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Fe(III) reduction and biological nitrogen fixation mediated by a
methane-oxidizing consortium and their coupling mechanism

LI Shu’an, YU Linpeng*, YANG Lin, SHEN Yanxi, ZHOU Shungui

College of Resources and Environment, Fujian Agriculture and Forestry University, Fuzhou, Fujian, China

Abstract: [Objective] Iron reduction-dependent anaerobic oxidation of methane (Fe-AOM) is an
important pathway for methane emission reduction in anaerobic environments. However, it remains
unclear how methane-oxidizing microbes perform Fe-AOM under nitrogen-limiting conditions.
[Methods] Focusing on a methane-oxidizing consortium and ferrihydrite, this study employed
nitrogen isotope tracing, three-dimensional fluorescence spectroscopy, electrochemical analysis,
and high-throughput sequencing to investigate the Fe-AOM efficiency and the possibility of
coupling Fe-AOM with biological nitrogen fixation under nitrogen-limiting conditions. [Results]
The methane-oxidizing consortium was able to catalyze Fe-AOM under nitrogen-limiting
conditions, reducing ferrihydrite to minerals such as siderite. The nitrogenase activity and "N
assimilation of the methane-oxidizing consortium in the presence of methane were significantly
higher than those in the absence of methane, which demonstrated that the consortium could couple
Fe-AOM with biological nitrogen fixation. Three-dimensional fluorescence spectroscopy and
electrochemical analysis revealed that Fe-AOM promoted the production of dissolved protein-like
substances, enhanced the redox activity of the methane-oxidizing consortium, and reduced
ferrihydrite via direct electron transfer. Microbial community structure analysis showed significant
enrichment of Methanobacterium (19.32%), iron-reducing bacteria such as Geobacter (6.14%) and
Desulfovibrio (17.52%), as well as nitrogen-fixing bacteria like Azoarcus (1.69%) and Azospirillum
(0.43%) during the Fe-AOM process. DNA-SIP analysis found that Azoarcus was significantly
enriched in the heavy fraction of the labeled isotope group, confirming that it fixed isotope nitrogen.
[Conclusion] It is thus hypothesized that the coupling of Fe-AOM with biological nitrogen fixation
was primarily carried out by Methanobacterium which oxidized methane, Geobacter and
Desulfovibrio responsible for the reduction of ferrihydrite, and Azoarcus catalyzing biological
nitrogen fixation. Additionally, the positive correlations of the methane-oxidizing bacterium
Methylocystis with iron-reducing bacteria and nitrogen-fixing bacteria suggested a certain
contribution of Methylocystis to this process. These results provide new insights into understanding
iron-dependent methane oxidation and nitrogen fixation in anaerobic environments.

Keywords: anaerobic methane oxidation; iron reduction; biological nitrogen fixation; high-
throughput sequencing

H e e —Fh B B AR = A, HIRE R0 WEE P LB Be ) R EIRAE, X BRI
BT 28 -34 fFM, IR A W ke Ak HEREEMEM. EEFETRY Y, HIRA
(anaerobic oxidation of methane, AOM){E A IK %A FH ¢ %5 3% 7 18 (anaerobic methanotrophic archaea,
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ANME) 1 it B8 £k i6 Ji 4 14 (sulfate reducing
bacteria, SRB)IFEA- Ak 1 A 2 15 751 IR 480 e 44k
(sulphate-dependent anaerobic methane oxidation,
S-DAMO), {fif5if DU 7 A 1 e 7E 3 A
KRAZHHIE T 90%7), BRuiiRERsl, Hokik
ZIHE T ZRBIE RS AOM #i G, 4R
U AT SRR AT S A
b, AOM 3R 1EkIL i (Fe-AOM) & — A 77 %
FOMAFR R, ik, AOM 5804 A&
(% S uAE YN (05 S E S (B RN T AL /L R
B 2 —m AR T RETE AOM it Fith & 4555
FEAH FZIRMEH . Fe-AOM £ 2 & TR IR
Eh-FGEAZ St LUT ol B S A T RNk I T
e3P, Sivan ZEORIESL AR B T DU
h, BRERIA R . IR . AOM Ay HE b it A
A7, IF Hgab sE{EdE T S-DAMO, 7E—
S R £R B = TR K A DR IA S i, Fe-
AOM W] fig 2 82 I Be R BRas 4211 B T
AR BEHERCR AN, Fe-AOM = A (1 Kk 4 AL
Yy U2 i TR A 1 R AE R A 5C 19 A= 1) b sk
Tl ARl

