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Sustainability of Soil Humic Substances as Extracellular Electron Shuttle in
Different Types of Land Use

YU Hong', FAN Ping®, TAN Wenbing', ZHANG Ying'"

1.State Environmental Protection Key Laboratory of Simulation and Control of Groundwater Pollution, Chinese Research Academy of
Environmental Sciences, Beijing 100012, China
2.College of Environmental and Chemical Engineering, Nanchang University, Nanchang 330031, China

Abstract: The redox-active functional groups of soil humic substances ( HS) can continuously transfer electrons from microorganisms to
oxygen in continuous anoxic and aerobic alternations. Therefore, HS is essential for regulating the methane cycle in the temporary anoxic
system. Land-use types could affect the electron transferability of soil HS. However, it remains unclear whether the land-use types would
affect the sustainability of HS as the extracellular electron shuttle. In this study, we combined the cycle test of microbial reduction and
oxygen re-oxidation to evaluate the response of soil humic acid (HA) and fulvic acid (FA) sustainability as the extracellular electron
shuttle to different types of land use. The results showed that HS sustainability as the extracellular electron shuttle did not differ
significantly between Shewanella oneidensis MR-1 and Shewanella putrefaciens 200 microbial systems, although significant differences could
be observed among the land-use types of paddy (ST), grapevine (PT), and myrica rubra ( YM ). The HA sustainability as an
extracellular electronic shuttle in ST, PT, and YM was 75.9%, 80.5% and 72.1%, respectively. The FA sustainability as an
extracellular electronic shuttle was 58.2%, 62.2% and 62. 9%, respectively. These results might be due to different types of land use,
resulting in different soil HS composition, decomposition, and transformation processes, and different dynamic processes driven by
microbial electron donor carbon sources. Our results showed that the sustainability of soil HS as an extracellular electronic shuttle was
significantly different among the different types of land use, and HA sustainability as an extracellular electronic shuttle was obviously

greater than that of FA. Therefore, the degradation and transformation of soil pollutants could be achieved by improving the environmental
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control measures to form HA.
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- S8 A R P A AR A O B AR 3 e 1 e 1]
P EB ARG, = A N &
B LR AT, AEDRASRAE T Vi A 5 AR SOR R 1 T
B IR T BE 23 #5320 [ IR S B A 00 W 1 7 A 1) H
TR IR AR R SRS R A v BOK T RS
) JE 3 v P T 5 A R E A LA S T P g
VA LA G5 T P i 24 A 4 i )L R RS A JS 3 I B
GRS Gt /3 R el D o 2 N |
DA B A 8] R A R 221 Fe () A E L
YA Fe (1) EAbda Byt -*0" , W6 Ak Pk I
Fe( ) it /2 b 70 24l F 2R R IR f 11 b4, 38
JEUJE B4 JBS 58 034 T LUK L - 55 88 31 4 25 B S TE L
Tyt MR LA A R AL XA TS
&5 7 1 HA EE R L.

24 - AL T [A] BCPE B IR B, S A TR A A
Py R 5 1) P 52 AR 2 % HLAth 2R g L 52 4R 1) 38 i
TR 0 < cce: 1111 KRG B 131 I w4 w1 /@
WS IRBE T, Bl P D %) 5 I 2 e AR R I 4
A, DT 5208 o A I 252 [ M R e 1 - 49 B 35 v
FEY LT SZ AR RE T, 33 A HA R o FL 32 AR 348 S
YRL g, R FE T T 2R R AR D) e O AR Rk
i, L HAG —@ < e, HATiR DA Whoe v Je 1 4%
J 5 0 L T SR MR AR T RE R RE T, B - 49 5 i 1Y
HL IR PREE 0. G S A M8 5 T 1 e - 2R M e D A
X 4 [ P e SR A5 1 2 5 P BB 8 PR R AR B 1 B
FEME XXTREAIL - CH, A1 N,0 %8 = SR HE L
B2+ mEAER Y.

