRNTRRE S IH A, ST BT
AR o AR YRR BB R IE AP 9 AR A7 S 1A
BT S A v PR ) o RIS M . R, ATV A
VFZ MUY . B, 2B il shal DUsig
P AR, ERARAEASL T AT P24y
MG TE? AN RIS RE R BB LR 2 A IR
M 2 J G e SR R 58 15 5 I S 957 X S [ A
iR 25 A ST X B A BEAL R RO TR AT SE o IR
RE it PRI AR Wy A AR R X A S R G R
Wil A7 22 K7 pl A A R0 SR AE T B ity B
HETAESE 32 T AR AU R DR A R A A
Yyo SR, fERARIREHEMAER IR+,
A B A B A O S, S B A PR
(] AL XE UYL 21 S 25 A8 Ak . MRS R, SEge s
ZAE T WUEY RYBR R S A — o 1-7 d, T
TERERZVIRY AT 2 1A 2 145 7
— St IR PR BT R, B i R B
B A R U+ B AR, R4 X e s f
REAR 21, (E M\ M ERiE AL A9 I (8] REE SRR
HEZ2BROM T REAR B2, 2 LU W BRI )
G PR FN B 8 AL

N T BRI, g2 R
Py A AR BE 2 2R 45 P A e R A O 3UR0 A A7 5K
W, AT HAE IR R GC R G I RE R AL
AR, RTLUM LR 7 T IR A BB

(1) APy tA 5 38 B A AL o 38 3 W 5 1ok
A AEAR RE B PR BE R B A AR SR, TR AR L
AR AL AR A AR Hp A 7 A B
B, RPREAE R HER PN AL |
A1) -R 85 14 3 [ T A S (HBT AR

(2) AR A B BR i 5T AR AR
AE T PRI P B A ARSI L, R R A A
TE 3 BR b5 % HoAth B 3K AT BB A7 78 1Y B BR 4%
o XA BT BEA# R A O 2 K61, 18



BlER SF | AR, 2024, 64(12)

4497

A RE S 4R AP A= A S A AR

(3) MR PR B h Gl AR W v AR AN A 2
TIRE o HRABE I PRBE AP A0 PRRR 20 B 2 2k W At v
AU B RGES , n DAER IS AR et . T
FEIX BE IS 1) Bl A A v A A QIS B
A Bl T AN ST B A A 2SR I B PR35 28 A o
ARG

(4) PR OR 5 BEIRE B PRAR G2 M AR AR
AE B PREE R A A RSB, BB IR A BT IR
BRI AR E MR RN SE . PRAT
ARE MBI e AR SRS, IR BE
G A P (T R

(5) TR BLE YRR S E Y e R BE 36
355 o AR A A SR T LA Sk T R A B AR T A B
SR EIE 8o BN, ARy i e 8OR A BR
GEURAOBL], R RN T ol Al Ak B
AR BETR A 7 S U o [RIINE,  3X S Gl A 40 4 i
SRS B PERFAE e nT DL A e 1R
BB, DOFRAER AR T mRustT ey
E2

(6) FhJEHERY) BRI A . TRRIRIE | H
IR L SR RE R PR P R B A R AR A
ABIIRE, R BRI RE R B AU R AR
X IR A iy Z R UGR IR X A
B HIRR . R B EPILE 0 BLAR

(7) HERZR G5 IR A D4 b o F
FEARBEFE BRI A T2 U 5 R ke B LA
(IR0 NPT ) E IR 736t a1 L) IR & v =
TR W AR 2 RE L AT A PR3 M I

gi bk, fREEEIE P RUEYNOT IR
A H BRSO AN (E .l ad 2R g
MCEEARQYT, AW A Y7 KRB
HARAE SRS B BE AR, MRS BUEY RS L MR
[CERYENEIN X CRYE XYL YR NIV, 3
JE, RSBl FEE K A ARR HE R H o

SE

[1] ABRAHAM R. A review of “geochemistry and the
biosphere: essays by Vladimir I. Vernadsky”[J]. World
Futures, 2009, 65(5/6): 436-441.

[2] KNOLL AH. Life on a young planet: the first three
billion years of evolution on Earth[M]. Princeton:
Princeton University Press, 2007: 89-107.

[3] LAGIER JC, DUBOURG G, MILLION M, CADORET
F, BILEN M, FENOLLAR F, LEVASSEUR A,
ROLAIN JM, FOURNIER PE, RAOULT D. Culturing
the human microbiota and culturomics[J]. Nature
Reviews Microbiology, 2018, 16: 540-550.

[4] KAEBERLEIN T, LEWIS K, EPSTEIN SS. Isolating
“uncultivable” microorganisms in pure culture in a
simulated natural environment[J]. Science, 2002,
296(5570): 1127-1129.

