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Abstract . Instability of high solid-state anaerobic digestion often happened during the long-term operation
of reactor. To investigate underlying methanism of this problem, the characteristics of semi-continuous
anaerobic digestion for rice straw were studied with three organic loading rates ( OLR) in a horizontal
reactor, when being co-inoculated with ruminal contents and anaerobic sludge. The results indicated that
the highest volume biogas production reached 1.04 L/ (L-d) in the reactor. The average CH, productivity
reached 280. 90 mL./g VS with 54.39% CH, volume content at the OLR of 2.26 g/ (L-d), which was up to
80.29% of the theoretical value of rice straw. The highest digestion rates of hemicellulose and cellulose
were 49.71% and 31.25% , respectively. And the cellulase activities were increased obviously in the
horizontal reactor, which was indispensable to the degradation of cellulose. At the OLR of 2.47 ¢/ (L-d),
the average concentration of ammonium nitrogen reached 1 082.63 mg/L. Especially the highest
concentration reached 1 196.37 mg/L after 192 d of operation. It was indicated that the methanogens
suffered different influences from ammonium nitrogen using quantitative real-time PCR ( Q — PCR).
Specifically, the hydrogenotrophic Methanobacteriales was decreased to 1.04 x 10° copies/g from 1.70 x
10” copies/g dominated in the solid residues and CH, productivity was decreased to 256. 54 mL/g for being
inhibited significantly. In contrast, the acetotrophic Methanosarcinales was increased to 9. 44 x 10° copies/g
from 7. 89 x 10° copies/g. At the same time, the average propionate concentration reached 253. 32 mg/L in
the anaerobic reactor. Thus the study revealed the adaptive shifts of underlying methanogenic communities
by ammonium nitrogen inhibition during the high solid-state digestion of rice straw.
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[ 10% 10% ~20% FRT 20% Kkl 5r* o A
WEFEHF & 138 15% fE %) 43 L — AD #1 SS — AD [
R, ERBAAHITETEEREZAE 6% ~8% Z
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Fig. 1 Horizontal reactor
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APLAT T S PR

1 ##M7TE

L1 ##MYS5HFER

F Tt P DR R3O R T b B I I 5 ) 4 IR 4R
S g (TR e R B B R A IR A, D o
By R EICE TR BN S (BRERLED 5
PRSP R AR i b 1 IR G, L3RS &
RO S R RE . RS AE SO°C T4 A48 vh 2= H 4,
400 LU FR P AL TR A 2 AL BB 4, TR ) B 1
Ja ik 20 H G GR A7 A2 SR T R A s . A A
FEAS I T BRI R 1 /R o
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Tab.1 TS, VS and C/N ratio of inocula and rice straw
B B ,'é\‘ﬁiﬁﬁ’i f‘F?yif&ﬁi .
Vg itk o3 K/ %
HENEY 15.15£1.72 12.13 £0.12 12.48 £0.01
R R 13.90 £1.32 6.90 +0.43 7.36 £0.03
TE S 96.91 £0. 21 86.12 +0.21 46.96 £2.17

TR PR P I« AR 2E A M n =3,

1.2 REEEIET

Ry DR AIE [ 2 2E H R T W 38 Ak, AR A
B R 2 e [ 2 S niy 6 8 (B 1) o i HRE SR IR A
2, PRAIE = [ 25 R Bk o 3 2o G R e [ 45 1 il
Gz 8 T S F T WOY BT B A K HER B 2 A
o RS (Ab 5t rp i A s i PR I R 24 W]
) A, 100 mm J5E ) 3% 38 AR B A AT A OR R
A LML — 18 AR i (K BFR R IR 25 A B
2y ] ED FEAT I AR TR E

() LI

2.26.2.47 ¢/(L-d), g REFM R 5 [ R AE (1S +
2) %o 3t Bl PN U5 Bl A K HE VR IR 2 B IR 2. 56
3.05.3. 41 kg, HAFr Bty 72 do BREIA 100 H
TEPIEE A ACH B (R, P ED) P AT [
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FFH5 b BB E, #MA kK S5 HE
0.58: 1RA TR KK, Fm B A, &2d
EF— KB AR, I H Gasboard — 32001 7l 21 4
FR o 0 A (L Uy e i B A BR A A R D) 4y
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1.3 BUIERSH

