2026, 66(6): 2592-2616 G =i
CSTR: 32112.14.j.,AMS.20250651 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb.20250651 http://journals.im.ac.cn/actamicrocn

Review EE5S

B BB E R AR R ELE A B R R ER R B R i 5
R

R, Al Y, BENT

1 APEM TR, MRy 53 e G 5ehea, Widt mi
2 R b asAbE, TR JTE

BRIRAE, i, B k. SRV R R SR E Y BB ER h r A IR E 0 e (0], BB 41, 2026, 66(6): 2592-2616.
ZHAO Yufei, YANG Jian, JIANG Hongchen. Research advances in microbial dark carbon fixation and its significance in the biosphere
carbon cycle[J]. Acta Microbiologica Sinica, 2026, 66(6): 2592-2616.

W E: AW E & (dark carbon fixation, DCF)Z AL &8 B Fx 2 5+ Fo ik 2 4 2 R AAF T % R ALER
AL AR AUBR ) R A A ML T A2, L RAT A, X—E R AASRBMBIRT 0T RKA
WARAE , LA AEREHRK . ARY . LRABRFHRIRLT EA T LN ESERMS. AL
AARGRT AN ERARGRITUHRE, ELARET ZZEHRNKHPERE. DAY ERBFELR
Bl AL F 8 Bl ik RA4FAE, ZAoDOREAKIBELIN, TRASFPHRANZERERERFIF.
b, BHEFEKEREHERERS, D4 2.14x10° pmol C/(m*-d); H A A FHA, RHTE
1.33x10* pmol C/(m?-d); b4k, b & B # 8 E K B 0 B BT B R A 7 ) 69 77 k7T 15 81.4%;
5B AR T B BT & B B B2 49 80%—100%., A EBKRZ KA, FRHGIHRZE LS M
AMPEE RGO R I RRAZ, TRAETHG. B, 1B, ARLFARY. AN, RRARLE
S8 F A4S, ML R CBLAHBE A 1242, iR A = BB X (reductive tricarboxylic acid cycle,
ITCA)RAF E R HE R ZN G B, BE. pH. HE. AARE. TREFAFERRAE
T A B Bk R ey KA R T, MBS rang B s A B EE M. K& R AR B
EMER AT AR AR PREKIZNHELS TR EL., RE, REXREFITT ARG AR
M, QIETAFTEGRA TN IR EAELAIR R LS, FRETARMRTYETELEFT G, X
Bt R A T ERIGIRIE L. 1P AR TR A BRI LR T RAEM RIS GREARAREEZHF
PRI .

FHIE: BB AR, ARIEIN; LA A A, KRR, R T

TENIUH : 5K H IR B HE 42 (42272356); T 4 il i 5 24 850 5 S 6 5 32 i 42 9% (2024-KFK T-A08)

This work was supported by the National Natural Science Foundation of China (42272356) and the Qinghai Provincial Key
Laboratory of Geology and Environment of Salt Lakes Project (2024-KFKT-A08).

*Corresponding authors. E-mail: YANG Jian, yangj@henu.edu.cn; JIANG Hongchen, jiangh@henu.edu.cn

Received: 2025-08-24; Accepted: 2025-11-10; Published online: 2025-12-08



BIAE S5 | BUEYSEAR, 2026, 66(6) 2593

Research advances in microbial dark carbon fixation and its
significance in the biosphere carbon cycle

ZHAO Yaufei', YANG Jian>", JIANG Hongchen®’

1 State Key Laboratory of Geomicrobiology and Environmental Changes, China University of Geosciences (Wuhan),
Wuhan, Hubei, China

