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Abstract; Humus is a ubiquitous component in the environment and can be readily isolated from nearly all soils, waters,
and sediments. Humus biodegrades poorly and is formed from the decomposition of plant, animal, and microbial cells in
soils and sediments. The functional groups of humus, which determine the physical and chemical characteristics, vary
depending on the origin and age of the material. An in-depth understanding of the reaction chemistry of humus and the role
played by these compounds in geochemical cycles has been a major scientific focus for over a century. However, the
interactions between these compounds and microbial populations have only recently gained scientific attention. It is now
known that humic substances may play an important role in the anaerobic biodegradation and biotransformation of organic as
well as inorganic compounds. Humus can be utilized by microorganisms as effective electron acceptors for the oxidative
degradation of organic carbon in anaerobic environments. Alternatively, reduced humic substances can be utilized by
microorganisms as electron donors for the assimilation of organic carbon coupled to denitrification. Microbially reduced
humus can act as soluble electron carriers between microorganisms and metal oxides such as Fe(III) oxides, allowing for
the regeneration of humus to the oxidized form. Thus, even sub-stoichiometric concentrations of humus can mediate both
anaerobic substrate oxidation and metal oxide reduction. Additionally, humus can serve as electron shuttles, abiotically
transferring electrons from an external electron donor to priority pollutants, which are susceptible to reductive
transformations ( e. g. , nitroaromatics, azo dyes and polyhalogenated compounds ). These interactions may have a
significant impact on the fate and transport of organic and inorganic environmental pollutants. An understanding of these
interactions may improve strategies for bioremediation of particular pollutants. Likewise, predicting the behavior and

longevity of pollutants within the environment may be better modeled, resulting in improved design strategies for
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bioremediative processes. This paper presented a review on humus respiration which has only recently been recognized as a
novel respiratory pathway for a diverse community of humus-reducing microorganisms. Likewise, the role of humic

substances on the degradation of priority pollutants was discussed in this paper.
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J&3# 5 (Humic substances , HS) & B 3 FHY) X AG A VI FR AR A W) G 0 S AL LA B AR ) & AE S R B
BEATIE RS — KR T HERBREREY, ) ZAET LB TR AUK AR . RIEEAE,HS 3
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AR R B B B AR, OF AT DME o oR o o 7 24K, SRR L IR B UE W B AL, Lovley 5§
(1996) 1 WK & P42 JB 38 J AT B ( Geobacter metallireducens ) B PR 48340 Ji i B o B FCAR ALY , AN RECAR -2, 6-
72 ( Anthraquinone-2 ,6-disulphonate, AQDS) , J&FH JAE RS T AT LME N R ikl 732 (K532 5k B {440 g
HR R, fR b B P, B TE R He 52 4504 SR, T P 76 40 R JE % 338 5 AR o, T2 S R 19 JB - R R e, A
BE , (RER RE & TR BUOR SCREB R M AR, X P AR SIS B iy Fo 9 o W W , LA L o e I T M P T AE )
PR BT B SR B ) 5 B A P T I BEE IR TS (ESR ) AR 4R (NMR) BF ST UESE , J5 7 5% A R 2K 25 A
MR TR AL R I B R R W A FTRR M BRI . HS AR 7ERAFR B P 7S 4 WL L
YRR, 320, i L T 7 T 5 O D B R AT R SRS ) 5 (Fe (TIT) \Min(1V) \Hg (1D) (A EREE \E &R B HLI5 4
W) Z 8 75 24 F AR AR (BT SRR ) L JE X S B AR S 12

JESBE B IR AE TC R W AR M IR A P R v B R X, BRI 5 A LR A fL A A i R
YEfl, 25 Fe Mn S EE TR WAL o o, 5 R WA E 48 AR E A Y T B AL,
BA WG R R AR R BB R RS ™ o A% SOk B R I R B BF 5 0 R AT PRI, AN X —
HENRAERA R RN AEERE
1 BERMREAR