[5] HUBER JA, MARK WELCH DB, MORRISON HG,
HUSE SM, NEAL PR, BUTTERFIELD DA, SOGIN
ML. Microbial population structures in the deep
marine biosphere[J]. Science, 2007, 318(5847):

97-100.

[6] HOEHLER TM, JORGENSEN BB. Microbial life
under extreme energy limitation[J]. Nature Reviews
Microbiology, 2013, 11(2): 83-94.

[71 BROUILLETTE M. These microbial communities
have learned to live at Earth’s most extreme reaches[J].
Nature, 2020, 3(12): 1-2.

[8] WHITMAN WB, COLEMAN DC, WIEBE WIJ.
Prokaryotes: the unseen majority[J]. Proceedings of the
National Academy of Sciences of the United States of
America, 1998, 95(12): 6578-6583.

[91 WALKER RM, SANABRIA VC, YOUK H. Microbial
life in slow and stopped lanes[J]. Trends in
Microbiology, 2024, 32(7): 650-662.

[10] ZIERENBERG RA, ADAMS MW, ARP AJ. Life in
extreme  environments:  hydrothermal  vents[J].
Proceedings of the National Academy of Sciences of
the United States of America, 2000, 97(24):
12961-12962.

[11] FARMER JR, HONISCH B, HAYNES LL, KROON D,
JUNG S, FORD HL, RAYMO ME, JAUME-SEGUI M,
BELL DB, GOLDSTEIN SL, PENA LD, YEHUDAI M,
KIM J. Deep Atlantic Ocean carbon storage and the
rise of 100 000-year glacial cycles[J]. Nature
Geoscience, 2019, 12(5): 355-360.

[12] McCLAIN CR, ALLEN AP, TITTENSOR DP, REX

MA. Energetics of life on the deep seafloor[J].

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



4498 ZHONG Chao et al. | Acta Microbiologica Snica, 2024, 64(12)
Proceedings of the National Academy of Sciences of Arsenic in river sediments in gold mining areas:
the United States of America, 2012, 109(38): chemical  speciation and release  kinetics[J].
15366-15371. Environmental Science & Technology, 2016, 39(3):

[13] BARCELO-LLULL B. Quasi-geostrophic vertical 6-11 (in Chinese).
motion from satellite and in-situ observations: impact [22] INAGAKI F, HINRICHS KU, KUBO Y, BOWLES
on South East Pacific nitrate distribution through a MW, HEUER VB, HONG WL, HOSHINO T, IJIRI A,
Lagrangian simulation[Z]. CSIC-UIB-Instituto IMACHI H, ITO M, KANEKO M, LEVER MA, LIN
Mediterraneo de Estudios Avanzados (IMEDEA) YS, METHE BA, MORITA S, MORONO Y,
Universidad de las Islas Baleares, 2014. TANIKAWA W, BIHAN M, BOWDEN SA, ELVERT

[14] MOORE CM, MILLS MM, ARRIGO KR, M, et al. Exploring deep microbial life in coal-bearing
BERMAN-FRANK I, BOPP L, BOYD PW, sediment down to ~2.5 km below the ocean floor[J].
GALBRAITH ED, GEIDER RJ, GUIEU C, JACCARD Science, 2015, 349(6246): 420-424.

SL, JICKELLS TD, ROCHE JL, LENTON TM, [23] ROTHSCHILD LJ, MANCINELLI RL. Life in
MAHOWALD NM, MARANON E, MARINOV I, extreme environments[J]. Heliyon, 2001, 409(6823):
MOORE JK, NAKATSUKA T, OSCHLIES A, SAITO 1092-1101.

MA, et al. Processes and patterns of oceanic nutrient [24] SHAFFER JP, NOTHIAS LF, THOMPSON LR,
limitation[J]. Nature Geoscience, 2013, 6: 701-710. SANDERS JG, SALIDO RA, COUVILLION SP,

[15] PARKES RJ, CRAGG B, ROUSSEL E, WEBSTER G, BREJNROD AD, LEJZEROWICZ F, HAIMINEN N,
WEIGHTMAN A, SASS H. A review of prokaryotic HUANG S, LUTZ HL, ZHU QY, MARTINO C,
populations and processes in sub-seafloor sediments, MORTON JT, KARTHIKEYAN S,
including biosphere: geosphere interactions[J]. Marine NOTHIAS-ESPOSITO M, DUHRKOP K, BOCKER S,
Geology, 2014, 352: 409-425. KIM HW, AKSENOV AA, BITTREMIEUX W, et al.

[16] LaROWE DE, ARNDT S, BRADLEY JA, ESTES ER, Standardized multi-omics of Earth’s microbiomes
HOARFROST A, LANG SQ, LLOYD KG, reveals microbial and metabolite diversity[J]. Nature
MAHMOUDI N, ORSI WD, SHAH WALTER SR, Microbiology, 2022, 7(12): 2128-2150.

