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Nitrate-dependent anaerobic ferrous/iron oxidation
microorganism: review on its species, distribution and
characteristics

WANG Ru  ZHENG Ping’ ZHANG Meng ZHAO He-Ping ZHOU Xiao-Xin
(College of Environmental & Resource Sciences, Zhejiang University, Hangzhou, Zhejiang 310013, China)

Abstract: The process of nitrate-dependent anaerobic ferrous/iron oxidation (NAFO) is performed by
specific microorganism, called nitrate-dependent anaerobic ferrous/iron oxidation microorganism
(NAFOM), with nitrate/nitrite as electron acceptor and ferrous/iron as electron donor in anaerobic
conditions. The discovery of NAFO is of great significance for the exploration of new microbial
resources, the development of new denitrification techniques, and the new insight into Fe and N cycle
in geoscience. In this paper, literatures about NAFO in recent decades were reviewed to analysis
phylogeny, distribution, nutrition and metabolism of NAFOM. All the analysis aim at providing basis
for discovering new NAFOM species, researching Fe and N cycle and optimizing NAFO process.
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1996 4F, {# 243 Straub Z57ER T . IR TR
SE TR AR DR U5 21 LU R 565 Sk 32 AR 1 4k
AAL IR, PRz aE R AR B R S BR A
(Nitrate-dependent anaerobic ferrous/iron oxidation,
NAFO); Zdsr@Esife, 345 T AA NAFO fEJI
2B IR, PR Z AN R Hh Y DR AR B AR AL TR
(Nitrate-dependent anaerobic ferrous/iron oxidation
microorganism, NAFOM)!". 7EILJ5 20 4F A2

PRI, XEMAEY) AT AR 2 ES
NIRRT | R I | SRR DURU) B R K

NAFO & BN R K A= i B AR T %
PRAETRYE, o NAFOM R Y L s Fnek . &I
PRAIASURAE TRk RO T ASC T3 20 4F
SCHRARGE ) NAFOM B2k}, MRS R T
T NAFOM HyFPs; M HARAESE R A5 W 7 T
B3R T NAFOM HY43Afi 5 B FRFT KRR ACHHTR
JER T T NAFOM myFite; TR A SR
Gk AIEA PR R T NAFOM FIRFGE R
9% NAFOM By | J3 A FAkErE, 1% NAFO BF
FEHERE, LIS NAFOM BRI IT & | HiERER
ZMAZIEFFFSE NAFO R bt f u

1 NAFOM 2k

PESCHRIRIE , NAFOM J 324340 T 40 A A vy
E, WA 8 RN, 10 ANEE 1), TEANE IR,
NAFOM FZ 01 FARR], AfE oI w44
1R ANE . BATEEAN T 3 AR5 AN K y-rE
JWHEMN 2 2 MR, R+ 14>
BH1ANE. fEHEEH, NAFOM (VU ILGE T
BT AU A AL R AL R -

NAFO #ip £ 2F1k, KK (1.5-2.5) pmx
(0.5-1) um, HF 2K, NAFO & Ferroglobus
placidus strain AEDIT12DO AASKLNER T, FifA
WAL, B4 0.7-1.3 um, BB E, A 1248
HEE®, RIS E TR, NAFOM Al 43
SR DR SR A A IR R (R 1)

2 NAFOM 44

NAFOM [ {25341 15 & iR ER AN AR 1 A
SREN RS,

EASRA T, O i S PR KK R
HUFEJRARE T N B B /D NAFOM HR(E 1), X

Dechloromanos sp. UWNR4 (FJ477303.1)
Azospira sp. A4 (GU358182.1)
Pseudogulbenkiania sp. 2002 (AY609199.2)
Aquabacterium sp. BrG2 (NR024875.1)
Acidovorax sp. BrG1 (JQ782387.2)
Thermomonas sp. BrG3 (NR025578.1)

Citrobacter freundii PXL1 (EF669481.1)

Actinobacteria TM3 (KC540873)

Paracoccus ferrooxidans BDN1 (AY954687.1)

0.05

Ferroglobus placidus AEDII12DO (NR041789)

Bl HERBEREKEUERZLER
Figure 1 Phylogenetic tree of NAFOM
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(8] 25 5.