JE& LI P W e — T B PO A W PR R IR AR X, Hl Lovley 5 SR 3, ] iR B, HS Al e
MR A AL REAR , I HAE PR (HA) FREE 4T, R SR (6. metallireducens ) W] " C-FR 18 1) Z BREh
FALR " CO, , WAL NIt e 2 [R5 o X — RN, FE BRI R 55— ANIE g o 36T, BF S 2 B o
B R R A R I 3o AR A7 AR T 3 KRR IS IR IR AR R R A A A R IR
B R E RS R (B 1), BARRR Ny RGN, 5 A J5 58 o 8 e A, (3% 8 7 o i i 7
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BRI A A VLR WEE H, R R AL RELHSE
1.1 JEFE AR R F 2 AR —— R T
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Fig.1 Model of humus respiration mechanism
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BEZHR TR IR . Lovley 2541 F ESR 4047 T IEFERIEJRRTG A B AR K& &, 2R EW, K E
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PR 48 F 5 Hh 5 L I P 538 2R 2 AR 0 R R R, 8 LB ) 2 B AN B 5 R ) S A S I 2% P i P 5 PP
ERMEBERE?H

ARIFP ) EE R AR REBERARER, HREW, HA BAGEHAEYRR, X FEEH T
HA M RIE R AT, BR & B R . Chen 5 HF5X T HS H UK [F] 4 43 X 8§ I A BU EX B ( Shewanella putrefaciens
CN32) Ji5 58 S PP MR A P s i), 45 SRR B, B R R 1 HA 343 LU B S B AR Sk L& W E o BB 25 5
PR R AR T AV

oAb, R B B FZ AR (4 NO; Mn(1IV) \Fe(III) \SO; ™ . CO, ) FIFF1E th £ 5 Wi J6§ 8 R P Rk ok %, g
B A JR S TE R IR R BRI R B ER AR IR SR 7= H e E RIS A AR S R R . BEE AR RIER
FIASTR] , 3 JLARR A 2 1 P I AR R AR AE A WL A R A v ) TRt R R AHR] o Cervantes S8 BFFT R B, 24
FEVURRE 5 HP S N S BR B PRI BRAE ¥ 7 LA, B2k AR DA SRR AL I A B BR 3038 SR 3, T s I 2L R
VB by L FHE AR BT B8 785 PP W AR B BR R A J5 A B S il A VB F A SRR 24 s 7E IR 85 TR s I L BR Bk FLER 1E
Jhy L HEAAR B, T AR AR I A B R R IRRT R BS AL AR R 3, R RRAE S LA, AR B AL A R £
WEREP
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2.1 JERRERRE ) EEMSE

HS FERFERERFE P YRR, ZHUEH TR 28R AN . FEREH (Flin L EBEHE) RAE
O, #ER BT A& LA HS VRl F 2R TR A 4, B L, B 5% 5 A e i AN B8 1) B R B A P2 IR B 4 1 R AT . 7E
RESKMT IR EE MR AR @ R B PRIE AR AERKEERE, QR Z RS & B0 B A K, B
NG R B B AR RIRIR (W Z BE R R ) , i R 4 E R R (BB R ME A F) . HEl
B S R R R R B B AR A B R R B I 4 g 11027 Y AR B AR REFRET, 7B N, CO, IR A SR LMEIE
B SR WA IR o

TEEEMAE HS i8R B SRS 58 ALY AQDS fE N i F 324k, — A E A A HS, FEEH
#&:(1)AQDS iR JFE =4 AHQDS ¥EH 55 N 2R H A, A5 ¥EH, WAl 7E 450nm Ab I 0% (8 > & B A6 5