2 School of Life Sciences, Henan University, Kaifeng, Henan, China

Abstract: Microbial dark carbon fixation (DCF) is a key biogeochemical process in which
chemoautotrophic or heterotrophic microbes convert inorganic carbon to organic carbon in the
absence of light. Recent studies have shown that the contribution of this process to the global
carbon cycle has long been underestimated, particularly in deep waters, sediments, soils, hot
springs, and other extreme environments where it holds significant ecological importance. This
review comprehensively summarizes the recent research advances in microbial DCF, with a focus
on major carbon fixation pathways, functional microbial groups, and carbon fixation rates across
different ecosystems. The published data demonstrate significant variations in microbial DCF rates
across different ecosystems. The deep ocean exhibits the highest DCF rate, reaching approximately
2.14x10" pmol C/(m*-d), followed by boreal lakes, where the maximum DCF rate reaches
1.33x10* pumol C/(m?*-d). Additionally, in the deep-water layer of stratified boreal lakes, the
contribution of DCF to total primary productivity can be as high as 81.4%. In high-temperature hot
spring environments, DCF can account for 80% — 100% of the total carbon fixation. From the
perspective of carbon fixation pathways, the Calvin cycle is the primary pathway for microbial
DCEF across various habitats, widely existing in ecosystems including lakes, oceans, soils, and hot
springs. Meanwhile, different habitats adapt to their specific environmental conditions by
incorporating additional metabolic pathways such as the Wood-Ljungdahl pathway and the
reductive tricarboxylic acid cycle (rTCA) pathway to achieve efficient carbon fixation.
Temperature, pH, salinity, oxygen concentration, nutrient conditions, and depth are key
environmental factors regulating microbial DCF rates. These factors collectively determine the
efficiency and contribution ratios of DCF processes in different ecosystems by influencing the
community structure of DCF-related microorganisms, the selection of metabolic pathways, and
enzyme activities. Finally, the review discusses current limitations in this field, including
uncertainties in quantification methods and insufficient understanding of environmental response
mechanisms, and highlights key directions for future research. These advances are expected to
provide critical scientific evidence for improving the carbon cycle theory, assessing the impacts of
climate change, and developing microbe-based carbon sequestration technologies.

Keywords: dark carbon fixation; carbon cycle; chemoautotrophic microorganisms; metabolic
pathways; environmental factors
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Table 1

carbon fixation pathways

Key enzymes, functional genes, microbial taxa, and primary electron donor of autotrophic microbial

Carbon fixation pathways Key enzymes Key functional Microbial taxa Primary electron
genes donor
Calvin cycle Ribulose-1,5-bisphosphate cbbL (rbel) Plants, algae, Cyanobacteria, most H,, NH3, H,S,
carboxylase/oxygenase cbbM aerobic or facultative aerobic SO,%", Fe**
Eubacteria
Reductive tricarboxylic Pyruvate:ferredoxin PorA/nif] Chlorobiales, H,, reduced
acid cycle oxidoreductase oor4 Epsilonproteobacteria, sulfides, Fe*"
2-oxoglutarate:ferredoxin aclB Deltaproteobacteria, Nitrospirae
oxidoreductase
ATP citrate lyase
Reductive acetyl-CoA CO dehydrogenase acsA (cooS) Methanogenic, H,, CO, formic
pathway Acetyl-CoA synthase acsB Deltaproteobacteria, anammox acid/formate,
Wood-Ljungdahl pathway bacteria sulfides
3-hydroxypropionate Acetyl-CoA carboxylase PcclAce Chloroflexaceae H,S, S,057,
bicycle pathway Propionyl-CoA carboxylase Fe*' H,
(S)-malyl-CoA lyase
CoA transferase
3-hydroxypropionate/ Acetyl-CoA/propionyl-CoA Sulfolobales, Thermoproteota NH,", H,,
4-hydroxybutylate cycle  carboxylase sulfides
4-hydroxybutyryl-CoA
dehydratase
Dicarboxylate/ Pyruvate synthase Ignicoccus hospitalis H,
4-hydroxybutyrate cycle ~ PEP carboxylase
4-hydroxybutyryl-CoA
dehydratase
Reverse glycine cleavage Candidatus Phosphitivorax HPO;>