Note: Serial numbers in brackets are from NCBI; Numbers at the nodes are percentages of bootstrap values based on 1 000 re-samplings; The
scale bar stands for the differences between organisms and sequence; Branch lengths correspond to sequence differences as indicated by the

scale bar.
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&1 NAFOM Fh3, $EREESH
Table 1 The variety and habitats of NAFOM

- 57 eV s I
Ssaeien Electron Electron Oxygen Nutrition Habitat Reference
donor acceptor type type
Paracoccus  ferrooxidans [Fe(IDEDTA]* NO; /NO, I IHFE SLIS AL IR . [9]
strain BDN-1 i 58
Acidovorax  sp.  strain FeCl, NO; /NO, JR4& e 7t ] e B H e TV R IR Ve it [10-11]
BoFeN1 o
Acidovorax sp. strain 2AN  [Fe(I)EDTA]>  NO;~ TR FHFE S E A FHEES R N AS [12-13]
Acidovorax sp. strain BtG1 FeSO4 NO; /NO, /N,O I IHFE TEEVRKIHE . B s [1,14-15]
g
Aquabacterium sp. strain FeSO4 NO; /NO, /N,O I IHFE FEEVRKIHE . B AhE [1,14-15]
BrG2 JIEJé
Pseudogulbenkiania  sp. FeCl, NOs R4, e X E PRSP EA [16-17]
strain 2002 AR BARIK RS
Azospira sp. strain TR1 FeSO4 NO; JR4& EES IMERAGEBE LA 5 [18]
HIREAEE R I
Dechloromonas sp. strain [Fe(IDEDTA]* NO;~ R4, e 5 [ T R B KR TR [10,19]
UWNR4
Acidovorax sp. strain BrG3 FeSO4 NO; /NO, Fes FHFE EEVR KDL . B A yE [1,14-15]
Citrobacter freundii strain FeCl, NO; TRAR, EEi3 B R ST R Y5 KA BT [20]
PXL1
Actinobacteria strain TM3  FeCl, NO; R4, EE 1 ] ) 22 B AR S AR X [21]
JEJETTAA
Ferroglobus placidus FeS NO; JRE& EE B AH Ll 5 i p e MEDT (8]
strain AEDII12DO i
KBS KR A B D, ARSI Je BEf N B Bl NAFOM W #% o Paracoccus
E, BEHE SEIREL A 2L, 4 NAFOM 4= ferrooxidans strain BDN-1 2355 A A Wi B AL AR S

5 HTAETIRAKAEE T, iXJE NAFOM KZ A
£h(<4.5% NaCl), Actinobacteria strain TM3 435
1ot ] ) 2 B A e A8 BRI X Grosse Fuchskuhle ],
TN e 30 TR PR M o TR, UK 2 R (pH
4.5), JERHE FIERR . HEREEQ2 pmol/L)FIEEL
#5(3-40 pmol/L)Y,

ENAESS, CINEFYE IR GG

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

iashs Acidovorax sp. strain 2AN 2385 [ JE 4=
YrekE b s a8 Azospira sp. strain TR1 2385 4
TP R U B IR WS R BT E B
Y64 Rk, SCHRFRGE PR R R B IR Sk Aty
E HA 18k, B Archaeoglobacea ferroglobus placidus
strain. AEDII12DO, ‘B4 TR RA K 1L FET Y
MRS, ORIy 95 °C, pH h 7.0,
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BEM s REEY,
3 NAFOM %i:
3.1 EFFMH

AR T K S, NAFOMBILAES M, A
FENAFOMIE 1 A4k — MR ERE i 5 HEFRNAFOM
I AL AR ML AR RE

MERIE T KT S, NAFOMIBFPES A, A
FENAFOM AR iR S 5 PO al — S AL P B g s i
FENAFOMBRIR) 72, AU4ELIHEE . LB MR
(A DL TR IR E3h . bR MR R

K7/

AT RS, NAFOMA] I FHAsmRE: . I
EFREL SE IO ZUE, DAl FIH— S =N
RIS ZHINAFOMIA Al FIl AL &R . 228 R
RAGFREAHSRIE

#hIrAfESE NAFOM B P A FHHERE L3 2,

NAFOM¥G 2N R EAL B3k, J# DIBUE R
e s S A R R e A R 1, 2R
R REAR A N AFOM 2 1 78 35 2k TR I -
it &0 M B %) A AT B A AR A K T B 4 i 5 4

%2 #4 NAFOM HIBHIF A tEaE
Table 2 Utilization of organics by NAFOM

AHHLY) HHHR Strains

Lizras BrG1 BrG2 BrG3 2AN BDNI BoFeN1 2002
LTRER Acetate + + + NM 4 4 NM
NIRE: Propionate + + - NM + + NM
THREL Butyrate + + - NM NM + NM
SERRREE Malate + + = + NM + NM
FHERRER Citrate + — - 4 - - NM
FEHHZIREY Fumarate + 4 - + NM + NM
BEIAMRER Succinate 4 4 - NM 4+ 4 NM
FfiE2 Methanol NM NM NM NM + NM NM
Z % Ethanol + = = NM NM = NM
1IEAE 1-Propanol + 4 - NM NM 4 NM
% Glucose - - 4 NM + = +
SLBE Fructose - - NM NM 4 - NM
FLB% Lactose NM NM NM NM — NM NM
% 2B Maltose - - + NM NM 3
227 MR Serine = = + NM + NM NM
41452 Histidine NM NM NM NM + NM NM
KITARER Aspartate + = + NM NM NM NM
AABEL Glutamate + - + NM NM NM NM
Hil Glycerinum NM NM NM NM NM - NM