(2) HS gifb /e 2%, M H B KR R R B 5 8 T #1 BARIEHEEENSEEFEAR
AQDS[Z] . E%E??EEF g,{i J;ﬁ AQDS,{E AQDS #Z:% Table 1  Compositions of media used for enrichment and
é%lﬁjﬂ: HS,AQDS E‘J’fﬂhﬂ:[ﬁ EE.'ﬁZﬂSI _ 184mV, j’i isolation of humus-reducing microorganisms
ZH B4y Compound 4y Content

I WS UL IR (0 F IR, 4600 FUL R (s — o 050t
FLiB 4 HS Wi )R Bk Z 8. T H,AQDS i#  yineral media NH, Cl 0.1~0.5 g/L
AR AN P EAERE , K411 HS Al BEA A K, HPO, 0.02~0.6 g/L
Gyt NARREA , R ILRBIE SR AQDS HY B A — & th fB ik ka 0.1~0.2 ¢/L
JRHS o 538, A SCHRHEH 85 B AQDS Xt n -+ e o et
HMEYAARERTE " MgSO, - TH,O 0,025 ~0.2 /L
2.2 JEFETRICJRHE R SR RN acetate 2 ~5 mmol/L

4 B0 JE AT B ( Geobacter metallireducens ) 12 Hx Electron donor lactate 2 ~5 mmol/L
SERBMEHTERE . W20 g 90 EfLFs  BTER ” e
Lok, ZHEUEARR AQDS WARBTZAMAE oo e
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B B4 38 JEL B (4N Deinococcus radiodurans )™ | 5 22 i1 Ji 49 40 {8 B¢ 9 2% 38 JEL B ( 40 Pantoea agglomerans
SP1) 1 JLFMBR A JE 4 B ( 40 Desulfovibrio G11) , % B M 4 B (4N Propionibacterium freudenreichii ) L J% W& i
B, — R B B A AR T A B A LIS, BN 2% (VC) 2 (DCE) (B AR v i ik
IR HST HRTE R HS BIRE L% 2,

®2 BERZEEHE

Table 2 Humus-reducing microorganisms

T TR R

Humus-reducing microorganisms

LA

Electron donor

M3k

Electron acceptor

Hftor 7324k

Other electron acceptors

HiFFE Geobacter bacteria
Geobacter metallireducens'®!
Geobacter sp. JW-31%2]
Geobacter sp. TC-4[32]

Geobacter humireducens'®
Geobacter sulfurreducens'®)

AR W AR R Desulfitobacteria
Desulfitobacterium dehalogenans'
Desulfitobacterium PCE1[%]
Desulfitobacterium chlororespirans Co23!
Desulfitobacterium SDB-1[32]
Desulfitobacterium FD-1032]

Zw BLIGH Shewanella

Shewanella alga'®’

Shewanella cinica D14" 3]

Shewanella putrefaciens DK
Shewanella sacchrophila'®)

KEEYNT Fermenting bacteria

Propionibacterium freudenreichii
[36]

33]

17]

[36]

Enterococcus cecorum

Lactococcus lactis'*%)

7= H e Methanogenic bacteria

Methanobacterium palustre F'?']

Methanobacterium thermoautotrophicum!'®!

Methanococcus thermolithitrophicus "}

Methanococcus voltaei' ™)
Methanolobus vulcani PL-12/M10)
Methanosarcina barkeri MS[°)

Methanosphaera cuniculi'*®!

Methanospirillum hungatei'**)

FEHE Thermophilic bacteria

Archaeoglobus fulgidus'?"

Methanopyrus kandleri'?'!

Pyrobaculum islandicum!?"!