TE VR ] A 5T S 43 30 (TS) R4 & P [ 4 ot o
SrEC(VS) MR APHA MLE i Jr ik . Wil T
105°C T4 J5 W5 b 100 H i | , 7 VarioEL JCZ 43
HrAY (Elementar, {8 [& ) il & 5 f5 C N H & S &
#,0 LR S miE SE R L H TR R E If
T8 d I 5E — YROERE S Bk R EG . S 440 AR R
A2000i 7 2F 4k 53 Hr AL ( ANKOM , 3 [#) I % , 43 #7 &
T rprp MR PR VR £F 4 (NDF) (R M Uk U 2F 4k ( ADF ) J
R ATEPEAR BT R (ADL) 3% i AR 7E 65°C T 446 T
P 2 T fE G B IS AT Y B A 8 AR .

TH 5 000 r/min .0 15 min, F 8 46 K5 B 5
FAF 5 KRG  VEAs YR B K 3045 % 1 g T 1
FUBEEE L (TVFA/TIC) W 5, B HE A 3 K.
SR P A R e L o Mk KRR R
T 18 VE AL U SAMBUSITT 25" g Jy g 0 &2, o2y
U/mL, fF 2 TR0 A0 B BRI 1 pe # A H% (K
B B L E X 1 ASEEYE S B (U)o B
VEFAs il %2 |/ # [F] 4R B 5 0. 83 g/L 4-H1 3 1% 2 AN
3 mol/L IR & )5 ,4 800 r/min B .0> 10 min; fif 15
LA GC —2010 Plus( 8, HAS) Ml & VFAs ¥
J IR B E S I LIU S 05

oy B i WA FR A28 AT AR, SR FH A s i T
52 TVFA/TIC i i Fi 0. 05 mol/L &2 1 A%
TEVR T 2 2% B VR, 43 i sk € & pH E
5.0 Fl 4.4 B FERR IR & o 4 R 1 A W R T Mk
JE (TVFA) g8 B (TIC) 3520k

7= (M0 x1.66 015 ) x500 (1)

c:%Mm %250 (2)
L V—AKF, 2 30 mL
My, ——pH fH I\ 5.0 % & 2 4.4 Jr #& i iR
& ,mL

M ;. ——pH {HH & 2 5. 0 B IrFE R i , mL

1.4 HREENESE Q- PCR
BB Boak B3 A HE i T DNA $2 1, 32 0P
R4z BB Power soil® DNA 7] & (Mo Bio, F[H ) 151 B
FEE. I 27 d 5 44 5%t R — AR & DNA
47 PCR ¥ 3%  F2)% H :95°C #i 28 44 3 min,95°C 2%

P 30 5,60°C 1B k 30 s,72°C %L 30 s, JGFF 40 UK ; fik
J& T2°CHEffi 10 min, PCR = YJ7E 1% (1) B i BHEE E
KV W H A S pMD19 — T i A % 452, #4
AR AT I B O % . B IRCPH M R DNA | 5%
IR A MER AR WA B R (oM, D) S E
FHEHM oy e B 11N % ik DNA ¥k, i3 4 H
i Y J6E T 45 DL

6 x 104
660B

Ap A—FE W Bk )%
B—I R Bk JE
®2 #WEEQ-PCRIYFIMFBEKE
Tab.2 Primer sequences and fragment sizes of absolute

quantitative Q - PCR

N =

(3)

H b5 B e 519 FIFF(5" -3") kK
JE/bp
ARC787 F. ATTAGATAC
4 CCSBGTAGTCC 273
ARC1059 R: GCCATGCAC
CWCCTCT
MBT857 F.CGWAGGGAA
BT B H GCTGTTAAGT 143
( Methanobacteriales ) MBT1196 R: TACCGTCGT
CCACTCCTT
MSL812 F. GTAAACGAT
BRI H RYTCGCTAGGT
( Methanosarcinales ) MSLI1159 R: GGTCCCCAC 34
AGWGTACC