R ZRTA R Z W A2 s AL 2= iR R 5
AR B AL PEER R RS b IEIA T R e
ZHLF AL B b EA AR SR A ] s ) SR
e BB AN SR 3 A 2 B b A B i AR AR AT
T R S A YA B Z T H B, R
A2 B H A 25 14340 J T 1 5 AN BB L 512 s ke - 39
JRAE R AN F SRR AR I R SE AR ). Ak, b A B
= iR O 25 e i s A= 7S 2R 48 R SR A WL AN
IS B G ) A A A A A1 2 T 5 i - 8 B 5 A4
FEARZFZER 200 R I, R TR A - b A R A s A
Jr A% 4 G AE B TR R e ) & AR ORGY
Mg 21 R X - 9 B AR N M Ah R T SRR A
MIRFLERE S R 2 AT NI AE. St o ik
A A b 387 26 ] R A% A el 1) £ 398 3 3 ol A 0 348 i

VRS BT AU 0 0 B ) 400 3 0 A 0 L ST 7 1 )
WPE G A BRSBTS (] 4 i A 7 CF
A R R M A B T 2R AR AR 1 R L e ) Y
Wil PRI 2R, LA A R B g - 98 6 5 o ) SR AR I 5
SEAT NS A MUBRAE A SR = SR it 2 2 ]
B 6 R PR HEHB AR .
1 #etER*®
1.1 A5 I BN

ST XA T VLT3 H N i stk Al + 38 s i 3
H(31°33'N~31°34'N 119°59'E~120°01'E) , -5 fh
MK ARG R4 A 55 12 DX b A b S0 A b 1) TR
T A I R A DX, S Y B . AR
Pz B AR D SERRTER. AEBRIESN 15.8
CAEYFEKE R 1 092 mm, 24 H IS BHECN
1 940 h. X3 A3 1= 22 g d A RN 21498, a3
TR RUR R RE AL S R B AL
1.2 SR Al S5 A AR S B
1.2.1  HEREACREE

2013 4 8 HAEMFFE X 1t £ 43 A 1 AR H 2L A
FEE 0 7K A Hb | 6 2 el A Az A el Y 48 3 A b R
FH 2 it A B4 45 48 B T A7 A T 22 5. A
F A I 3 AR, RERZE (0~20
em) T8 A IERE S RS ST RPSEA TR VR g, 25 bR
Hr YR RERIA S5, R A4 . IR
Fihl 1.

F1 R HROEBHER

Table 1 Properties of the soil used in the experiment

AR AR R o AR
M (g/ke) (g/kg) kL BrRL  FRRL
TKFE 10.7 1.2 8.9 6.2 36 35 30
% bl 20. 1 1.3 160 59 42 32 26
b 24.8 1.6 157 6.4 38 29 33

1.2.2  HEREFE R A HE R Ak S5 i o %

- S8 FE B o ) B HURN 24k « AR R ] s S B o A 2
ARV AL P 4 B 8 I 4 o ) ORR ( HA) Tl
HRR(FA) . W5 2, B AEBUGR 5 40 5 i Lt il
10:1, 85 (0. 1 mol/L NaOH 7K F1 0. 1 mol/L
Na,P,0, M 1: HEA Y ) AL H A IAE 5. B 07 WA
FEARSWIE FBEIE T 25 C T HUEES) 24 h. 5
AFESEE S HLE 3 YR, 6 mol/L HC1 4 H2 B % 1k



57 1] A LA AR MR DT U S T o A T SR A B R SR E 1 2 1739

Z pH J9 1,8R)5 5 000 r/min T B0 320U, 42 B I
FRLC 22 53 5 A HA (DUHE ) A1 FA (3880 MR 5. K
HA EJF4E 0. 1 mol/L HCI F1 0. 3 mol/L HF i
PABR 07 Wy 2 BOT BT B2 58 T 90268, K FA
W BRI XAD-8 &tk - fo G 1 1% J30 VRl 3 P 2
SRR,

JEBE R L E s HA R0 FA TR 3 5 5%
Tk, FH 0. 1 mol/L. NaOH ¥V # 7 pH % 8, fff HA
I FA FE40F G 0.1 mol/L HCl VR IESY pH &
6,1 0.45 wm £ 48 5 8 B U8, 0 )m M B 2 100
mg/L SRR B HLER R R, 25 .