Pyrococcus furiosus'?'}
[27]
]

[27]

Pyrodictium abyssi
Thermococcus celer'®’

Thermotoga maritima

ZHEH,

LR HIRFLER L BE H,
7’

R

R

FLELH,

FLELH,

B

LR R LBE BRIAR
LR R BRIARR

FLER H,
7L

7L

L

LR R
b
Gk

H, 5 EE

H,

AQDS.HA . HS
AQDS HA
AQDS HA
AQDS HA
AQDS HA

AQDS HA
AQDS HA
AQDS HA
AQDS
AQDS

AQDS.HS
AQDS
AQDS
AQDS

AQDS HA
HA
HA

AQDS
AQDS.HS
AQDS HA
AQDS
AQDS
AQDS
AQDS HA
AQDS HA

AQDS.HS
AQDS.HS
AQDS.HS
AQDS.HS
AQDS.HS
AQDS.HS
AQDS.HS

BAALY) BRI
PR Mn(1V)
PR Mn(1V)
Fe(1II)

Fe(1II)

Se(VI)

Se(VI)

Se(VI) JFe(1II) Mn(IV)
PR Mn (1V)

ND

Fe(1II)
BREY
ND
Fe(1III)

KD
Fe(11I)
Fe(1I1)

BE A
BE A
BE A
By
By
By
BE A

By
By
By
By
BE A
BE A
BELY

Z. PR Acetate; R Propionic acid; 3,FR Lactic acid; Z B Ethanol; 32318 Succinic acid; % % %% Glucose; 57 PN F# Isopropanol ; £k & 1L %) Iron
oxides ; FP Rk Ferric citrate ; JK4kH" Ferrihydrate

7 B e 2 o A0 R A LA o S M AN S R At R B T L R P R A T R — i oty S OB R R T
TR X PR B P IOE AE 40 B A R P A BT R AR B AR . A B AR T3 IR R B 2 T 9 T iR
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REJ, A B B 1 AR W) B E AL AT RE SR 25 T TR SRS P IR BE 7 , 4503 R I IO L A A 3 355 O HL B P IR IR 3B AR
B BEETIRNRA G SH E LR FIE R
3 BERMRERNESERX

T HE 0 S L SR R WA s P AR, IR — M B M i TR B R, BAEENAESY
BN BMEZEMET (1) BHBEREAFFEF LAY LR B 720K, EES 5 AR T NBRET S
o WEARIE , 7ER LW K TR S UOKTURY B SR IR RSB0 T 80% LA LA HLERE 1L, HTTik i i
AR BR-ER PP I B RR ER PP 1 7™ R eV S H B PRI 7 K B A (2) SR B R AT A D M T FRAE, SE M AL
B R ITR A YR 2GR, LR A DI RY (S @AY S MET E RIS Y S E ARG SF)
R IR o TR IR A 39 Fe(1ID) , Mo (IV) S WIS HYnE JEALE Q& 2 B , BAAad 78 0 - 58 ik
B T JE LS P R A P R R AG R T A s v %5 4 1S, HIS 18 2 s T80l i, 38 285 0 J L (5 R
ABREEI]) SOKs i 11518 25 4 R A AL W 5URT S8 SRR BILTS G W) , ) i o0 Ji 285 F G o S Ak B AL ST X, 4k
11 ST A 32 L T B AR i R, SR B AL 2, B (e BE P Bt Pl DA R I B B fR A %

Fe(I1I), Mn (IV)
O, + HyO PSR RE SR
Oxidized humus Reducible organic pollutants
RS SHL R B "
- Humus-reducing microorganisms
HFHECI0), / AT Fe(I1), Mn (11
Electrol donor Reduced humus BIREBBWIG R

Reduced organic pollutants

B2 R A S Fe(1I) ,Mn(1IV) , A HLI5 Jeik JEHLHI 2

Fig.2 Model for mechanism by which humus respiration stimulate Fe(111) , Mn(IV) and organic pollutant reduction'?