STEEN AD, ZHAO R. The fate of organic carbon in [25] ALLAN JD, CASTILLO MM, CAPPS KA. Stream
marine sediments: new insights from recent data and Ecology: Structure and Function of Running
analysis[J]. Earth-Science Reviews, 2020, 204: Waters[M]. New York: Springer Press, 2021: 135-160.
103146. [26] FLEMMING HC, WINGENDER J, SZEWZYK U,

[17] JORGENSEN BB, MARSHALL IPG. Slow microbial STEINBERG P, RICE SA, KJELLEBERG S. Biofilms:
life in the seabed[J]. Annual Review of Marine Science, an emergent form of bacterial life[J]. Nature Reviews
2016, 8: 311-332. Microbiology, 2016, 14(9): 563-575.

[18] D’HONDT S, RUTHERFORD S, SPIVACK AlJ. [27] BATTIN TJ, BESEMER K, BENGTSSON MM,
Metabolic activity of subsurface life in deep-sea ROMANI AM, PACKMANN AI. The ecology and
sediments[J]. Science, 2002, 295(5562): 2067-2070. biogeochemistry of stream biofilms[J]. Nature Reviews

[19] PANDEY A, SHARMA A. Extreme environments: Microbiology, 2016, 14(4): 251-263.
unique ecosystems-amazing microbes[M]. 1st ed. Boca [28] OSTRANDER CM, JOHNSON AC, ANBAR AD.
Raton: CRC Press, an imprint of Taylor & Francis Earth’s first redox revolution[J]. Annual Review of
Group, 2021: 1-89. Earth and Planetary Sciences, 2021, 49: 337-366.

[20] SATYANARAYANA T, JOHRI BN, DAS SK. [29] CANFIELD DE, ROSING MT, BJERRUM C. Early
Microbial Diversity in Ecosystem Sustainability and anaerobic metabolisms[J]. Philosophical Transactions
Biotechnological Applications|[M]//Microbial Diversity of the Royal Society B, 2006, 361(1474): 1819-1836.
in Normal & Extreme Environments. Singapore: [30] WARD LM, RASMUSSEN B, FISCHER WW. Primary
Springer Press, 2019: 307-324. productivity was limited by electron donors prior to the

[21] KEW, ik, T, sk, KR, &5 X advent of oxygenic photosynthesis[J]. Journal of

VIR Y PRI A B8 J1 0], AER S HER,
2016, 39(3): 6-11.
MI YT, CAI YB, YU J, ZHANG H, ZHANG XL.

<l actamicro@im.ac.cn, & 010-64807516

Geophysical Research, 2019, 124(2): 211-226.
OHMOTO H, KAKEGAWA T, LOWE DR.
3.4-billion-year-old biogenic pyrites from Barberton,



BlER SF | AR, 2024, 64(12)

4499

[34]

[39]

[41]

South Africa: sulfur isotope evidence[J]. Science, 1993,
262: 555-557.

OHMOTO H, FELDER RP. Bacterial activity in the
warmer, sulphate-bearing, archaean oceans[J]. Nature,
1987, 328: 244-246.

MOORE EK, JELEN BI, GIOVANNELLI D,
RAANAN H, FALKOWSKI PG. Metal availability and
the expanding network of microbial metabolisms in the
Archaean eon[J]. Nature Geoscience, 2017, 10: 629-636.
DU MR, PENG XT, ZHANG HB, YE C, DASGUPTA
S, LI JW, LI JT, LIU SQ, XU HC, CHEN CX, JING
HM, XU HZ, L1U J, HE SP, HE LS, CAI SY, CHEN S,
TA KW. Geology, environment, and life in the deepest
part of the world’s oceans[J]. The Innovation, 2021,
2(2): 100109.

CHI Y, SUN JK, LI T, ZHANG MX, FU ZY.
Estimating soil organic carbon and total nitrogen
across inhabited and uninhabited islands based on dual
the
Palaecogeography, Palaecoclimatology, Palacoecology,
2024, 644: 112201.

PANG SY, ZHU LP, LIU C, JU JT. Causes and impacts
of decreasing chlorophyll-a in Qinghai-Xizang Plateau

simulations  in entire- and  sub-areas[J].