H: W [#] & (biological nitrogen fixation, BNF)
J2 U ) ) ] 2 20U (NR) i Ji R %2 (NH)
R, A A AR ORI . B TR
T R S AR ge Yy [ B A Ak, W SR AR TR R
AT BNF By — KM 7EREAHREF, AOM
55 BNF & A BT S-DAMO i . 1E1%
S-DAMO e, HEER A A AL I (ANME-2)
HaR 34 Ji 1 (SRB) AL [F] 9K 5l ¥ 1 TR M) Y BNF,
B S-DAMO 5 BNF AU#E4 % 417, Dong %18
R, TRV SR B R A AL . BRI SR AR
IR ATl BNF #2441k ATP fed, Wi/n%E BNF
FARIE S S-DAMO # 4. 5l , Liu %
S BT 7K BNF 5 8 J R HH 90 S A 55 o 7
ROk, [ AU T REAFH FR b S Ak v ]
WVERIEY) . Fe()AE S iy 732 A 0047 18 /U
o Yu FEPUR I, FEBREAE T AR T b Ak
WA LUR SRR, JFEKE) BNF &4, 4R,

MRS A et Fe-AOM #54 BNF (1 B HEIE
P, Kk, Fe-AOM HETRUKZ)) BNF IANTEAE .

H Al Fe-AOM ff 58 K 2 B F R 7012 &1
T AOM MR ALIT R, A ST Fe-
AOM FRICR KALHIM e = i 5T . BREAEAL 2K
FE 4 WAVTEY S b BB T2 AR
BT HREY I Fe-AOM AR £ = 1) 2% 1 F 4
HhRE R, (HiZRE a2 2 LIR s AL Wy [ Rt 7
fif bR E SR H A TE R . BN A AT
R AR IR 2 — . ARE=Z ]
2S5 AOM 1o A5 7= Az (1) RE 1k 11 61 60 W 5% 4%
AT AE AOM B 4 A K 1 il AOM 3 R P
R, ARWFFEIRIE T ESESSE N AOM & 4Ek:
FEWH Fe-AOM %% K2 Fe-AOM 3K 5 BNF HyA]
etk , IFWIAEH /R T Fe-AOM 5 BNF fUFESHL
il o AHIFFT &5 RN TR K & JE Fe-AOM i A=
AEARGNEE AL . 1EY =5 A 5%
INIERS

1 AR5

1.1 EMYFEFE

AOM T B R AR T R il A= WD A ) Fi it
(microbial fuel cell, MFC)*, # AOM i 1: F it
AT E MFC (K 1A, FERSHE I E IR
XUETF, BHEAABEAYIGEN AOM FH, =
MFC ) TAEHAH 7 cmx7 em AYERAGE N 8 cmx
8 cm AY3%E S i (gas diffusion cloth, GDC)fu B 7E 4
B AT SN E A A T A IE S A T
FLH ForaoRE 5 B be 2 i il A 3R, it AOM
KSR o 408 1Y ) — i 38 2 AR A i
A 50 mL HBE (21 99.99%) 1 14 G 4% . R
MFC A9 X%F L # oA 2 emx3 emx1.5 mm £7 2% i,
Z W B H Ok BB . HL AR TS TR (g/L):
KHCO; 0.5, CaCl,*2H,0 0.1, MgSQO,4+7H,0 0.2,
Na,HPO, 8.8, NaH,PO,:2H,0 5.9, &M o
R mL/L) g RO T R (1 mL/L)>,
pH {4 7.0£0.2, #F% MFC 5 22 18 15 HL {3/
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The enrichment and growth of the AOM

culture in a microbial fuel cell. A: Schematic diagram

Figure 1

of a single-chamber MFC device used for enriching
the AOM culture; B: The growth curve of AOM

enrichment culture in MFC and its power generation.