W NM: SCERHPR$E A +: BHEE; - B

Note: NM: Not mentioned; +: Positive; —: Negative.
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B2 NAFOM H#BER A
Figure 2 Scanning electron micrographs of NAFOM

TR AT LA S A5 4 =2 TR 4 B AT, M
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R, NAFOM ] LERANIE R R 3 #
B, HAURIA 2R (1) 385 B i 20 35 1 H e
8, S5Hsh 3 MEIEREHEFRAER, fi 3 ki s
JHuRE, e 3 PrEkreani R TR A A TR 2
3A); (2) PR T, AR,
T AnMRE R 3 MR BEIAIS, 24 3 Mo 25 4 i

A) Modification of surface charge
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epeobbob A
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BERS, 7E PR OB B 3 Mk A sl AU A
Bt 3B); (3) BACAPLEA, 53 M
B RATTESR A, e 3 Mk iiBIP(E 30).
3.2 it

NAFO s B2 i Tl Fe™', HAL RS
[Fe(INEDTA]* . FeCO;. FeCl,. FeS Fl FeSO, %%
HLF3Z 0 NOs I NO, , HAk2#JEAA NaNO; .,
KNO;. NaNO, fl KNO, %,

MG E AL L A (1 4) , NOs /AN, FRI R i L b
H 37 25 H [Fe(OH)3/Fe®] (0.699 V), NO, /N, IH5
THEFL R 07 155 HE [Fe(OH)3/Fe® ] (0.268 V), M HL X 4
BEA, NAFOIIFE N IE M L F1&38, fUEYmT M
NAFO:d 3R HRE AL .

M4 B Js2 i 1 S 1) EEL R B S 3 22 2L TR TR S
FRIAEAR0.267 V, B2 ASM . Wi | il
R 37 R A4 1%0.400, 0.238, 0.210 V., ik
RIS A ELA SR A AR AL, R LRI R
TR 0.152 V, B2 AASM . P | fmifky
R FR A4 1750.019, 0.181, 0.209 V., HLHL
WL AT, BRB RS A R s ) R

B) pH microenvironmen

Nl

reatl
TRl

Ferrous oxidase
Ferrous

Ferric

Proton

Positive charge

[
A
A
4.}.
/ Organic ligand
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B3 NAFOM 3t Fe' HyE B HLE
Figure 3 Fe** transportion mechanism by NAFOM
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=0.5 | Fe(OH),/Fe (-0.433)
—0.4 ‘——HZ/H+(—0414) ::::::::::::::::::_r—_r
_03 LI CHCOOH/CO,(-028D) | )
_op | CHACO, (025D [CIISIZISSTTY HE
S*/SO,2 (~0.224) = < B8
-0.1 | gl g| £| S| |E
2| 2| §| 8| &|£
- o = =
0.0 E—Fe(om),/Fer' (+0.014) ITT | £ HEE R
—~ | 51 =] = = =8
s tol 2| g| §| g| 5| 8| 5|2
& 402 | 2 & 2 =| & g| 5|8
B 21 2| 5| g 8| g &l &
21 &l 2 8 B & 3|=
+03 - [=) =4 S =1 2 -] & P~
g| 2| & & S| 8| /%
+0.4 S| &l 3| 3| T 3| £|1S
— NO,/N,” (+0.431) gl 2| z| | | =| gz
+0.5 e -_‘.:: g % = <=l K1
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5| <
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4 BFHASBEFZEMETRL
Figure 4 Redox potential electron donors and acceptors
2NO,” +10Fe** +24H,0 — 10Fe(OH), + N, +18H"  AG® =—472.72 kJ-mol (1)
2NO,™ +6Fe* +14H,0 — 6Fe(OH), + N, +10H"  AG® =—441.55 kJ -mol )

R4 AL 2= e by 7 B (D) A Q),
NO; /Fe*" (M/M)H1:5, NO, /Fe*" M/M)H1:3,
N 2 R SRR AU RN A FR eI
TZ, f2ERte H kLA, A GER Al
YA

2 3 5 HER5> NAFOM 1 NAFO % %t T3
PEALRE A 9% NAFOM, #haHL T {2t NAFO i
P, B, @i RER (<1 mmol/L), Acidovorax sp.
strain BrG1 [ ARFEALHE R T 4 51 BnE
fR(<0.5 mmol/L), Aquabacterium sp. strain BrG2 {9
WARFAL R RIETE 3 5N VRN 0.5-1.0 mmol/L &
Rl , Acidovorax sp. strain 2AN AJHEL, 2L T T
NAFO Jz i,