JRORE % 10 4586 BE B B AR 107 ~ 10° 75 D1 $0/ L
ZA B, LL SYBR Premix Ex Taq' " II ( K % 5 4=
Yy, D) R S 10 WL SRR R, H P IE B
(10 pmol/L) % 0.4 pL BRI 2 wLo &4 HE
TR 3 W, XN F S % STEINMETZ 42" () J5 ik
WE . & Step One PCR {44 B 2 R £ 20, 318
B PCR N Y B {E (Cr) o 57 OB #% DU B0k i
5 CE R E FARMEIT 2R . SR 5 IR B RE S P AR
WG CAE T bR B s 1 0 RO 45 R 4 v [
PAHE il v FR 68 B B 9 DL BOR 3208
1.5 Sitoh

FIH SPSS 19.0 # {2k (IBM, 32 [6 ) ¥ [N % )7 2%
3BT CANOVA) SRy i Wk 2 1 25 5 ,p = 0. 05 Ay 15
K- 5 X 480 L M % 8k B AT B2 I 38 ( Pearson” s)
R0 o T L BE H el g (M) 2

a b

_c _3d_ e

2 8 4 8 4
12a +b +16¢ + 14d +32

X a b e d.e ARG T @A C,H,0N,S, Fhr.

M =22.4x x 1 000
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A R G R B A B B 2a BT R,
BB B ZE 10 ~ 18 d BRI T 1 A%
i, 7€ 208 ~218. 5 L/d 5 Bl N A2 gl . i B e 1R F1
SYRUAE 57.13% ~61.38% Y5 Bl N 53, bl H ke
R TE 32 d B AR B IR MR E 45.26% . M
50 K JF b W Obe iR By BB o E 51.02% ~
55.95% JL A .

x 45 B

T T T T ; T T T T IE T T T
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iz 47 A)/d

(@)
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Fig.2 Dynamic changes of biogas yields and CH,

content, CH, productivities at different OLR

51 Br BRI AEAE 10 ~ 18 d BF 3 B8 1 77 T o U
H (& 2b) , Bl 5 e 7 28 B, 78 32 d (i iE B =
271.85 mL/g,50 d J5 H b = AR fa i, e & T 0

FRRMMEE R T 321,88 mL/g. B BT H bE Yy AR
e a] LR IR SATE AR W i A8 AR i R . B TR A4
LU a1 =TI R A (B 7/ AR R A B - = BN
Vo Ik 22 W S B I o 0 U, R T S R R . TR K 1k
HYiE (CH,05), , HH @A (CH,0,),,
M A Buswell J5 #2717 A4 ¥ S BEE T A 1A
TS5 31 R 50% F1 60% . PRI 2 56 1 B i 7= K
U 1 v BB ) PR e B, T BEORUR T N R BRI
fife o MW TG W T R L TE 32 d B B i R
e 7 R o 28 e A% M\ 50 d JF R, BE & 5 A1 19 K
fif ] S 3 TR, 7 R I R Y 5, e R A
FRERE o

52 BB BiE AL Al 1,89 ¢/ (L-d) $2 15
F2.26 g/(L-d), H kg & B % 7E 53.01% ~
56. 16% Z 0175 5y , 5 A 7K A 7 HR Joc 106 P 34 5, HY e
;AR P E AR 2 7E 280. 90 mL/g, 55 2 53 4% Ff 10 Ak 2R
J& DRAETH AL 17 77 38 (92 ~ 280 mL/g) 41 I, fIL % B
B TR HI E LS R E WL, C N H.S K O
TCE WL B 4 B A 0.85% . 40.10% | 5.94% |
0.07% % 53.03% , T K A RS Cyy s Hop o
O, sNSy os0 TR IS B 2 = 8 Tk 349. 86 mL/g,
A B B H e 7 ek B T BE P Y 80.29%

55 3 BB BEE A LU iR B 2.47 g/ (L-d) , H
BES AL 152 ~ 170 d A B B0 N B, R INE R A
49.25% (&l 2a) , 3 A B B B e i B A B3 E
52.36% . G 2b Fron, BOBE T E O ST B, FE
166 d [ 2 230. 49 mL/g, SR )5 XA B It i, M {E N
256.54 mL/g, 3 DB U AR B W8 5, 40 5
KF| T 0.98.1.01.1.04 L/(L-d) (%£3),