(RS A IR A FD AT ELE RS, %
T AE LM B L[S E #E 0.3 V (vs. SHE), F
37 cCK i E L AL T AT . TR R
70 d HIlH], AOM ®HEHFYIEKRLF, JHEHR
s 1 FLE (8] 1B).
1.2 HiESAERRE

Fe-AOM [ ZAIS 7R R R N AT, FANIR
AU 60 mL B 57 5L (5 FL A 5T 5 VA [0
74 mL T0Z5 it s B SO R AU b iy a2
W 45 min, DAUBA PR IR 55 1F . R4 20 mL
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AOM }: 5%, 8 000 r/min 2.0 10 min W 4E B4
1, FIRSERFRRDER 3 e, EARERN,
SRIG AR FE % B it T 4 Nk
H, fHE AFC., AF. AC F1 SFC (¥ 1), SFC 4
HR) AOM Ki 37 W) 75 25 2 ok i W R KT
(121 °C. 20 min)., JrAZBAH B E T 37 °C.
150 r/min 42 IR P EGEIT . 7RI MK 1Y
ARERZ Y, KRR A 10 mmol/L; FEA N
P Ab A v, FGEEs N 10 mL, RIFETZS
EZS JE A 10 mL CHa, ) N P, 4
40 d B 1539 8 000 r/min &0 10 min 5 FiE
W, DLVERE AT IR, EHTAN R S
k2Lizty. M FEAREAPRICRIES: AOM gt
YRR BE ST o [ R Ebnic S s i I EiRk b
AT, (BTN Ny 23R e PN, (4l
99.99%).,
1.3 oEE
1.3.1 Bt

K FH AE W W8 vk I S kv B, R FH i T
Pl e A AU, B UV-2600 20 ORI
SERP 3mSR €T (5 A FDIEA T R
Kt IG5 I X AU X-ray diffractometer,
XRD) (& 7R 454 o JCER BBk
FAG 5 A a7 2 U1 53 (Elementar 23 &) FH T
SERRFEALR PN R, ISR PN T
Ao, WAKXPIR,

NY% excess=FE i PN i 1 B 4> 5 - 1 5
R\ EERERG (1)

K H = DO CRPER B A R A
ST R E A ALY F B i, PR Rk

&1 SRt

Table 1 Experimental design

Treatment Experimental conditions

group number

AFC AOM culture+Ferrihydrite+CH,

AF AOM culture+Ferrihydrite

AC AOM culture+CH,4

SFC Inactivated AOM culture+Ferrihydrite+CH,
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0 31 G A A R v T RS T LR R
WIF e 3% 3R 25 R DR A0 PN A 0025 S 1R 43
BB, A B R R (R MR Ry
50 mmol/L), Tl %5 & B 0y & B Bk 2%,
200 r/min 75557 10 h, [ &R 208
s, I RE TS s P R AU S P
1.3.2 HAZESH