pathway

S, RS2 R Y I A AR A R 3 S A
W7 B SR ol IR A R B ' Wood-Ljungdahl & 12 5
rTCA JEF T A, WL T DR TR M A
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A Wy TE 35 0 B it 2% 2 B 0T [ e A a8) 09 4
FEBOB 3 s R B i A AR IS AFAE , AR
it PRI A RN RE H AT R FH P e B B R 5 AR
PR FR, W T 2040 H 3028 n9 ik 1 [ ik )
2. KPRV TS RGAE TG
SRR SR T AR E CO Ry, Wk
PR A BRRAG I B e B BB AR R4 (i 1
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1.1 BHFEREIERKIEE
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RIRSEFN(Calvin cycle), XFRFIRSC-A 7%
1Ji ¥ (Calvin-Benson-Bassham cycle, CBB cycle),
SO EVE TP RO R, 2 R A1 7 1Y) 32 %2
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B [ 52 By BE, /1, 5- W IR A% B B R AL i
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FIFd, [FRSA R ATP, HJEEE COy RALFIL R
2R FR AR S N, Zarzyeki 2517V i 1 5T A
A5 £ (Chloroflexus aurantiacus)¥h4 | 3HP
(B2 1N I = v 2 N el iR R v e o R D K
NADPH/NAD(P) "l fiit/Bit Hy B4 X 4804k 18 JFE X,
Horbr, FRAEH T R P42 W T Hlaa J5 ol
Mt Hy, MR Hy n] ik — 20 i iy 715 S 5 B0l
T, T ATP & el b @5 BEf i, SE3r 1
EERS SRER L. AR, SRAMR . ¥
P59 A5 it P A5 14 5 R 2 N i 2H F 9 [ A
8/R T SHP IRFTE B 1 & 45 E 2RO
1.1.5 3-BERBR/4-ZETREEEIMNER
3- 5 BE N BR/4- R R T R IR R BR R
(3-hydroxypropionate/4-hydroxybutylate cycle, 3HP/
4HB cycle), & —f EZ A4 T AL # H
(Sulfolobales) F1 H:Ath — L& 31 T/ 7 (4 [ 57 & Bk 14
I8 ZAEIR FEL 43R CO, 11 [ 22 F1 e ] AR 11
¥tk 2 1BrB. HoE, 18 COEEM B, &
LS A Gl RSN B E CO,, Az PN BB
fitk A F 3-FRIENTRAEGE Ao (R bR, h
()77 W) 2o I S5 W e Al Ry 4- 5 T TR A
A PHE O A, SERTER (K 6), TEiZ
TE AR, £ WA B AT A A R AL
litf (acetyl-CoA/propionyl-CoA carboxylase) il 4-37%
BT BE G EE A B /K B8 (4-hydroxybutyryl-CoA
dehydratase) U 1E I 2 6 B2 fhe A 77
W R DA NH, . Hay BRACHISEE N B2 T
LR, LTRSS I EE S S YR i TR R
% NAD(P)'# Fd.d, } 3HP/4HB 7G4 [ 5
S (AL RE R AR 7 Ty, A6 BR Y 220 B2 S
K NADPH {1y i b 1A, TR 938 It
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arp APPNaADPH

NADP*
NADP* 3-HP
Pro-CoA ,CO
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acac-CoA ADP Suc-CoA
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NADP* "
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Ele 3-#ERIY4-7ZETREEMEEMZLOH
R EEP
Figure 6 Schematic diagram of the core stages of

the 3-hydroxypropionate/4-hydroxybutylate cycle!®'*2!.

B2 A Leavitt 257 DLV I il R 1R 1
(Nitrosopumilus maritimus) SCM1 “k BF 5% X 4,
KM Wl & RN 4 i (ammonia
monooxygenase, AMO) % ft, NH, 3k B i+, DA
O, 1R R R s HL 52 A 58 BB R AU, S g im it
PAFE NH, AR S o P i A Kl 32, EpuEL
SHCIT AP VE A . Minic 25RO &30, ik
Yy v 1) 3HP/AHB [#] Bk ik 4% 75 T 1 FA 08 1
WEE 2 A6 . Loder ZECUAE ST th 48
3HP/AHB [B iR 1% BES DA S8 0 T [ AN By 2 4
EK 7 (Metallosphaera sedula)] FH T H i #44/ IR F1 5%
Hi) CO, 7 .
L1.6 —HRE/4-FETREFER
TRTR/A-FRHET MR 1E M & 12 (dicarboxylate/
4-hydroxybutyrate cycle, DC/4HB cycle) B ¥X Hi
Huber %757 2008 4F #£ 3 B IR K BR iy B
(Ignicoccus hospitalis)H &, 1EA—FhE &
PRAEAT N AR CO, BlEis, ZIEHiER
PEEA RS . NG A ik, i Bt
CTR . BEFABERIAG A A 4- 58 2L T 1R 55 vp ] 14
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SEPL CO, 1 [ A2 5 S mEAH I A B9 A, TE R
— R BRAE L AL (E 7). Hor, INERER &
BB (pyruvate synthase) . PR s B DN R R 2 AL
fiti(PEP carboxylase). 4-F24E T BEAt G A i /K il
(4-hydroxybutyryl-CoA dehydratase) & 4% J 54
L, MBI %L TR . DC/AHB JRFME R —
FEBIRARE R, LA CO, Ml HCOs Ak
Yy, FERIH Ho A0 B2 TAUA, @il Hy it
R A AR CRE B, 5 RRSCIEIRATA], X6
PR HL T 3ARK 2R “Fded N . NADP)H'
53257, BN OLE N ERR 5 A £k £ 19
WG A IR R A A BN R ot R, AR
g 35 S T N TR AR (R 55K, HAE R
Fdod MR e 8 G PR IR S A T RR AR HE T
LR NARAEVA Fdred HLFAHHA, RAIFAR P —A
SEHL CO, [ 22 MBI SN, AT RESZ M CO, U]
BRI ERCET, Minic ZEPOFFEEE Y, GREHUR
TP A I [T i aod A% AT B IE A — iR AR S
1.1.7 REHSBRAEBERE