®3 BAREEESTSHRKBEEENL

Tab.3 Changes of operational parameters and hydrolytic activities in the horizontal reactor

BITSH iRl 1o %2 B %3 Bk
BRFEE/(L-d™") 186. 00 £25.96° 191.26 £11.05® 198.24 +11. 52°
e (R B4 4/ % 53.59 £4.12° 54.39 £0. 85" 52.36 =1.34"
KRR/ (L (L-d) ) 0.98 £0. 14° 1.01 0. 06" 1.04 0. 06"
Her®/ (mL-g™") 321.88 +53.21° 280.90 +16. 61" 256.54 +17.54°
A 17.55+0.51° 19.02 0. 23" 21.65 +0.29°

AR/ (mg-L™") 877.74 +46.59°¢
A BWE/ENG /(U mL ™)

T4 EMF/(U-mL™")

91.39 £19.50°
1657. 64 +106.58°

950. 80 +34.63" 1082.63 +57.11°
191.58 +57. 95"

2632. 18 +284.20™

287.09 +57.21°
2165.19 +605.97™

TE R B P B = AR o 7RI CH be) B, BB n =365 B UL B A BB R, S 0 = 9 s /R ARG , S B n =8 [ —

FIRAR LA RN BEEZES (p<0.05),

AR el [ 25 2 PF T i 0™ W el A A L7 T R
fifp e o S, R B AT AL T B 2 AR A A
FUR A AR 7 AR w1 KA ™ R e S D) E TR
AR i, AR T RE RS B IR JH AL, 41 FORSTER-

CARNEIRO 5" 16 3 Ak £ i 2 FE Ik, 42 B 05 5
RURE S 5 T 0 AL 280 e Y e 72 3, Lk, R A2 2
) 25 F 5 B K A R M, R R Ak i BR
BRSNS R A KR K RE AR
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B 52 35 106 14 45 1 4% S B 77 R e s R 4R s 0
2.2 TVFA/TIC Lt {ERK VFAs B4k

VFAs (R ) i R Ak , (H A R A7 A6 1 ik TR
H EBRIREE MO BRG0P T VFAs B X
2% iRk 7 AT DL A oK s o R4 RAPOSO %517
(4 38, PR 48 TR 2R fx B AR A B Y O 2 500 ~
5000 mg/L, g% vh VFAs ¥ B Tt 15 18 J8 9 5% ), {off
pH {H7E /N5 Bl 9 A8 k. th st ml WL, pH {E X iR R
VFAs FLZA — 5 (938 W 1 5 1 TVFA/TIC FEAH %
FH T & 7k R 22 shRE 1, BB S B T iR fL 9 &2 .
ML T 0.4 BF, FRUIA R IR 5 7 B b ik 2
AL R R E M & T 0.8 B, IR R KR AER
(%% S

W 3 fros, ABE S H T 2 4B B, TVEA/TIC
T LAEHR A 0. 11,55 3 Br B LU fE o 0. 16, F W1 )T
BB f T ERE A EJE B N . TR TVFA/TIC Hois af LA
HF45r8r OLR Mm% : tLfEAE 0.3 ~0.4 Z Al &k
FERY ™ O BEROCE s HE(E /D T 0.3 Bk T 0.4 KRB
R ead . N TVFA/TIC SEB K0 di 7 , A iF
255 3 BrBr OLR JfE AN b %, A& S BOH by 2 F B

1 I o
——TVFA/TICLE, — —= ZMRREWRE
o A NRAERE > TREERE
i »I(I | 6000 600 600
02-1\\ | | [so00 Ty [s00% [so0 %
2 f Laooo £ [a00 & [a00 £
S 01K "M/\/\-A'A-ﬁf\ 400 E 400 5 a0 £
E R e Ao 2 ﬂ i
= Ly ﬁmwoo;ﬁ 73005. 7300]%
z %% g% L2000 4= |200 6 [200 4=
ﬁ g€ 8l =
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Y, 3 N
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AT

{3 TVFA/TIC b & VFAs Ji 89k B 1928 4k
Fig.3 Dynamic changes of TVFA/TIC ratio and