R FHAE R R 28 5 (cyclic voltammetry, CV) Al
7277 ik v AR 22 15 (differential pulse voltammetry,
DPV)/#Hr AOM E: 7= LAk 2A 16 PR, Cv Al
DPV S #fr e A 25 T ARl (i IR B AU A AT PR
A ity , BARLERUT . B 30 mL R,
22 N, (99.99 %)W H 20 min [REJG, PABEBRAR
(BRCEAE S mm) N TAERM, H1A HH20.5 cmx
0.5 cm) A Hf Bh LR , T A H SR B A S L R
#E47 CV I DPV §34ifi; CV HHliEFI-0.8-0.6 V
(vs. SHE), H#iH %N 0.005 V/s; DPV HiZ
BUEE T . WIRHE R 0.6 V (vs. SHE), H&
HL##H-0.8 V (vs. SHE), VA4 0.005V,
PRI A 0.05 V, BKPFEREEA 0.25 s, FE 5 EIFE R
0.02s, kAN 0.5s, LIFHM CV 1 DPV H
S REW I, HFEEZ 0.22 um 383k T g4k
PG, PR R AE o
1.3.3 FREM R ERZERIRE

I R e 1 TR 7 26 4% R 48 T 4 R (DNA-
based stable isotope probing, DNA-SIP) %% & = il
I, GEEEREIRIL PN, T RE Y
DNA-SIP fyEAL IR . ZEAEARICIRIN R AFC
Z(AFC"N,) FIFRIC Al 37 E AFC 41 (AFC"N,) 5
YAEdnT, $EHUSS4 DNA, ¥ 5 ug DNA 5454k
HES R AT ORI LRTF 18 R 1.714 g/mL B 5
ORI, IR ZE 4.9 mL (98 E BT,
FIH DL 58 2 VTi 90 ¥ +7F 20 °C . 60 000 r/min
AR A AR B0 66 h, #EAT DNA 432 i
FH T 5 28 (Do B 9 O R B 4 A B 2 W) Ak B
24 A~ ZERFR(200 pL) AR 1% 1) DNA-R
et i, JIF AT T8 (Reichert 23 ] Faill
B Z PR . HFEER 2 AR PEG

ULVE DNA, JfH 70% ZBEglifh, 4ifki) DNA
T 30 uL TE ZZ i h o SR A qPCR I 7E 4
JZ DNA W T nifH BH 3, qPCR Jrik
Yu SFPOREIE] o 5 e ) 43 AT 3 2 DNA
2 )Z DNA A5 A T A R
1.3.4 EMEELSEHD

NI o B A RIS R A2, SR
Fast DNA Spin Kit for Soil (MP Biomedicals /2 F])
F& CHE PR 2 DNA. 43 ) it FH 40 o oty 73
16S rRNA 3t [H 5| ¥ 341b4F (5'-CTAYGGRRBG
CWGCAG-3")Fl1 806R (5'-GGACTACNNGGGTA
TCTAAT-3"), nifH 5| %) PolF (5-TGCGAYCCS
AARGCBGACTC-3") fil PolR (5'-ATSGCCATCA
TYTCRCCGGA-3"), Zr5I# 1% 16S rRNA L Fl
nifH 3£, 16S rRNA JEH 3734 7= ) #¢ 1llumina
MiSeq -5 (36 A=) B2 25 BHEA IR 7))
AT e E I . Hlumina I 71520 1) 51 28551
BriE g . HEPHES T HEY 25
Bro ABEFEINT $A5 1 A6 EAE A7 T NCBI Y
SRA % ¥ J& (https://www.ncbi.nlm. nih. gov/), 4=
Y13 H % 5 & PRINA1081667, % 4% My http:/
www. ncbi. nlm. nih. gov/bioproject/1183654. #I] F
R (v4.1.0) # J¥* f4 psych i1 5 #: 4F 4 25 ¥ oC
(operational taxonomic unit, OTU)Z [#]fY Spearman
FOCEREL, MOCRBUERE(R>0.6 H P<0.05)if ik
Gephi H4(v0.9.2) AT MAL Gl A W1 AL A7 N 28

2 HERE5W#

2.1 AOM IEZEFMN SRR KR L FK
R B )

J 7RI AOM i FeY) 25 B 45 Fe-AOM IJj
AE, Wi T A AL BRZE H CH, W FE YRR LA B B 55
R Z Fe(I) AR L, WK 2A Bz, 2t 40d
MG F G, AFC 4IHAE 1(0.59+0.04) mmol/L [
CHy, i AC Hl SFC 411 CH, ¥ & JoH i A2 1k .
XFEUERE IR T, CHaAT AR AOM 5535
AALFIH. TR, AFC 4R AF 4R R H 1) Fe(ID)
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Figure 2 CH,4 consumption by an anaerobic methane-oxidizing culture (A) and the ferrihydrite reduction (B-D)

during three consecutive cycles. Arrows indicate the replacement of the culture medium with fresh medium,

resulting in the accumulation of Fe(II) concentration from a new starting point.