Lakes during 1986-2021 based on landsat image
inversion[J]. Remote Sensing, 2023, 15(6): 1503.
MEYER MF, TOPP SN, KING TV, LADWIG R,
PILLA RM, DUGAN HA, EGGLESTON IR,
HAMPTON SE, LEECH DM, OLEKSY IA, ROSS JC,
ROSS MRV, WOOLWAY RI, YANG X, BROUSIL MR,
FICKAS KC, PADOWSKI JC, POLLARD AI REN JN,
ZWART JA. National-scale remotely sensed lake
trophic state from 1984 through 2020[J].
Data, 2024, 11(1): 77.

van KRANENDONK MJ. Earth’s early atmosphere
and surface environments: a review[M]//Earth’s Early
Boulder,
Colorado: Geological Society of America, 2014.
COSTA KM, McMANUS JF, ANDERSON RF, REN H,
SIGMAN DM, WINCKLER G, FLEISHER MQ,
MARCANTONIO F, RAVELO AC. No
fertilization in the equatorial Pacific Ocean during the
last ice age[J]. Nature, 2016, 529(7587): 519-522.
LYONS TW, TINO CJ, FOURNIER GP, ANDERSON
RE, LEAVITT WD, KONHAUSER KO, STUEKEN

EE. Co-evolution of early Earth environments and

Scientific

Atmosphere and Surface Environment.

iron

microbial life[J]. Nature Reviews Microbiology, 2024,
22(9): 572-586.
DUCKETT JG, PRESSEL S. Of mosses and vascular

plants[J]. Plant Physiology and Biochemistry, 2020,
6(3): 184-185.

FANG JY, GUO ZD, HU HF, KATO T, MURAOKA H,
SON Y. Forest biomass carbon sinks in East Asia, with
special reference to the relative contributions of forest
expansion and forest growth[J]. Global
Biology, 2014, 20(6): 2019-2030.

BITTNER F. Molybdenum metabolism in plants and
crosstalk to iron[J]. Frontiers in Plant Science, 2014, 5:
28.

RAZA T, QADIR MF, KHAN KS, EASH NS,
YOUSUF M, CHATTERIJEE S, MANZOOR R,
REHMAN SU, OETTING JN. Unraveling the potential
of microbes in decomposition of organic matter and

Change

release of carbon in the ecosystem[J]. Journal of
Environmental Management, 2023, 344: 118529.
AHRENS B, GUGGENBERGER G, RETHEMEYER J,
JOHN S, MARSCHNER B, HEINZE S, ANGST G,
MUELLER CW, KOGEL-KNABNER I, LEUSCHNER
C, HERTEL D, BACHMANN J, REICHSTEIN M,
SCHRUMPF M. Combination of energy limitation and
sorption capacity explains 14C depth gradients[J]. Soil
Biology and Biochemistry, 2020, 148: 107912.
HENEGHAN L. Primer on Human Impacts on the
Environment[M]. New Jersey: Wiley-Blackwell, 2023,
07030-5774.

DONG HL, HUANG LQ, ZHAO LD, ZENG Q, LIU
XL, SHENG YZ, SHI L, WU G, JIANG HC, LI FR,
ZHANG L, GUO DY, LI GY, HOU WG, CHEN HY. A

critical review of mineral-microbe interaction and

co-evolution:  mechanisms and  applications[J].
National Science Review, 2022, 9(10): nwac128.
SHOCK EL. Minerals as energy sources for

microorganisms[J]. Economic Geology, 2009, 104(8):
1235-1248.

LU AH, WANG X, LI Y, DING HR, WANG CQ,
ZENG CP, HAO RX, YANG XX. Mineral
photoelectrons and their implications for the origin and
early evolution of life on Earth[J]. Science China Earth
Sciences, 2014, 57(5): 897-902.

CHATTERIJEE S. The habitat and nature of Archean
life[M]//From Stardust to First Cells. Cham: Springer
International Publishing, 2023: 219-234.

HE SM, BARCO RA, EMERSON D, RODEN EE.
Comparative genomic analysis of neutrophilic iron(II)
oxidizer genomes for candidate genes in extracellular
electron transfer[J]. Frontiers in Microbiology, 2017, 8:
1584.

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



4500

ZHONG Chao et al. | Acta Microbiologica Snica, 2024, 64(12)

[53]

[54]

(58]

[59]

[60]

BYRNE JM, KLUEGLEIN N, PEARCE C, ROSSO
KM, APPEL E, KAPPLER A. Redox cycling of Fe(II)
and Fe(IIl) in magnetite by Fe-metabolizing bacteria[J].
Science, 2015, 347(6229): 1473-1476.

GUPTA D, GUZMAN MS, BOSE A. Extracellular
electron uptake by autotrophic microbes: physiological,
ecological, and evolutionary implications[J]. Journal of
Industrial Microbiology & Biotechnology, 2020,
47(9/10): 863-876.

LU AH, LI'Y, DING HR, XU XM, LI YZ, REN GP,
LIANG J, LIU YW, HONG H, CHEN N, CHU SQ,
LIU FF, LI Y, WANG HR, DING C, WANG CQ, LATY,
LIU J, DICK J, LIU KH,
conversion on Earth’s surface via widespread Fe- and

et al. Photoelectric
Mn-mineral coatings[J]. Proceedings of the National
Academy of Sciences of the United States of America,
2019, 116(20): 9741-9746.