A ALY NAFOM T PR HIAL , 2009
4F Weber 242 H T HIEF R, AL
i, HHTE R E—3LR, b NAFOM A K443t
i S BRIR, WARAE 3 R, ARUEM A K
PEALREIR, £ E IRIEMAEIR A A T NAFOM 4=

K M NAFO Witk AP Z 5, NAFOM H
RE R R IRTGRE R, NAFOM A=K 2818, NAFO
TR
4 NAFOM R H
& 7k Qb 38
S5 S5 AL A L, NAFO FI IR H
AN T IHATE T RO, B SBRAMIL, —
Bas Y BRI E SRS o NAFO 1§
S — T R AR S TRk B R B, B TR
BRI FI R . NAFO T.ZAbFaF& w1, HigH
DLSEEG % NAFO /NRARIE . SKBSFALLEAL) T IC
SN # R TH ARG VAR AR, SR FIRLE K i
1T NAFO [, Hfs RAFEK, Faeist g A
O BBy & BRR ar S 45.63%+3.31% I
43.94%+3.55% , 2SR TS R BR300 )
0.159+0.01 kg N/(m’*-d)#1 0.073+0.01 kg N/(m*-d)??],
WA, SFFH AT T 732 RO B AR A a4

4.1
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%3 #B% NAFOM B NAFO &

Table 3 NAFO variety of NAFOM

T e B2 DIZ7R7135:4

R 25 BR Bk FBR

. S E] ) AHLYIAIN
s Nitrate Ferrous o Nitrate Ferrous .
. . . Reaction time Organic added
Species concentration  concentration (d) removal removal (i)
(mmol/L) (mmol/L) (%) (%)
Acidovorax sp. strain BrG1 4.0 10.0 8 50.0 58.0 0.5 Z Rk
Aquabacterium sp. strain BrG2 4.0 10.0 21 100.0 83.0 TeAYLYE N
Dechloromonas ~ sp.  strain o
1.2 SN
UWNR4 4.7 6.1 3 51.1 88.5 LIREh
Acidovorax sp. strain 2AN 5.0 8.0 7 43.8 90.0 1.6 2. 1Rk
Paracoccus ferrooxidans strain 5.0 25.0 93 NM 100.0 | 2
BDN-1
Acidovorax sp. strain BoFeN1 5.0 2.0 6 100.0 100.0 2 2R
Pseudogulbenkiania sp. strain 23 100 4 16.1 245 0.1 Z. itk
2002
Azospira sp. strain TR1 4.0 10.0 18 NM 70.0 TeANLE M
Citrobacter freundii sp. strain 95 34 3 30.0 85.0 AT

PXL1

Note: NM: Not mentioned.

WHZ 51 NAFO X% . Wang %514 HRIE T F9%
RASALIE MG Je B NAFO 1 1EP", Zhang Z5HF5Y
THARPERT, W0 Fe/N .| iR GERER pH 45, XH%
ARG I NAFO 16 R0, Oshiki ZEHF
7T IREABIHEMN NAFO i1k, REEEE
Candidatus brocadia sinica & HEIEFEYIN T 4A
AL R 3.7+1.2 pmol/(g protein-min), XFAHZ AL
JEUH A 1.340.1 pmol/(g proteinmin)®”),

NAFO 1ER—Fgi B K A A , AU
K AFA B 0, HEON ) =M gl v
OB K BRBEZREEN], RIS K R SR . Xt
TREGWIEAK, WAETEIG K MIIEEKE, A
NAFO iR, $RKAWAb A, AR W
E T E
42 HEBHR

WP PoT R G RER, JZAAETIRK.
KBS FHyrh, AR IR IA R 2 5 R ot
BARRT 3245 I ATTFrapi el e A iz
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BRI E YRR A AL A, R
AP B A BT T R . AR K
A s s A BV FIFRR B KA A, 2
PG YRR E B R

SR, B RTE M NAFOM [RFFE 8 ik T2
BB, EAMEF Z FI5E NAFOM 2 5 ke |
RAGFRRIFHISE , A¥ [ NAFOM HAR LR K K
WEERT AR s [ N 258 2 B SRk A & SO fb itk
TR AR ARG, KX NAFOM R A
HLIR RN A& AL S5 AT IR RS £ #A
9, NAFO B HAG E RN FHIE, (A5 TR
A AR K22 . A J5 5T TAE B 3 5 W
NAFO 30wk 14 53 85 i 18 S A= R A RIPRR R A 52
NAFO I BRI S S B A5 AL, NAFO /Ml
BT & S as A T o
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