B ) 1 R AL i & 18 (reverse glycine
cleavage pathway, rGCP pathway)j& H 2 ik 24 72

CO,
AMP PEP
ATP PCC
OAA
Pyruvate NADPH
ATP NADP*
CO;
Acetyl-CoA ADP
Suc-CoA
NADPH
acac-CoA
NADP*
X/AFHB
AMP ATP

El7 ZHRERA-FETREREENROMETR
2= 1) [42,75-76]
Figure 7 Schematic diagram of the core stages of

the dicarboxylate/4-hydroxybutyrate cyclel*>">7¢!,

4 (glycine cleavage system, GCS) i3 JZ i , B
S, WIR S PO A MR (tetrahydrofolate, THF) 52 i
A R IE 3 PO & R (methylenetetrahydrofolate,
CH,-THF); FHIFH B ) H 2 R 24t R G CO,
5 CH,-THF #i5 M H AR, MEHERS
— 3 ¥ CHy-THF "= 2 AR, %2 AR AL
SRR, 50 R Y ST K [ B ) 0 )
E I (&), Figueroa ZYE Candidatus
Phosphitivorax % 5& X 21 vh & 81 T 5 7 w5 12 £
(HPOs™ )AL CO, IR JFAH G BER , e SEH
PE 5 5 Ak B 12 £h 42k (dissimilatory phosphite
oxidation, DPO)id &, FF-4K3h CO, it J5A H I
SRJE T rGCP B R AL AL, X —
TR AR LA A A A i P 5 v ) e [ ML
AL T H MM . DPO B, WBERRER R A0
B LA, I B R R 9 R AL M B R £ (PO ) Y
T FEFERE 1% 5 NADH m94ERL, MEsk
[ B AH O Je W R E g it s 7R AR L R,
R R S AL =R ) ATP SR8l ATP & a1 JE
B RS R6 I, M BEHE S Rof 26 140K Fd
i JE R R Fded, i 42 NfAB & & 1 24
NADPH, Jfift CO, 1938 J5 LA I rGCP i 42 1Y)
Je S8 S R AR U PR R 1) T R A ik

Formate ——» CH,-THF

NH, Co,

NADH

NAD*
Glycine —Serine—>Pyruvate

B8 REHEBREBEZZOMEREER"T

Figure 8 Schematic diagram of the core stages of

the reverse glycine cleavage pathway!**"".
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FRAEAE P A b, 0 HIE e B & 2 A HLA)
BB R T B TR Bk

Tl Ay 1) 81 il 3 78 LU AR B9 56 VR B
ZFE, UH TR P EE T BEU8 1A W] 19 A4 25
B s 52 CO,, JB/R T A i i
TEVHE ST o PRI BIF 5 30 0 i 3] it s A8 T L A ot
EYIERIIRE A EEE L,
1.2 RAEMEPERIERE

R TR AR e — PR PR 25 T 9k
A Pk A [ =X, e T ALk Y R Ak A
A AR R A KB %R AR R R LR
b A AL, i CO, 5 W IR I i =X P9 B 7R
(phosphoenolpyruvate, PEP) %54 Jii 45 & A il & ik
L. 25X — i B0 A R T
P P 4R PTG L R T R Ak A0 B Ak
X SEFRIAE Y B 22 OC BB AS SE IO H L AR
MBI E R, IF S 50 P i A I i YA 3
AN g A BRI AR E R R A
1 [T R A FH 2 — BB i oE 4, H ETAR G
MG B AT AR X B D o SR A A — 2L b5
LW, mENE RIS AL T IR IR TEUE Y CO,
E B AR R b R ¥R G AR . W g R
WA R i A2 fie S H1 Newton 2521 T B Ath A5 &
E B (Brucella melitensis) | Jz B8, FEAC I L A
I E A T R BN Sl 3 C AR IC iy COo 1 S BRI
WESE T A YR s Rl CO, HEAT A 1R A 1 o
Miltner 2178 KB, + 8P IR A TEY
IR COy HE A7 g FIEERS AT, 5 8 & al
WE A IR A ik [& 5 A% 02 72 . Braakman
SRR ST S B, T AR W TR) A7 A LA T
LXHERITEOL . AN, FREREE7 A A NS 25
B SARTT RAYfEdE ML, 1 SARTL Sl E R
75 30 o A EE IS 7 A 1 PR 2R AT R R Ry
FIHT, TERRERS - JRZE A 3 B B A ER , 06
WA BEAFE BRIV 2 AF A, T AR ME IR
SRR R TC R S TEA R A YRR TR A% 34
[ s S BB P [T AR P R
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2 AR T RE A