W BETESS 40 KB 4333 hin % (0.25+0.01) mmol/L
F1(0.39+0.03) mmol/L, 1 Jo =915 ¥ SFC 4H
Fe(ID)#e B2 Jo P 2 A8 4k (8] 2B). X% B AOM ¥
FEWIRES IR SK S IR I . FE T e AR Y
THOLT, AF AR T — & B/K 8 i J5 hg
J1, WTREREH FAERE MFC &&= A
MIAM R G YIS AN R R A AL 7Y T Rt
&l 2C. 2D). i ik Se (AR B FE S
PR BV Ay v, T AR S0 i s Do R o 9 3
SEHIAE (K 2D), K, 75 110 KAEF, AFC 4119
Fe(IN#¢£[(0.93+0.05) mmol/L]] i #id T AF 4H
[(0.74+0.01) mmol/L], WEHIH KErE AOM K554
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W JFK AR B R S TR R TR UE
B AOM K FRWITE R A ST T BEE 9K 3] Fe-AOM
JNE o SR, HBEIHFE R 5 LRI P A 2
] /) CHa/Fe(ID) fb2% 1112 L =y T FIS {H 1:8.
BRERERVE R AOM i R P UL HL 3244 oh
T HOR AR T B A AL T 53 CH/Fe
ADfb2FT b el e, XPBR IR R Mk B T T 40
Mro SER R, 4 bR A AT R ER U BE 4 C
W ARk (8 3). 454 AC 2 B et RN #E
AL, AT LLHI TR R Eh 7E Fe-AOM 1 72 /1 JF:
KM T2, FHik, B CHyFe(I)fba
T T RBIR T AR 2, Bl AOM BF#EH AT
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Figure 3 The sulfate concentration change.

REAFTE —LL BRI ER TR, ANk AL TR, X 280
A=yl B S EUE R Fe() b BT84k, AT I
fIKT Fe(ID)RY R E T8,

K XRD HARYEE T IR EE AT (3 110 K)
IR HIR JE= Yast . gl 4 s, AFC 4N
AF PR 7K I8 5 1) 322 225507 (FeCO3).
X 5 He %P MK 0™ 8 5 =4 — 2. W)
B, 3 ™ ks A 4 /D B B BEERET (Fe;O4) 11
W BR 1 [Fes(PO4)2(H2O)s]o 22 K47 A HEJ& Fe(I)
L5 e Al = A A B R AR 25 A i B P A E
Z N, SFC A kES: XRD E 59044 8K g
FAR—FL, F£H SFC AL KR FF AR BA R
X LELE R ANIE ] AOM B354 B4R IR 551k K
B Tfe.

2.2 Fe-AOM HiZRIERIR

5540 RECIES IS, A Pk Sk A6
TERIRE R O A ', AR AOM Ky
FEYITE Fe-AOM 1 2 I R 1. aniEl SA B
7N, AFC AR EEIRE T(1.34+0.03) pmol/L,
il AF 0447 (0.08+0.08) pmol/L, SFC ZH A6
BN ZHEIE Y, 7] Fe-AOM 1 FEH 38 T AOM
R F2 00 B R BTG Pk . AFC 41 . AF 41 fn SFC
2H 1) B4 R B 43 )M (0.58+0.05) . (0.4120.02) Al
(0.10+0.04) mg/L, #E—LAEH] T HBe i s fin 41

+ | *
gl x| AFC

***‘I‘*

%k K

— AF

15 30 45 60 75
20()

Intensity (a.u.)