ZHU GL, YANG Y, LIU J, LIU F, LU AH, HE WD.
Enhanced photocurrent production by the synergy of
hematite nanowire-arrayed photoanode and
bioengineered Shewanella oneidensis MR-1[J].
Biosensors and Bioelectronics, 2017, 94: 227-234.

LU AH, L1Y, JIN S, WANG X, WU XL, ZENG CP, LI
Y, DING HR, HAO RX, LV M, WANG CQ, TANG YQ,
DONG HL. Growth of

microorganisms using solar energy through mineral

non-phototrophic
photocatalysis[J]. Nature Communications, 2012, 3:
768.

SAKIMOTO KK, WONG AB, YANG PD.
Self-photosensitization of nonphotosynthetic bacteria
for solar-to-chemical production[J]. Science, 2016,
351(6268): 74-77.

ZHANG H, LIU H, TIAN ZQ, LU D, YU Y,
CESTELLOS-BLANCO S, SAKIMOTO KK, YANG
PD. Bacteria photosensitized by intracellular gold
nanoclusters for solar fuel production[J]. Nature
Nanotechnology, 2018, 13(10): 900-905.

ZHONG C, LU AH, DONG HL, HUANG S, SHI L,

SHEN YN, CHENG YJ, DONG YR, LI XZ, XU J, NI

JR, HOCHELLA MF Ir, LIU J.
Photoelectron-promoted metabolism of
sulphate-reducing microorganisms in
substrate-depleted environments[J]. Environmental

Microbiology, 2024, 26(10): ¢16683.

LIU J, SUN Y, LU AH, LIU Y, REN GP, LI YZ, L1 Y,
DING HR.
electrochemically active bacteria community promoted

Extracellular electron transfer of

by semiconducting minerals with photo-response in

<l actamicro@im.ac.cn, & 010-64807516

[61]

[62]

[63]

[65]

[66]

[67]

[69]

[70]

marine euphotic zone[J].
2021, 38(4): 329-339.

XU DK, GU TY, LOVLEY DR. Microbially mediated
metal corrosion[J]. Nature Reviews Microbiology,
2023, 21(11): 705-718.

DENG X, DOHMAE N, NEALSON KH,
HASHIMOTO K, OKAMOTO A. Multi-heme
cytochromes

Geomicrobiology Journal,

provide a pathway for survival in
energy-limited environments[J].
2018, 4(2): eaa05682.

RABAEY K, ROZENDAL RA. Microbial

electrosynthesis: revisiting the electrical route for

Science Advances,

microbial production[J]. Nature Reviews Microbiology,
2010, 8: 706-716.

ORSI WD, SCHINK B, BUCKEL W, MARTIN WF.
Physiological limits to life in anoxic subseafloor
sediment[J]. FEMS Microbiology Reviews, 2020,
44(2): 219-231.

McCOLLOM TM, AMEND JP. A thermodynamic
assessment of energy requirements for biomass
synthesis by chemolithoautotrophic micro-organisms
in oxic and anoxic environments[J]. Geobiology, 2005,
3(2): 135-144.

BROWN JM, LABONTE JM, BROWN J, RECORD
NR, POULTON NJ, SIERACKI ME, LOGARES R,
STEPANAUSKAS R. Single cell genomics reveals
viruses consumed by marine protists[J]. Frontiers in
Microbiology, 2020, 11: 524828.

GUCKERT JB, HOOD MA, WHITE DC. Phospholipid
ester-linked fatty acid profile changes during nutrient
deprivation of Vibrio cholerae: in the
trang/cis ratio and proportions of cyclopropyl fatty
acids[J]. Applied and Environmental Microbiology,
1986, 52(4): 794-801.

KADOURI D, JURKEVITCH E, OKON Y,
CASTRO-SOWINSKI S. Ecological and agricultural
significance of bacterial polyhydroxyalkanoates[J].
Critical Reviews in Microbiology, 2005, 31(2): 55-67.
MORRIS BEL, HENNEBERGER R, HUBER H,
MOISSL-EICHINGER C. Microbial
interaction for the common good[J].
Microbiology Reviews, 2013, 37(3): 384-406.
SUMMERS ZM, FOGARTY HE, LEANG C,
FRANKS AE, MALVANKAR NS, LOVLEY DR.

Direct exchange of electrons within aggregates of an

increases

syntrophy:

FEMS

evolved syntrophic coculture of anaerobic bacteria[J].
Science, 2010, 330(6009): 1413-1415.



BlER SF | AR, 2024, 64(12)

4501

[71]

(73]

[74]

(78]

[79]

[81]

YOU YS, ZHENG SL, ZANG HM, LIU F, LIU FH,
LIU 1J. the
syntrophic metabolism of Geobacter co-cultures:
influences of surface coating[J].
Cosmochimica Acta, 2019, 256: 82-96.
WANG LY, NEVIN KP, WOODARD TL, MU BZ,
LOVLEY DR. Expanding the diet for DIET: electron
donors supporting direct interspecies electron transfer
(DIET) in defined co-cultures[J].
Microbiology, 2016, 7: 236.
REEBURGH WS. Oceanic methane
biogeochemistry[J]. Chemical Reviews, 2007, 107(2):
486-513.