1.2.3  SAuskid I A U SR IR

KPS ERAA R R Shewanella oneidensis MR-1
(S. oneidensis MR-1) 5 Shewanella putrefaciens 200
(S. putrefaciens 200) , ¥ 4l Fp g A= P Fh 2 100 mL
AR P B 37 B (R ZE R 10 g/L, BERER 5 /L,
NaCl 10 g/L,pH=7.2) H, B F 25 CIR G R RE 7
12 h, 135 10° cells/mL (TR TBHEE
1.3 JEFHBUE A M AP T SR AR RO BF S 40 1

AR O AR 2 T SR AR R A 5. R
Sk kR B A W) (S oneidensis MR-1 1§,
S. putrefaciens 200) Xt J& FE BT W (40 mL) #EATHEFp
JA 5 mmol /L {8 FLIR SAVABAE A W AR ) ) Bk 5 2 T
PLERE IR, FEA N, PRIFIREVIRAS, 25 C ki B 57
FEHEFR 24~ 36 h J5 0 E B B 5 A R A 3 D 7
BARD IR BUE 75 (S BUA M 5 mL, AR 5 mL
5 mmol/L IR RRRER I ( (Fe (1) Cit) ) KZI 12 h
PAFE ST A AC TR 5 , 3t 8 A1 AR SE 2 bk ) s
TR A Y Fe (1) 25 68, AATITA5 HH R 5 B 1) 565 1
URAGERJE] I I A ) 3 Jir 2 . 1) ) 4% J8 L o s i
FEA R0, , LNEH A A AR Wk I B TR e o
SRIGE S 1 U BR J) ) 1 Wy 3 i s A 5 20
% DN SE JE ST 55 2 UR A B4 J S A 0 380 i 5 e
i MRRIAE B J7 5 I 7 T8 98I0 A 55 3 ORI B & 300 1l 2
Yyide I 4 . AZ TS R T BB A Bl A e A
R FAEHTFHELRES (EDC) 26 3 IR 558 1 IRIEIA A
1 EDC 19 FE AR AT T 0PAR 8 A S M A h F - 2 4R
PRAFFEERE S (ESC) SR (1) .

EDC

Reds

ESC =

x 100% (1)

Red;

A ESC AT A M 5ok T 5 b 55
31,9 EDCyyy EDC 5 IR 1Y 55 3 WK O 3F
JEN 9835 4 B, mamol/mol ( B4 i ¢ 40P -
)

1.4 BT P4 T T Hr

966 TE R F %€ 9% )6 B 11 ( Hitachi F-7000 Y|
HAz (D) AR 2w ) #4700 . R OGIRA 150
W ARAIAT , R3S 48 /L o 700 V, {E e tE> 110,
FAHEH 2 12 000 nm/min , B4K 1R 524004 Bk
HEGE YN 10 nm , Wi N B (B] 38 o0 A 8l SOk DK
(A JEFEIN 200 ~ 450 nm, #&K 5 nm; & HF K
(A, ) TEFE R 280 ~550 nm, ¥ HN 5 nm. =45
HIE AT KT 23 B & R A A DOMFluor T 24
) MATLAB R2100a #4700, BIAR P 45 5
VR IR UL SCERT 29 7. X T3 A= W IR 404 )5 1) HA
HFA FERAE R, 5 WS AT 20 (10 000 r/min) PA2S
BRI E Y, IE R TR 4B (Multi N/C 2100
T B RS AT AR AR A F]) W E TOC VB, I8y
B RS TOC e BE—EAIE DL B AR AZ HA B
FA VB 5200 SR 5 B T 9O 6 AT
2 ZREITE
2.1 HHEEH T TR A e AR U id -0, A

AT ER T 91 v (0 38 SRR AT

ZWFSE I8 A i 4 BT+ HA R FA 7E 3 A
S. oneidensis MR-1/S. putrefaciens 200 JK 4 if J5-0, &
FEAEFR I EDC BB (RRHE Sk 43 B 1 J8 5 o A
AN IR AR SRR T 25 RN 1 IR, A
BT LR R HA B FA, & 1 T4
A 1 7E A DG B JE 0] v 24 e B AR ) A AR PR LA | /48
15 1K 48 h IR A s i TG RE ) B
FARE TSR O, XA JFE AR ETER 1 AL
Je HoH FHE LG RE T SRR B SR I SRR LRSS 2
USRS 3 WA W IR 4R -0, S8 AR A 20 8 38 vp
3 TR IR BE, B 3 HA A1 FA 23U E S
HFZR(Fe () Cit) Z MR F] T B F BRI 1E
H, B EREA —E RFELPE. HA FFA [T
ERARTIRE S 0 L R AR 2R, DA IR A
PR ZSAH 2 F Tt 1 T8 FECIR S T O, T RS
PR JUIAH S F r it A IR S (LB 1 () ). Fo
HL 2850 Z2 IR FE RO 22 5 o K St i i e ik A
PR A K, 522500, HA Fil FA 458 208 A
b2 I TS AE B 45 e B 25 AR