fLBE A FR A Y TE IR B b sk AR S R G Y
JCR IR FE Py G OCHE AR (0, R i
BEAAZOPHATHE . XLEHUEY )z 04 T2 A
AS, GLARWINA . T L PUR BB
b PG . e ATl AR A Hyo COL CHa,
NH,", NO*" | H,S. Fe* S5 ik J5U M) ok i AE
i, JFRIHRE R CO, etk WA DL . 75 A
PR3 b A I [ B S ) B e S AL i R
fednmE . P betE . Ak . ARl
TR AR AN T DA R A A A B AR50 e
RESS AR AL AN [F] A 25 2 40 i ASAUR R T 165 [T ik 7Y
FEIES S, WBE T AESRERNIR )
LER MBRAE I, AR LS
FE LR Z MW AN R LA EE RGN
JE E AR
21 HREMER

it S AL A0 TR 2 — 2R i R A S S TE LR
e (s>, S° SO )ARMLARRE, HETI S HF
B RACBITE s e 2R RE, 20 T
FRIACT . R UTRAEY R ORET IR
M D PTAE SR BE . SOB 7R ki 2 4
FIHT COME R A K AR IR, o CO, [B5E
AT, TSR 1 [F AL, HhAERE
A it A0 2 5E 17 I8 (Sulfurospirillum) . BT T4 J&
(Thiobacillus) M B # J& (Sulfurihydrogenibium)
E SN (RN by ol - (O R LS | 4
W 4 (Gammaproteobacteria) V) i & {1t P& (marine
gamma-proteobacterial sulfur oxidizers, GSOs) &
R S RSP B L = e I EE S 7 B
o, GSOs Rk T 205 i A AL A& B A G HY
HH, W RuBisCO. % Wi M2 il 1R i J5L il
(adenosine phosphosulfate reductase). #i & b &
4 (sulfur oxidizing system, Sox). 7 fk . #i iR
£h I8 5 T (dissimilatory sulfite reductase) . ATP
i 2 1k B (ATP sulfurylase, SAT). APS it J5 fiff
(adenosine-5'-phosphosulfate reductase) . AR ELAT
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Fig il (sulfate thioesterase)<5, i fithix L i (1 & K]
H ¢bbL. c¢bbM. aprA. dsrAB. SoxB “EB790921
Hiigler 25 13 X K P47 Logatchev #A43K IX [ fi
GENr /I I I I g S S L s e T
Epsilonproteobacteria I Gammaproteobacteria J&
Z 5 [ fe ) 2SR, [T AT AR AL Sox &
REALER, FFRIH fTCA @R B @ ICHIR; Ja&
AT fEid 1 APS 3242 (adenosine 5'-phosphosulfate
pathway) & fbf, #47# PRk e H CBB & 12
fit] 7 TCHLAK
22 FREHE

PR RS AR IR, R
PL CO, it , I I8 2 % A A WL o
6] 4 Hy 8/h 70 ALY A AL, w7
F N B (CH) . X KA )2 i
R RRLT: I R ST 2K 7 L i B S T 2K 7/ e
WG, H, PG AR EA AT
W J& (Methanobacterium), W %¢ /\ & Bk )@
(Methanosarcina). Wk & H W &
(Methanobrevibacter)<:P" , Hii ANWFSREM, i
DU i 7= W e o T 658 T 2 5 [ e A R
L CIHAHSC AR 7] Thevasundaram 258ff5% %
U= H ety B, iR TE F BEER B (Methanococcus
maripaludis), 7] LLF) 2 B B9 WL & 42 [ fil o
Yue SFE BRI R IRIFERS 1T, 7RV SR A BT =
Hbeh wm e ALH WL szt B =R, =5
I R
2.3 HEENHE

HH e S8 Pk TR A — 2R DL CHL A W i VR BE
RIR TR, AR A e A v 2 A O BR
5 v I SR R L B2 3SR A e AR A
BRI R AR o8 SRR R OO ik R R W A
WA R AR £ T e SRU DL R v
TR VO 45 IR 5% vh 3 AE A . G AR o R
A TR AR B A0 B 25 b 2 S TR TTEY AT XY
F, HAPIRMXME T y- 2R EHN, UE
J& A W 3L BR & & (Methylococcus) . H FEFFIR B