WEGENER G, KRUKENBERG V, RIEDEL D,
TEGETMEYER HE, BOETIUS A. Intercellular wiring
enables electron transfer between methanotrophic
archaea and bacteria[J]. Nature, 2015, 526(7574):
587-590.

McGLYNN SE, CHADWICK GL, KEMPES CP,
ORPHAN V1.
electron transfer in methanotrophic
Nature, 2015, 526(7574): 531-535.
ROUSSEL EG, BONAVITA MA C, QUERELLOU J,
CRAGG BA, WEBSTER G, PRIEUR D, PARKES RIJ.
Extending the sub-sea-floor biosphere[J].
2008, 320(5879): 1046.

BERGKESSEL M, BASTA DW, NEWMAN DK. The
physiology of growth arrest: uniting molecular and

Stimulatory effect of magnetite on

Geochimica et

Frontiers in

Single cell activity reveals direct
consortia[J].

Science,

environmental microbiology[J]. Nature Reviews
Microbiology, 2016, 14(9): 549-562.

PAUL C, FILIPPIDOU S, JAMIL I, KOOLI W,
HOUSE GL, ESTOPPEY A, HAYOZ M, JUNIER T,
PALMIERI F, WUNDERLIN T, LEHMANN A,
BINDSCHEDLER S, VENNEMANN T, CHAIN PSG,
JUNIER P. Chapter three bacterial spores,
ecology to biotechnology[J]. Advances in Applied
Microbiology, 2019, 106: 79-111.

KAPLAN-LEVY RN, HADAS O, SUMMERS ML,
RUCKER J, SUKENIK A. Akinetes: dormant cells of
cyanobacteria[M]//Topics in Current Genetics. Berlin,
Heidelberg: Springer Berlin Heidelberg, 2010: 5-27.
LEVER MA, ROGERS KL, LLOYD KG,
OVERMANN J, SCHINK B, THAUER RK,
HOEHLER TM, JORGENSEN BB. Life under extreme
energy limitation:
field-based investigations[J].
Reviews, 2015, 39(5): 688-728.
PAREDES-SABJA D, SHEN A,

from

a synthesis of laboratory- and
FEMS Microbiology

SORG JA.

[82]

[83]

[84]

[90]

Clostridium  difficile
germination, and spore structural proteins[J]. Trends in
Microbiology, 2014, 22(7): 406-416.

RIVKINA E, LAURINAVICHIUS K, MCGRATH J,
TIEDJE J, SHCHERBAKOVA V, GILICHINSKY D.
Microbial life in permafrost[J].
Research, 2004, 33(8): 1215-1221.
KUENEN JG, BOONSTRA J, SCHRODER HG,
VELDKAMP H. Competition for inorganic substrates
among chemoorganotrophic and chemolithotrophic
bacteria[J]. Microbial Ecology, 1977, 3(2): 119-130.
KALLMEYER J, POCKALNY R, ADHIKARI RR,
SMITH DC, D’HONDT S. Global distribution of
microbial abundance and biomass

spore Dbiology: sporulation,

Advances in Space

in subseafloor
sediment[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2012,
109(40): 16213-16216.
KUBITSCHEK HE. Cell
Escherichia coli after shifts to richer media[J]. Journal
of Bacteriology, 1990, 172(1): 94-101.

FLEMMING HC, WINGENDER J. The biofilm
matrix[J]. Nature Reviews Microbiology, 2010, 8:
623-633.

KIM L. Persister cells, dormancy and infectious
disease[J]. Nature Reviews Microbiology, 2007, 5(1):
48-56.

EPSTEIN SS. Microbial awakenings[J]. Nature, 2009,
457(7233): 1083.

KRANTZ GP, LUCAS K, WUNDERLICH EL,
HOANG LT, AVCI R, SIUZDAK G, FIELDS MW.
Bulk phase resource ratio alters carbon steel corrosion

volume increase in

rates and endogenously produced extracellular electron
transfer mediators in a sulfate-reducing biofilm[J].
Biofouling, 2019, 35(6): 669-683.

van BERGEIJK DA, TERLOUW BR, MEDEMA MH,
WEZEL GP. Ecology
Actinobacteria: new concepts for natural product

van and genomics of
discovery[J]. Nature Reviews Microbiology, 2020,
18(10): 546-558.

WOLF SG, FRENKIEL D, ARAD T, FINKEL SE,
KOLTER R, MINSKY A. DNA protection by
stress-induced  biocrystallization[J]. 1999,
400(6739): 83-85.