3.1 JEFEARFIR AR R AEER

HS A B ARG w5 LSRRG, (B E BRI AR A LRI (b, fEREIREE P HS WA
WP TS BN FAEBLBE, 74 €O, 363 B2 T L AQDS Jy ey F-HEfR K FEMRN . Bradley %
(1998) WHFE T S B9 LA HA PR e 74, X 1,2- 8 24 (DCE) fE 4 (VC) IR A AR, Sk
FA"C ARic i, il DCE 1 VC wh C [ 251, 4525 BR R B RIBTA ™ CO, 7= A= , 7 B 38 1o S 2 VP R A
DCE 1 VC fEZE &84 €O,

]

®3  BEEFFERT TR P TR R R

Table 3 Reaction of electon donor degradation in the humus respiration process

o, FfitiA& (CH,0) , [ f# 2% Degradation reaction S 2% 3k Reference
7. acetate CH,COOH + 4H,0 + 4AQDS — 4AHDS + 2HCO; + H, (8]
FLM lactate C,HO; + 2H,0 + 2AQDS — CH,COOH +2AH,QDS + HCO; + HV + [9]
Hi 9 toluene C,Hy + 21H,0 + 18AQDS — 18AH,QDS + 7HCO; + 7H, [38]

JE& BRI R W o A rh AR IR IR S HS T LA Dy B A, 2 5 RS AL VE R A A= i &, DA T 32 0 3 10 AR
Yo L3P R RAERS . BB E (G metallireducens ) LA K Wi FhAHBREL I SR A B Geothrix fermentans Fl
Wolinella succinogenes §E LA J& % J5t W W 7= A2 i) AHQDS JhyH b A, IR R aEER Eh, R M= NO, + 2H' +
4AHQDS — 4AQDS + 2H,0 +NH, ., LA 4HHE Paracoccus denitrificans F1 Pseudomonas denitrificans 13, 584 J&
BRI AE A P A2 1 AHQDS 84k, iR JE RS BRER , AR B N, , )Wk :2NO; + 2H' + SAHQDS — 5AQDS +
6H,0 +N,"™,
4.2 JEFETFFRXS Fe (1IT) i& JR {2 #E/E

JEFE BTN Fe (1ID) #R 2 HIRAGIRY) b KREFEMY T, REFFEEH Fe (TID) FF I i8-8 £ B 2412
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RS 10220 R, Fe (T VR B T3 44, RS AR, B 2 DAEV B AL B0 A7, Wi LR S Ak
72 A ) E 1 13 Bk R 2R T A AR R A A2 B, R T R AR R SR B B PR A TR o VA AR TS
BE R B 3 L T SR AL Fe (TID) 38 JBL, 76 X — WL, JE 7 JR 00 Rl R AL 22 TR, 5 ¥ T AL 44 HIS i
R, B OA JF A B B ER , SR i TR A SR K HE R, SRR fh 2 AL B , AT E A
T—5AE3 . HS 1Rk H M At 2 [ B TR IR, B 2SR MO PR, ZE MR AU B R Bt e B
WBEER 2 G, 7E R SHA R ISR HA, BB B AT KA FLIREE (S, Putrefaciens CN32) i
Fe(III) (30 % 20 AT H Fe (111 2388, TR HA X BIA R 9 Fe (1) JLP-BA WA,

BT TSR, TR AT LAE 52 4% WL SRAR 2E Fe (TID) AR 938 S, ZE RS HLA P, JE 58 A
Fe(III) 5% Fe(I1) JE BUAHM M4 &4 . HH, Fe(1ID)-HS 445 YA R F Fe(IID) B UAEY R, 1= KWW
AW R ;T Fe(IT) -HS 4559 R] ARRSA PR E ) Fe (11 YRBE, 24 Fe(IID) $2HET 2 ()38 AL A 5 LR, Fe
(1) -HS %&-& YA R FREARNFES Fe(ID) UREE 3N Fe (II1) 3R R A1 23K 3 J . HS FIERTE LM% &)
TERIEJE 1 FE R B — 5 ™
3.3 JBERIFIRAZHE Cr(VI) Fl U(VI) BJR