J& (Methylobacter) 55 ; NH J& F a-7F ¥ W N
(Alphaproteobacteria), X3 )\ A W R il 5 )&
(Methylosinus), H % 0 3 5 J& (Methylocystis)
ZEN00.106] - Rasigraf 251 OA & BUE T NC10 [ TRy
3V fil 12 £R Y IR AW e 4 b A0 TR (Candidatus
Methylomirabilis oxyfera) 7] | H CBB & #5 #f 17
H 72 8 [ e, HH L ZH ) CBB fiF 36 3L [H
HE % 50 B H m At sk ik o R W b S8 Ak T
(anaerobic methanotrophic archaea, ANME) fiE 5
B FR R0 P P R, i i i A 4 2 ] 5
AR A H e %A 1K (anaerobic methane oxidation,
AOM)S 1), Yang SR A T A R
4irh ANME RGN BE, 28 R A1 S A
PS5 % B ANME-2a it WL A2 &85k, J-AE
L AOM B 7 A 1R e T 4 B A MLAR I
Beal 25! HF 58 & B ANME R FI FH AR (K 85
B RVER(EFEREIE R AOM iR F 320k, §
&SR WA S 0 R e | A A, B T I L]
ROR
24 FIEMNLHER

A E AT 2 — A S (H) o e it
R, Ik RE A R AR E 2 CO, Ay, H
R T B H & A 57 K & (Hydrogenophaga) . 7K
IR B J& (Hydrogenovibrio), % /R # il K B J&
(Ralstonia) . i UP & & (Sulfurovum) ZE[I-113] -
PRI b 4 gl gyt R RO
HUIEEIREE rh R BK . 76 i f2 b, HOB
F B A AR Hy AL, AR BT 8l
2L G R ATP S HERE R, DA 9K Bk [&] 7 2o
&, WI[NiFe]-ZfbHf . [FeFe]-SfLBES, A
TR hupL. hoxH 2191 Garritano %5 7E
A KT W JE (Hydrogenobacter) Fl i Ak 12 T 7]
(Nitrospirota) %5 2141 J& A B T rTCA TR
PG D g 2, W5 /R &8 2r HOB H 4 38 &of
rTCA &R MATEBRAEE ST . Petersen 25115 iof
Xof B RV o T DL S A AR (it AR A e A A
A A R A — B 1Y S A B R, A
HOB & 7] LU CBB MR I ik [ 7E
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2.5 fHAEE

il Ak 4 TR — 258 R g A SR R A A
it B v A Y RE B R A T [ A, B
i A AT AL S (I NH, . NOo ) B RE
0 ORI AR
1K R G R IEARK A2 Tz A
11, FZ A5 A 1l W (ammonia-oxidizing
archaea, AOA), % %A 1k 41l i (ammonia-oxidizing
bacteria, AOB) F1 V. fif fi2 £ %A 1k 4l B4 (nitrite-
oxidizing bacteria, NOB). i fb/EH] = Z 452
EAL RN IR £h Ak 2 N R . 0t AOA B
AOB FIHZF AN, W2 8 SO RRER 5
Y% J5 NOB Fi| HI W fiFf B2 5 48 1k i J5L ¥ (nitrite
oxidoreductase, NXR )WV i 12 £k i — 2 4| Ak Ry
IR, B R, #45> AOB Fl NOB
HHt CBB @81 Tk 6 E , AOA it 3HP/4HB
WA AT OR B EMY, Yue 2058 1 X EDEEVETR
TR UEA T % 3L 2 oA R B, AR IR T
(Nitrospinota) W i A fill R B} (Nitrospinaceae) Z: 5
TRV EE PR R AR B AR S R, JF B
CBB 1 F1 rTCA FEIMHASCIIREREN, W1 rbeL
korAB. frdA 55, W& R4 Ak 4 T 245 A
rTCA ¥R TR [ A Ay Al REdE
2.6 HKENAR

PR AN P 32 BRI S AL K B T (Fe™ ) Tk
HAh IR S S R AL S PR BB T A A, )iz AF
T WADTR | i P U g el
T SR AK IR G 2R E S R G . ARTEER
B AR 1 25 5%, WIKE FeOB 43 AIE IR
Pk E AL g R E R, HRTE A
IR B, 5 ERERRA XY FeOB F 25041 T
7 A % K W B (Gallionellaceae) F1 %5 {4, T8 F}
(Chromatiaceae)™, X2t FeOB ik T £ 5
PR AL FIRR [ 52 M DS R . 9140, Tothero Z5H2°)
L HE 2 At AR, b (U 4T R TR (Leptothrix
ochracea) v A 8 S AT AN & L~ 2R AH 2 1
fitf, AR IE K ALTE mtod Fl cyc2, X LLRFRE
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G i1, VbR E b RE; A R B X 2
A T8 T CBB iR ThR [ 2 o