HILL NS, BUSKE PJ, SHI Y, LEVIN PA. A
moonlighting enzyme links Escherichia coli cell size
with central metabolism[J]. PLoS Genetics, 2013, 9(7):
¢1003663.

Nature,

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



4502 ZHONG Chao et al. | Acta Microbiologica Snica, 2024, 64(12)
[93] FRENKIEL-KRISPIN D, BEN-AVRAHAM 1, BIDDLE JF. Gene expression in the deep biosphere[J].
ENGLANDER J, SHIMONI E, WOLF SG, MINSKY A. Nature, 2013, 499(7457): 205-208.
Nucleoid restructuring in stationary-state bacteria[J]. [106] JOHNSON SS, HEBSGAARD MB, CHRISTENSEN
Molecular Microbiology, 2004, 51(2): 395-405. TR, MASTEPANOV M, NIELSEN R, MUNCH K,
[94] WASSARMAN KM, SAECKER RM. BRAND T, GILBERT MT, ZUBER MT, BUNCE M,
Synthesis-mediated release of a small RNA inhibitor of RONN R, GILICHINSKY D, FROESE D,
RNA polymerase[J]. Science, 2006, 314(5805): WILLERSLEV E. Ancient bacteria show evidence of
1601-1603. DNA repair[J]. Proceedings of the National Academy
[95] AMMAR EM, WANG XY, RAO CV. Regulation of of Sciences of the United States of America, 2007,
metabolism in Escherichia coli during growth on 104(36): 14401-14405.
mixtures of the non-glucose sugars: arabinose, lactose, [107] FRENTZ Z, DWORKIN J. Bioluminescence dynamics
and xylose[J]. Scientific Reports, 2018, 8(1): 609. in single germinating bacterial spores reveal metabolic
[96] HOMBACH S, KRETZ M. Non-coding RNAs: heterogeneity[J]. Journal of the Royal Society,
classification, biology and functioning[J]. Advances in Interface, 2020, 17(170): 20200350.
Experimental Medicine and Biology, 2016, 937: 3-17. [108] PRICE PB, SOWERS T. Temperature dependence of
[97] JIA XY, PAN ZL, YUAN Y, LUO BN, LUO YB, metabolic rates for microbial growth, maintenance, and
MUKHERIJEE S, JIA GW, LIU L, LING XB, YANG survival[J]. Proceedings of the National Academy of
XT, MIAO ZC, WEI XW, BUJNICKI JM, ZHAO KL, Sciences of the United States of America, 2004,
SU ZM. Structural basis of SRNA RsmZ regulation of 101(13): 4631-4636.
Pseudomonas aeruginosa virulence[J]. Cell Research, [109] DELBRUCK Al, ZHANG YF, HUG V, TRUNET C,
2023, 33(4): 328-330. MATHYS A. Isolation, stability, and characteristics of
[98] KINT G, de COSTER D, MARCHAL K, high-pressure superdormant Bacillus subtilis spores[J].
VANDERLEYDEN J, de KEERSMAECKER SCJ. The International Journal of Food Microbiology, 2021, 343:
small regulatory RNA molecule MicA is involved in 109088.
Salmonella enterica serovar Typhimurium biofilm  [110] TIEDJE JM. Shewanella: the environmentally versatile
formation[J]. BMC Microbiology, 2010, 10: 276. genome[J]. Nature Biotechnology, 2002, 20(11):
[99] SCHINK B. Energetics of syntrophic cooperation in 1093-1094.
methanogenic  degradation[J]. Microbiology and [111] EOH H, RHEE KY. Multifunctional essentiality of
Molecular Biology Reviews, 1997, 61(2): 262-280. succinate metabolism in adaptation to hypoxia in

[100] RUSSELL NJ, FUKUNAGA N. A comparison of Mycobacterium tuberculosis[J]. Proceedings of the
thermal adaptation of membrane lipids in psychrophilic National Academy of Sciences of the United States of
and thermophilic bacteria[J]. FEMS Microbiology America, 2013, 110(16): 6554-6559.

Letters, 1990, 75(2/3): 171-182. [112] BAKER JJ, ABRAMOVITCH RB. Genetic and

[101] VALENTINE DL. Adaptations to energy stress dictate metabolic regulation of Mycobacterium tuberculosis
the ecology and evolution of the archaea[J]. Nature acid growth arrest[J]. Scientific Reports, 2018, 8(1):
Reviews Microbiology, 2007, 5(4): 316-323. 4168.

[102] LIPPJS, MORONO Y, INAGAKI F, HINRICHS KU. [113] WANG YQ, WU JT, LV MX, SHAO Z, HUNGWE M,
Significant contribution of archaea to extant biomass in WANG JJ, BAI XJ, XIE JL, WANG YP, GENG WT.
marine subsurface sediments[J]. Nature, 2008, Metabolism characteristics of lactic acid bacteria and
454(7207): 991-994. the expanding applications in food industry[J].