VFAs concentrations

ARFFEh VFAs TR T 28 N RA TR .
TR A B 1 B B AT AE VEAs TR
MG, W TR AT R i 2 5Tk 4 K
597.82.218.01.126. 11 mg/L, B ZE 7= B 58 36 4 19
PR 2 MBS VFAs BUZWES, VK BE 4 R
33.44 .188.46 .65.43 meg/L, {HFEE S 3 B A Wl
TR, IR T IR AR, P SR Wk iR 5 T
253.32 mg/L, JuJE M 188 KT U, W JiF 1o 35 42
B, 7E 268.7 ~372 mg/L Z [A] A8 5y

LERM 2" #5047 A ] OLR 4% 14 T 7 e X 5

BRI, OLR Jt 5 2 51 & T B A Ltk , {5 &
b 1B T A AR RE ) I, SEURNE S NADH R B
FiE R, HORE 7 Y R I AR RS B, it
AHRING %" $7  VFAs {9 3 i 1R, LR
FR AT R = H be 2 I i 4R b, ADFIREE 3
B B P IR )RR 2 () 400 T 7 R B 3% M 32 304 o, R e
PR 2 [ BEAY 280.90 mL/g [ & 256. 54 mL/g
(%3),
2.3 BAILRERARERETH

RO AW BB E Y T, i 4% MUSSOLINE
SEP G B HCTE 25 ~ 35 2 [l A I IR A
fbo T B — R A JEORL Bk A R 46,96, & A & K
(1), FEILEY) T B G E 25 . (AR ) g
HNEY 5 R AT A &, 25 R 12,48
7.36, KR I L2 B R B, AT LA 2
R RIEI AR R 4 BTR L3 A B B
WA L 4 B 7E 16.70 ~ 19.95 17.82 ~ 20.15 K%
20.27 ~23.93 Z A2 5, BARWEREFE (p <
0.05) ,H % 4~ 13 B2 52 4= e W 2 IR 00N b i 75 22
i 3 Pearson’ s A OGRS, ik A bE 5 2 00T VR
YIRS (p <0.01) o FAFTEIREELE 3 4B Bml #:
BT e, Y 45 B K 877. 74 950. 80 .1 082. 63 mg/L,
JeILAESE 3 BB B EH B AT 192 d J, A e = VR
KET 1196.37 mg/L, & R 2 A& Wk L TS
S IREMAED AR & B TR 3tk
W G538 N B R T, S 3O A L o A R
BIHWP . X AE R A AL B R R AR
A AT FAE B, AR 3 BB AR
O R R WA M a7 B e B Y R R
1500 mg/L"7 " 15 A 42 260 e JiE 45 Xof g 0 0 A 0
TR B W e B 7 AR AN [R) R e, O A e e T

lﬁ{zs,mo
u] ——maE | mEREE /l\”oo
. B il
218 g #H% H\f N )Hl | 78
ﬁ/\y . }I}HJN/’“ [ g
J- 900 o

ZL Kﬁﬂ\% % ! i =

0 1‘6 3‘2 4‘8 6‘4 8‘0 9‘6 1i2 1‘28 144 léO 1%6 léZ 268
AT R/
P4 /%0 b e 2 U e VR B AL
Fig.4 Changes of C/N ratio and NH, -N concentrations

2.4 WBRASFRKBEETK
WK s Fis,3 AN B il R g R R



573

MR E A T MUK SR B YRR oo 51 2500 1k 55 A s 1 22 AL F T 277

B R 9.89% 8.67% 9. 69% ; £ 4t 2 i & 4y
Byl h 20.88% 17.58% . 19. 44% ; A i 2 i i+
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B AL A A LG, 2 25 4 R 0 R A 32 53 30l Oy 42. 62%
49.71% 43.79% , £F 4t % Wi R %4y 3 g 18.34% |
31.25% 23.99% , VP4 EWEMB LT 4R 5,
P TSR 2 [y BE R AT d5c i 1 B i 6, 5 o e o —
o XL T K i o BTSSR R R AT D S L i B
AR T 0 B R R T R Ak R R
o TR AR A ST I 2R TN e 5 4 B T R A
PRLH A 3 6 1 R SR 41 S M AR 2 0 AR BF SR 4%
By B b R BT 3 LRSS R AR s A T TR RE U
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Fig.5 Dynamic changes of rice straw components