3 R S R g &

WA e, L3, MR EZEARTD
M [T e o R A AE o A [F) AR 25 2R 0 v s [ ik
MR 22 S 7R T AN [0 A 4 D e 2 A B [ ke
TEAR X GG o M ) Z FEAR SR . WIATRKZ |
TV R A DX Ry U A S S5 o B 5 v R
SR R AR, BLRHAE B . mIR U SR
SR E WS P ALEE A SR N R
T 18 Oy 2o PR o o Sfe T8 DA 1 [k 7 iR el 222
GAEWENT . MAEwERSRhERN AT
Y FH A B8 B 7R b 2L A AN ) A 25 R 4 % 4 Rk
PGP AR TR A AE A [
3.1 A

A, ERM—MEZEWARKEESR
e, HWMERAIEE . WK LS
45 28 iU e X — B N Rk A AR RS
R G Bk AR AE R — AL R, W
& 2 R I RE TR ) S 22 P AR 1% 3R] 3K
. WA h = 5w E k0 A 1S B A AL
B [0 5% A 45 IS B (Gallionellaceae)] . Hi B AL
A0 A [Un 25 (4 18 B (Chromatiaceae) . L% /MT 5
J& (Halothiobacillus)]. 7= H ot iy 1 [ 40 H Joe 35K 74T
Bl (Methanococcaceae)]. 2 F AL B [ 40 A 1L
Bk ¥ 7 4N (Nitrososphaeria)] M & 58 Ak 40 & (4N
Hydrogenovibrio)% , ‘BT EZA% B CBB i .
WL A2 55 W& CO,, DEnl i@ rTCA &4
PEAT RS20 10, R W D RES RS AR AR R b
T ) 32 S A PR R 3 AR A i,
Fang 251201 i [/ NS ELIB K ARTATIAE %) 25 A~
UURRIRE A (R IERE LRI 0.54-82.6 g/L)HEAT
H R A IR TE N A 2 o i BB, A 3%
T 0 PR X 2 B it B AT I 2 = v, I
i i i 2N WL 916 2R i 42 % 1] BE B ROCR AR
(1) CBB iAo ik 2 WIER BE AN i 1A s
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[t B g A W (R SR A N = AR E AR, BT
RETE — 21 8 92 5 [T e 3k 238 M X 9 A 7™ T /Y
iRk FEXTH E A 7 A MR L e R T
B R AN S T A B, R 8 X6 32 DA
1 (3] e 48 110 5 i) 2 300 < B0 (R A4 ) 7Y
FROE . fIRERE(0.8 g/L)EHERE(29.0 g/L)Hf kK
B (R, SRR (30 gL A FER . K
fen R ORI B R R, AR R IR (£ B
h 341.9 /L YA i) HiZz R B A AR Rl
BRI, Wang SO 7 96 e BRI A A4 AFF 5 [R) R
RIRERWIA(<35 o/L) G s >R o 35 i T ek
WIA(>35 g/L),  [R]s B A I [ Bl SR AN 5 3
WG, EZIE . BRI FEAE
WA G R R AR IRE SRR
Zhao SR A [ VG R i X 2 VTSRS LR
WEFE & B, I o 4 8 Lh R A Bl 1 3 P
PETFE R A, HAE S IRA M TR s,
if B 5 A T P BE A AR AL Y U ) (Lake
Banyoles C-I1T) %8 fk. i Jit J22 iy [ fsk 3ok 78 & B
WA VYRS IE R AEAC 20 25, X G (31 e o ik
W R = E LAY (R AR E
S, W R TR A HE I AR, N, 7 Lake
Banyoles S Lif )2 (IREEL 22 m), 2= [E K
RN 2.68 pmol C/m?-d), i 4 W] L [ Bk i
29.2%; 1M Z= 33K A 400 pmol C/(m*+d), 1X
b7 B R Y 4.8%321 Martin Z5RPI7EXT 16 4> 3
HLAE T WA OB 5T RS I B T R AR AR,
HRAE 170-13 300 pmol C/(m*-d)Z [R5 ; %
AR K ZIRE S VI OC: 7ERK)Z
(epilimnion, BIWAYAIEKI . JEIRFTE R AIKE),
M5 [ i o A g A 7 T B R S LR 18.5%
M 7K JZ (hypolimnion, F85WIATRAL . YEHEZ
FRIK)Z), Bb He A i b B0 55 81.4%, 454
W, AL BA B A ENEah, JHE
BURAK)Z, I [ e 6 B AR A G A 7 g Bk s
R, Uy A ST LA i ) (AR K JEOK
W hZ ), A R A ic ik B R TR E
TR A P [ dek 2 Hovr I o] e 38

J 8.54-28.2 pmol C/(m?-d), X i [k i) BTk
1.58%—7.14%; HFFE 045 H I /K 1A Hp 313l ik R
ZOE AN R E R, W T L AR
(dissolved inorganic carbon, DIC) F1 ¥ fi# A HL Bk
(dissolved organic carbon, DOC)%:!