AR ARG HA FFA A9 TAE4A e J1 kG
B A J 300 2 2 M AR AT Py a2, AP HA L FA FE
TR DI AE 2 220 T R . SR A B
FEHH PP L TR R ) I R/ T B Rt
HL T M FLRR E 10 F B R Xk T B A
TEER T I8 5 191 B R sE LR SR , DMRIERUE e



1740 ®ok ®o% B % %34 %
- ? é
i EEAC
EECEEACH+EDC X
' E OH
Q 5 R'ﬁj{\‘—g Ry
i : R R
_D Ly 'EDC Tom
EDC i ; D
(a) HA/FARI - FHEA R EERAEMIER T (b) HA/FAR L FEEA RE I E TR R T
Fo - R AR R P AR A Fo - R AR P AR A
?Eﬁ MR-1+N; (0)3 MR-1+N, O, MR-1+N, N>
50} R SD 50 F
i --49--PT
=40} e M = 4o}
=} S “ =}
% 30k '7: ,’i\ “‘\ =y % 30
£ CAN A g
£ N PN £
Q 201 L "0 Q 20
a g W ; a
8 E i 5
10f R B 10F | @ e .
il
Ok L I 0k L
Original Red 1 Ox 1 Red 2 Red 3 Original ~ Red 1 Ox 1 Red 2 Ox 2 Red 3
SR JEIEER R FAE JEIEFR
(c) FA+S. oneidensis MR-14& R F ) B8 F 45 ik o (d) FA+TER R P HFHA A
?Eﬁ MR-1+N; (0)3 MR-1+N, Oy MR-1+N; ?E%‘. N» 0, N, 0, Ny
50 --@--SD 50
--4---PT -
S 40 e S 40
g g
3 3
g 30 £ 30
£ % : £
2 20 g kY A R 20
8 "\ ,:":' ' 8 -
10 3 kS 10
0 1 1 0 1
Original Red 1 Ox 1 Red 2 Ox 2 Red 3 Original ~ Red 1 Ox 1 Red 2 Ox 2 Red 3
EAE SEAE R EAE JFAE 2
(e) HA+S. oneidensis MR-14K 2 T [ L4 A (f) HA+TGH &R T 746
0O, 200+N, 0, 200+N, 0, 200+N, 0,
50| -@---5D 50
»e PT .
= ; ~YM .-
S 40 Py _ 40
= R )
=} A E
S TaY i
9) “ “‘:: é g B
821 5% Y ; e
i 3 a R e 8 o
104 Ry 0 v
0k 1 1 0
Original Red 1 Ox 1 Red 2 Ox 2 Red 3 Original ~ Red 1 Ox 1 Red 2 Ox 2 Red 3
EAE JFAE 2 EAE SEAE 2R
(2) FA+S. putrefaciens 20044 2 F I B FHE4 S 1 (h) HA+S. putrefaciens 2004k 2 T i1 L 45 B

L EAC HHLFHEZEE S EEC L FHERS . SD PT Al YM 435I A /K Rt %5 bl Rz bel. Original R W0 H0IRAS
Red 1.Red 2 Fil Red 3 43512845 1 Y55 2 RIS 3 UGB SR, Ox 1 Rl Ox 2 43 BIFRER 1 IRFIER 2 &AL,
MR-1+N, .200+N, #I N, 43313275 S. oneidensis MR-1.S. putrefaciens 200 FITLHAZR. FId.

E1 HAFAEREMSTEERTHEFHREENBER-FREFFHNEL
Fig.1 The change of HA/FA electron donating capacity under microbial and sterile system with anaerobic-aerobic cycles

I AR A R A R UL R B E e R A KT HA M FA 1RO BT R AR IR S BE T AR
WIEJE HA R FA (B FHE32 887 (EAC) , AT hrst FRDAY AL T RER B ) A L T 32 BB B9 AN FE B A



557 8 A LA AR MR DT U S T o A T SR A B R SR E 1 2 1741

IR JE 3] P R A 7 A B S e 3, 3k mT AR 2 HA AN
FA VER i FEER IR I D RE HAT nTRR SR, RN g 4
J HL PR LA BE 1 5 H 452 B8 1 1A R P S 9
B AT SRS R A B R AT K BT b 2 9. Kliipfel
Al 2y % B0 HA F FA MR 99 R 48058 5 31 0,
FHT AR SRR AR R A & A T R ARk, H
R — R U E IR Bl R R 5k 0, FOH AL S 1Y
HA Fl FA (8 AR LA A R RE 22 (8] 22 SR K
Py rp e — AR A VS LN, B HA T FA 193
P R ARG et R — > th LR ER BK Sl 1 sl 2 .