TN ifp T 0 2 AL AT K i R 1 B R B AR AR L AE
PRAGRAETT LR AR 7R RNl 027 4 KX g
3 RN R ROB G 2 TR (p <0.05) 55 3
By BOAH] 1 e R AK 287.09 U/mL 1 £F 4k 3% WA 5F
2 Y EBr A e H 2 632.18 U/mL, 56 3 MMEX A T T
W, IR s 7 4 3R ik R — 2o

ARG FF 25 40 2K | 4F 2 3 90K i 28 R ) 2F 4

F AT B0 S L LIk T K A R A
AMIFTE v 21 £ 4 3R Wil 2 F) T 2% s Hh AT i 4
W, BT A A BT P9 TR LT 4 R RO I R AE TS
YR IC AR SO ALt SAMBUSITI 46 s Ay A
R0 IO U R T T R AP DD BRI L S BT 0k e
AN [R) 20 43 f0 i [ e fige , npfe 7oK ik #2855,
b 25z 2 i 1) 3z A O UG I 1 A e fie 1] s 4 4 T
), [ A A ) 2T 28 2%l 0 K eV D A 27 4 R
it 16 5 R TR SR T o
2.5 AEEXBRAREHENTNL

3 A BHAE v BE R B R /0 ] B 45 R HE AR — B,
Y5 GenBank %4l Fi v & A1 Y B HE ¥ 41 AH L A
100% , 73 5 R FH 3 40 R A e A vl il 42 o b B i
BERPE WK (X) 5 CtE(Y) B EIH D5 fE . Y =
-3.436lgX + 41.072, Yt % % ¥t R® = 0.987;
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K.Y = —3.1351gX +39. 172, Je i€ 24 R® =0.987 3;
Methanobacteriales $2 DI 30 (X) 5 Ct {E (Y) i) [0 )3 )7
Y= -3.472IgX +40.885, e ZH R* =0.987,
Horp X AL 4E VB /wlo TSR 3 A B B
S [ R it v B e R Y 5 DB
i 45  Methanobacterium .
Methanobrevibacter } Methanosphaera %5 Wg & KU H 45
[ i T = R LSO WS [ (1= AN i
Methanosarcinales £, % T Methanosarcina 25 W 4% 5 #
J8 o g AN [ 3 TR R b A AR Ak T A4y
BT ER 8 [H 2 % 7 B B AR I R R Y . R 4 TR,
[ AR it e 5 HY e T 5 DL 08 W AL IBLAESE 2.3
B Bt 22 B A K, Methanobacteriales ¥ U1 Z(4E 3 4> By
B W BRI, 43 9 A 1.20 x 10" (1.70 x 107 1. 04 x
10°%% 1 %i/g, T Methanosarcinales $% Ul % 3% 7 FF
=, R4S 3 B BLEUE R T Methanobacteriales

Methanobacteriales

R4 TEAMERAREHENTH

Tab.4 Changes of methanogens at different stages

¥/ g

H i 1 S T 1B

92 B %3 Bk

K e B

Methanobacteriales

(1.38 £0.31) x10'®
(1.20 +1.46) x10'"

Methanosarcinales (4.24 £1.70) x 10°

(3.62 +2.95) x10'%
(1.70 £2.33) x10%
(7.89 £10.10) x 10°

(3.47 £3.52) x10%
(1.04 £0.49) x10°
(9.44 £7.75) x10°

TR BAE P IE A 2e . ER B n =3, F—A7H AR B4R TR R W25 (p <0.05) .

A~ B B, W b T 2 A O g AL Y
Methanobacteriales , & 7K fiff 7 A5 1) %0 i 1] (%
SCHL T BT YR AR . TERERE R AR AT
A N (S 7 B D L I = -V N
Methanobrevibacter | M L3 &, 58 B /K f# 5 fE
TE IR RE T RE . AT BT K S 117 B e 33 P ) i

2 [26]
o
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M ''®" . Methanobacteriales [ J& & £ 5 FF 4R 4544, 1%
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R B A T B A, R KT AR Y ATP
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