WA P v ) 7 5 S 2l ) R
TR 5 AL RE F 57 TE A0 5 55 50 4 OC B IA) 42 52 i I
W[ 5 % . Santoro 25U ik % b Fi il 4 b
D7 A 5 B 7 AN B IO R H  I ( A
R R, EEAIAE T, FIRMH
AL 38 3o A AL O S A e S AR
Wil . AR, HAKHE 25 TORE A R E,
R 38 3 5 4 AR SR £R A5 OGS IS i 1k
HASERE RS ATl Su R ETIE ERIR T 785
WS SRR A, AL RE B3R TR ) I A T 1 T
Sy s s B, Hndde oy Ba oY b E
B R B g AT 3K 4.0 10° pmol C/(m?+d), i
FEAE A T2 8.41%—37.4%, {HAE B P $GH7 T)
THDUBRY A 10 pmol C/(m?-d), X5 B SEF74H
B A 77 11 0.40%-80.4%, X — T 97 &% 5 25 W s
[#5] e 7 #5050 1 T 6T 4 TR A ) o 1) DR
SEAR AR EURC R T AR B Y R
32 EE

TR T T BRI L 71% MTE AR, Hok
R R B O E M. BRIk
F 5% [ B B 29 BH4F 0.77 Pg C (1 Pg=10" g),
Herp, WEPEKARTTRR T 28 52% A0 T B 1 (F 455
A JE AL A0 B B B 1K) 37% FIGRIEE B AL 40 1 ]
Wi 15%)1; LA 1R 1 3R B 4 2L
HH4F 0.37 Pg C HYIEIBRHER, (5 BAERY) 48%1,
Z: 55 g 1 I [ e o AR A R AR P D) RE A 4G 2
AALTHTE . WRERREL AL R . IR AR
anaerobic ammonia-oxidizing bacteria, AnAOA),
i A AL Al B (U0 DL H Bl [ 3 s (Beggiatoa)] . H
e f AL . IRAH S A, 2t
CBB ¥ . rTCA A% Bl fix L6 F At [m R4l 1
VR (10 LI [ e 20

TRFVE I [l e 52 Z R R 4%, Jang
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EDE o X AT 3 AN TR A A KRR AR (i
S R, 7E 800 m 7K VR 3 B PN I [36] ¢ 3k
F N 4.8-7.96 umol C/(m*+d), HXF W H L=
M DTRR A7 L AE AR R A T 2 5, WEL T
4.5%-27.1% Z 18], F ¥ H K (16.5£11.3)% .
Braun % V7R HLAFF o8 o 48 1, Mg R R )2 K
G E 2o 0.1, HLIZ HUAE B TR EE B i A8
o FEALR PG Z M (125-3 000 m)H, BT
N GCREARFN BARAAEA, @i “C-rii
SR T R R B, 45 5 R R AS I [
R K(1.8-3.2)x10° pmol C/(m>-d), i FRiFH
Yy [ B 38 B Y 15%-53%1°% ) Yakimov Z£1%7) 5@
1 Xt Tyrrhenian Sea Wil sk 427K 4 (200 m Z=ifHIK)
F4) 5 1 B SR R AT e, 2R A A RS B 4
K RE - 24 165 [ Bk B 2.14%10* pmol C/(m?-d),
S5zt s EMHT AN A Y & T E
[(2.27-3.58)x10* umol C/(m?-d)|4H Y . 1EHEERY
ANEXI, &7 e REREAEAE 225+ . Saxena ZEPNI
T BRI TR AN ] DX 3 (T B 4 DX, e A DXl A
AR 2 DX () IS [ Bl o, s T AN TR TR B
ARG SRS K IRREAS, BEIIREE . AR
SR A 7] 8 4 G ] de Ao AR 5 3 e A A AP R 4
BRVEVEAF W DI B KA, TH 5t 4 BT 1 [
W %N 7.4 Pg Cla, XFIREFER A 7= 1Y D1 mk AR
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A gy ek DR AR A SR AL R Ak SR A K B 1 e [
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A T G A X ), JAWRE R B
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33 i

- R i b AR S R G v B B A A I
Z—, R A W B A R Y [k e
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PR R B RE Z A T R [N IE ]
(Thermoproteota)] . VAHRER A AL AN TR [ ANl fL 1R
& & (Nitrospira)]. fEALANE (U Pseudomonadota).
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