El4 KST TR~ XRDEE . *: ZHK
W+ WEERET; #. BERRET.

Figure 4 The XRD spectra of the products from
ferrihydrite reduction. *: Siderite; +: Magnetite; #:

Vivianite.

T HA M E X R AOM WY Fe-
AOM S 2R REIK SN T A B A . R4 AF 4l
o DN 5 v P 2 ROV B, L 1 RS A1
It AF 4R & A 0] i R ZORE T & &2 A LY
(U3 (T AAZ R 1 4y, T AR AR R
SUN b

T LI IE AOM 85 35 W1 7F Fe-AOM
R R A Y E AT RE, R RE S T A 1
N, B R FEIEER PNy, TR R AR S
¥, WK 5B s, fEREET 40d )5, AFC+PN,
41 AOM K% 77 9 B AR [6) 4L (% PN =F Ji£ [(0.68+
0.09)% 14 3 & T A 2R3 5% PN [l R 35 5l
(0.37%) (P<0.05), H: "N H/3Ei%(0.32+0.09)%.
AFC+"N, AR [R LAY PN 5 A 2R3FEE PN
[ 275 S AE Y, R HERR T &R 24
RO . AHILZ T, AF+PN, dE R R LR PN
F AL LTS 5 55(0.07£0.02)%, SR TCD
FEF(P>0.05), KU AF WA AT RE D7
KR TEW A . AFC 246 AOM 8 359 # 1A 7]
iy PN B E ST AF 4, IEH AOM K533
YI7E Fe-AOM 33 R PR SEdE4T T A AL
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2.3 AOM KT JRIREFAR KT =47
AOM KiF2 W (R 7K B 38 R 5 HAR ALid
JEUE P A O o A B G IR 2 vk RNy ok o
RZZEME T AOM K 321 1 F AL 8 IR 1
JEEAT T AOM AL 9 B BRIAE SRk A8 . 45 5
El 6A fir7n, 5 40 KW AFC 4 7F 100 mV Fl
-80 mV Ab WAL B — X E AL R (B, ,=10 mV),
DA K AE-330 mV Fl 370 mV &b E A& (E] 6A),
%5 80 KA}, AFC 417 130 mV A1-50 mV 4L
58 B — X S AL I SR (B, ;=40 mV). 1 s L7
(10 mV FI 40 mV)-5 4 ifg {4 2% ¢ (cytochrome c,
cyt ¢) 1 H A5 LV A T (-204 mV vs. SCE)P?, Jf
5 Geobacter soli RGN 2 1Y A A8 JF A 1 3
(=200 mV vs. Ag/AgCDHPY % A ALk R (] fg
A BTSN LR T . 1 T-330 mV 4b
14840 IE 5 NAD/NADH 37 353 (-320 mV
vs. SHE), K el i 7 945 33 77 17) 4y NADH—
eyt c— /KR . AF 1559043 576 180 mV Al
—60 mV (E,,-60 mV)Ab 6 5] 48 Ak 06 Al A g
5 AFC 4HAE 100 mV F1-80 mV AbAYIEAHIT, ¥4
AT BE 2 AR L AL 220G PE D o, H R Tk =
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Figure 6 Redox activity of the AOM culture/supernatant during Fe-AOM. A: CVs for the bacterial suspensions;
B: The filtrated supernatants; C: DPVs of the bacterial suspensions; D: The Ej, value of the AOM culture.
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Figure 7 The contents of soluble organic matter in the supernatants from the AFC (A) and AF (B) treatment

groups on day 110.
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Figure 8 Microbial community structure (A) and co-occurrence network (B) at the genus level based on 16S
rRNA gene sequencing. Red lines indicate a positive correlation, green lines indicate a negative correlation;
Nodes with the same color represent the same class; The size of the node is proportional to the number of
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