R FEAE A TR AR -0, 480 Ak 14 1 26 ] 3]
HXF HA Fil FA $2406 )5 3517 = 49086k i, %
FHAT 740 sk U0 HA™ R FA iy 4 47
A (LI 2) 443 €1 C2 Fi C3 2R Bl
R E HRALSY, C4 WREAYE. HT b 4 498
JEA AT A B R A R A2 B 4L 4 (C1.C2
M1 C3) UL E o L, 45 R 3 fis. A
B3 0 LG, BRARAS BIRE S AN, R 40 5 1 HA
N FA AR J5UE BE 5 i 70 506 96 8 0 b
K AL, R Y IR R IR G HA Al FA
(14 B (AR 405 B BB B 1 300 10 32 4 522 32 W R R A
8 T R AR TR R RE T B AR AL TE G i T i S 3L

450

Cl

400

350

Ap/nm

300

250

200
450

400

350

Ap/nm

300

250

200

1l 1l 1l 1] 1]
300 350 400 450 500
AEm/mm

B2 L1 FA RFITEFONEEHR 4 NRNAAS

Fig.2 Parallel factor analysis identified four independent fluorescence components of FA in soil
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Table 2 Comparison of electron donating capacity of HA and FA after anaerobic reduction in microbial system
S. oneidensis MR-1 {f £ S. putrefaciens 200 & &
F A EDCo,/
F= ( mmol/mol ) EDC,.q/ EDC,.o/ EDC,.;3/ EDC,..,/ EDC,.po/ EDC,..3/
( mmol/mol ) ( mmol/mol ) ('mmol/mol ) (‘mmol/mol ) (mmol/mol ) ('mmol/mol )
SD 12.5£0. 62" 30. 1=1. 50 26.2x1.31% 22.6x1. 13" 28. 1x1. 40° 25.4x1.27 21.5=1.08°
HA  PT 13. 620. 68™ 31 1£1. 56" 26.5+1. 33" 24.6+1.23" 29.9+1. 49" 24.7x1.23 24.5£1.23"
YM 15.2+0. 76* 29.5+1.48° 24.1+1.20°¢ 21.3+1. 06" 29.0+1. 45°¢ 23.5+1.17¢ 20.9+1. 04
SD 4.92+0. 25" 33.1z1. 66" 28.8x1. 44" 20. 1x1. 00° 32.7x1. 64° 26.5%1. 33 18.20.911
FA PT 10. 1x0. 50¢ 46. 0+2. 30° 33.2+1. 66" 28.9+1. 44* 44.7+2, 23 33.1+1. 66" 27.5+1.37*
YM 6.42+0. 32° 46.2+2, 31° 36.4+1. 82* 30.3+1.51° 42.3+2, 12 29.8+1.49" 25.5+1.28%

E: EDCgy \EDC gy \EDC, o F1 EDC, . ZMIFR/RHILG B 1 UCGEIE 5 2 UGR ISR 3 YA I i T HE 25 B8 1 ; AN Rl/NE 581 3R7R HA F FA

I P2 RE 22 5 .35 (P<0. 05).
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Table 3 Comparison of the relative changes of HA and FA electron donating capabilities after

anaerobic reduction in different microbial systems

- HF S. oneidensis MR-1 1K % S. putrefaciens 200 1K %

YN EDC, . /EDCy,,  EDC,,;,/EDC, ESC/% EDC,.y /EDCg,,  EDC,.;,/EDC, ESC/%

SD 2.41° 0. 87¢ 75.1° 2.25° 0.91° 76. 7%

HA PT 2.29¢ 0. 85° 79. 0 2.20° 0. 83" 82.1°
YM 1.94¢ 0. 82° 72.1% 1.91¢ 0.81° 72.1°

SD 6.73" 0.87° 60.7" 6. 65" 0.81° 55.7¢

FA PT 4.56" 0.72" 62. 8" 4.43b 0. 74 61.5¢
YM 7.20° 0.79> 65.5" 6.59* 0.714 60. 3%

T AREVNEFRERIR HA FIFA B R T EE BE AR AL 06 22 52 .35 (P<0. 05) .
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