BFFE R, JE BRI IR BB AT HE Cr(VI) 1 U (VL) J iR 1S, 18 WA FLEC B (S, putrefaciens
CN32) i J§ Cr( VI) ik & s im A HS, BEBT B N3& Cr( VI) ji8 JFd R, 28h BiA 50% i Cr( VD) Bk R,
Tt i R 10% # Cr( VI) gk i

Gu Z5HF5E T B0 o A 03 SR R B0 , 225 SR B HIS A REKE U (V) B2k 38 J i SRR 53 10
1%, T LA BFR T Ca F1 Ni x4l BB/ . RErp  HS AT BEFE A B T S MR AR 13 A Ay A 2 1] g
TR R B HS S4TE AT & , 3l v e v , AT 38 25 Al 0 S e i mT R R
3.4 BB PERAR A LTS e B B

HS ] DAE g R 48 5F 83 P MR WP I i e 2 v T 32 4k, AL B HLIS e . Bradley B 562 B HS RER A A
IRBEAR 57594 VC .DCE , HA BB {23 T VC.DCE [# k" . BliJg XA DI R, W p-F . F
AT DA o 8 58 R P A4 PR B o T AR i, B R Bkl €O,

HS 38 7] LA S ZE A My A LIS e 2 (A o TR A6 25 (R HE B Ak SRS F LS A L2 k15
P R ERE A R Zee ZERFTE R, 7E A UASB(THRIR EI5 IR R N 2% ) AL TR 18 A YK
KIS RE R INA B AQDS, 7T LB B s (8 Akt RR2 8 U A9 ITZY,0. 24mmol/L () AQDS Jt Al i it 2
I 6 45, AQDS i BEAR A FLIK 1 Shewanella cinica D14" XHE B S B KLL B R . AQDS #
HA 1N FEERIK, 38 BRI R EH Clostridium sp. EDB2 [ =R 325 RSk (RDX) 21 b4, A SCikdR
18 HA BE 9 .45 S M E IV 2 3595 2 (PAHSs ) FOSEE 0, AT AR Mycobacterium sp. JLS %f PAHs [ [ fi#
R

B2 BRI A A B AR A T S, AR U M BRSO M BR AL SR FF , T LR
3ot 7 A B S S OB L R RE BB 2 R A DL B AL 75 428 I IR, TR ) Fe M A % B — 269
B 4B ITE (10 Se Cr.U) [y My BR LA IR , AR HEA WIS e AR I 75
4 HREZ

B R P R A 8 e A O A R A ) MR A 2 AR R S B AR (R A, L5 YRR R P B8 18 R 46 1A 1] A
% AT I H TR R R LI 5 8BRS B — i B o AR R S MR N T A (1) HRT, XTI
B R AE FR BB ST , DA R B 58 R P R S M 3 B Pk RS TG K OB 30, (R HE 3R B5 7 B BRI O BT 9838 R FR.
FEAEBEIKF b, U0y AT 7K Vb 388 7 JE B R R R A JR , 452 280 P 7 R o DR i 2R % ok PP R e 14 o T4 038
BAR MR SE R O A VR I H T3 S R R ARSI R M E AR 2 — . (2) B HFOR R Bl R A B 5
Yo B RIF IR R B XS4 K B S FE T SR B R — /NI 4y, 30 7 B 4k 5 A B 885 rh 40 B 80 A A S
JRIE SR , S FRE E EIS Ye ) A R AR A AR 6 S SRR S E R IR . (3) B R, X T A R R AR
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TSR LT BT TS RIS o ¥ 50 FE8 L R P MR B IS L, 46 1) 2 FE L R P IR AR BB A LTS e M < B 3 7
T FIBT ST, BLRR NS TR OB o (4) R P I BEAS R Wi U BR T 2R (A0 &L Bk AR FOTE R, Jnfaf A
ABRREEMRE N K, TR R RAETTR A YR F IR b M DTS, RFEZ ¥R S 5B R
PR B R o
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