[103] LOLKEMA JS, SPEELMANS G, KONINGS WN. Frontiers in Bioengineering and Biotechnology, 2021,
Na(+)-coupled versus H(+)-coupled energy 9: 612285.
transduction in bacteria[J]. Biochimica et Biophysica [114] YANG S, XUE WQ, LIU PB, LU XJ, WU XH, SUN
Acta, 1994, 1187(2): 211-215. LQ, ZAN FX. Revealing the methanogenic pathways

[104] MITCHELL P. Coupling of phosphorylation to electron for anaerobic digestion of key components in food
and hydrogen transfer by a chemi-osmotic type of waste: performance, microbial community, and
mechanism[J]. Nature, 1961, 191: 144-148. implications[J]. Bioresource Technology, 2022, 347:

[105] ORSI WD, EDGCOMB VP, CHRISTMAN GD, 126340.

<l actamicro@im.ac.cn, & 010-64807516



BlER SF | AR, 2024, 64(12)

4503

[115]

[116]

[117]

[118]

[119]

IONA E, PARDINI M, MUSTAZZOLU A, PICCARO
G, NISINI R, FATTORINI L, GIANNONI F.
Mycobacterium gene
different stages of hypoxia-induced dormancy and

tuberculosis expression  at
upon resuscitation[J]. Journal of Microbiology, 2016,
54(8): 565-572.

LOCEY KJ, MUSCARELLA ME, LARSEN ML,
BRAY SR, JONES SE, LENNON JT. Dormancy
dampens the microbial distance-decay relationship[J].
Philosophical Transactions of the Royal Society of
London Series B, Sciences, 2020,
375(1798): 20190243.

AYALA-DEL-RIO HL, CHAIN PS, GRZYMSKI JJ,
PONDER MA, IVANOVA N, BERGHOLZ PW, Di
BARTOLO G, HAUSER L, LAND M, BAKERMANS
C, RODRIGUES D, KLAPPENBACH J, ZARKA D,
LARIMER F, RICHARDSON P, MURRAY A,
THOMASHOW M, TIEDJE JM. The genome sequence
of Psychrobacter arcticus 273-4, a psychroactive

Siberian permafrost bacterium, reveals mechanisms for

Biological

adaptation to low-temperature growth[J]. Applied and
Environmental Microbiology, 2010, 76(7): 2304-2312.
MARA P, ZHOU YL, TESKE A, MORONO Y,
BEAUDOIN D, EDGCOMB V. Microbial
expression in Guaymas Basin subsurface sediments

gene

responds to hydrothermal stress and energy
limitation[J]. The ISME Journal, 2023, 17(11):
1907-1919.

MALIK AA, SWENSON T, WEIHE C, MORRISON
EW, MARTINY JBH, BRODIE EL, NORTHEN TR,
ALLISON SD. Drought and plant litter chemistry alter
microbial metabolite

2020, 14(9):

gene
The

expression  and

production[J]. ISME Journal,

[120]

[121]

[122]

[123]

[124]

[125]

[126]

2236-2247.
LENNON JT, JONES SE. Microbial seed banks: the
ecological and  evolutionary implications of
dormancy[J]. Nature Reviews Microbiology, 2011, 9(2):
119-130.

KIM SB, LYOU ES, KIM MS, LEE TK. Bacterial
resuscitation from starvation-induced dormancy results
in phenotypic diversity coupled with translational
activity depending on carbon substrate availability[J].
Microbial Ecology, 2023, 86(1): 325-336.

FURUSAWA G, DIYANA T, LAU NS. Metabolic
strategies of dormancy of a marine

Microbulbifer aggregans CCB-MMI: its alternative

bacterium

electron transfer chain and sulfate-reducing pathway|[J].
Genomics, 2022, 114(1): 443-455.

ARVANITI M, SKANDAMIS PN. Defining bacterial
heterogeneity and dormancy with the parallel use of
single-cell and population level approaches[J]. Current
Opinion in Food Science, 2022, 44: 100808.
SALAZAR A, LENNON JT, DUKES JS. Microbial
dormancy improves predictability of soil respiration at
the seasonal time scale[J].
144(1): 103-116.

PRATT SL, ZATH GK, AKIYAMA T, WILLIAMSON
KS, FRANKLIN MIJ, CHANG CB. DropSOAC:
stabilizing

Biogeochemistry, 2019,

microfluidic  drops for time-lapse
quantification of single-cell bacterial physiology[J].
Frontiers in Microbiology, 2019, 10: 2112.

MA PJ, AMEMIYA HM, HE LL, GANDHI SJ,
NICOL R, BHATTACHARYYA RP, SMILLIE CS,
HUNG DT.
RNA-seq reveals antibiotic-associated heterogeneous

cellular states[J]. Cell, 2023, 186(4): 877-891.e14.

Bacterial droplet-based single-cell

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



