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W OE ONSHMEARIS R TIEAR A, PR TR KR LR A T U IS 3% 2 rh i TR R (MCFAs) (1 R]
itk AT OB/ RN T K, SR FH A A 7K A 75 e -2 100 IR 48 % e -k 2 W ik B 4B 4K (CEE) S I 114 T4
HH & R A B MCFAs, 3 2 25 1 4k 7K 77 45 B2 i) 18] (HR'T) 45 i€ 4 B 2 1o LA IR IR 4805 e i e . 45 SR 20 .
TE MW 135 d (S CE /e, TERERREL N 2:1 AL, Y4k (Phase 1 ~I) (9 HRT Hi 20 d &2 4k =
SdJE, LA CE =Y Clostridium sensu stricto 12 5% A G # B Fl, H AT =E B F = 65.21%, {HE R ™ R R
775 mg:(L-d) s YRR LR & % 301 (Phase IV), 22" % F+ % 1402 mg:(L-d)', MCFAs =¥ £ U] W 42 5 . K
SCHY A (Phase V) RGEH R B 15 IR AR BETR , OB RARIREE E R HF7E 1 400 mg (L-d)', FHAThBERL
EMENEE W E . BREBASTER BN, Wi B4k (RBO) MBI BRA Y G 1 (FAB) Ul KIS 5T
CE & #28Y MCFAs & A ; 740, M F OWE/LRN THCHIEK , 15 U8 & I T 32 5 3 2 R AR 1 3 04 56 s il =F
JE o ARBFSEUESE T 15 8 % 82 & ¥ 7= MCFAs 19 BT AT, I M B 7 3 8 h il W i AR S Th BB AL, T 35 e 9% U
R S%

KHBIR FIRIEUR; PEEMRIIRR; DRERWE; MEEIEK ; TSR EL

FE A T 5000 BT EG5 KA, AEAR RIS K S B 6x10"° m®. TG K &g TG e ik Ab
FE, Hogy1/3 fAa HLTG Ge vl g 58 4 A B AR B (CO,)o T HAY KR 4315 K A5 ML I 28
T M5 P AR B % A T W AR W it (T 7K A B8 K COD T B8 29 &35 Je il 1107 v), AT
BTG KA B 7 e K A R PR ) —— R A5 R R Ay . FIATE Ve A HLY R A R e
R KL = BRI (L2 i v e JEURE T B B R AR R U, A ‘BT BR b 0 28 ik Ak B Ak
B AT FERZY .

JR &I Ak (anaerobic digestion, AD) #f A K& L BB A5 e WIE L) F R E AR Z —B Rini, &%
PR T R T . ARG IR e — SR, IR 1 B IR R R S B R AR 4
CEME S A Rt — 2B 8250, ARk, BTG5 T EWNAMERFE )2 6, K sisig
JE 4% IR R (short-chain fatty acids, SCFAs, C1~C5). SCFAs A it — 464k hy £ Fh i Mt b2 5, &
i BHA: 2021-01-12; RAHHA: 2021-04-25

EEWE: BEARRS¥EESHFETHE (21908144); #1# = E R AA RAE TREIFRIE (2019RS1069); i) B 4 4 21K W F 4F
YA H (2018RS3114); 1 = AL 4R BE HUZ < ARy 2238 R AR5 H (2017 4F 1)
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AR, AWM E CREILNRWMRER ). 540 M & A LA & 85 5 i B2 (medium-chain fatty acids,
MCFAs)? . SCFAs J& 15 IR EIH AL B Bl p= 4 . Zead K g A e #, 5e A dly G A k.
2B BB WAC I AL A B SCFAs, #5ALR ik 25 709%™ 4, A TAE4 AD 7= H hed 72, 158/
IR A& W™ SCFAs 1 T2 (45 B B[R] . B M Bk I 7 it 7 B A5 2 Ak 24 o AR 35

MCFAs JE:H8 i i T80k 6~12 R FI R IR , W38 C W2 (C6). BER (C7), “FIR (C8) A%, fEk
A THB ) Z AT HRERR . B2 ki LG8 %L T7= 6. MCFAs B K% P4
55, Q0 C PR AN SE FRAE IR R A 0K R BEAC 10.82 gL F1 0.68 gL, 5 TOM AR RV H 43 S
M, B4E SE K (chain elongation, CE) f& A ¥ A& il MCFAs ) B 2R i 542 . Z b 2 L SCFAs M
T 2K 2 WL R M T B AR BE AT 6 ) -4 AL (reverse B-oxidation, RBO)F. i 4E3k, FIH
SCFAs 1 MCFAs fBF 5% © i - 3 19 200 3% 5% (pure culture) 7 2 (DL T 55 35 35 K IS W 45 #h B} G AR 14
Clostridium kluyveri) [a] JF Bz 15 7 (open culture) 1K & (LA A 28 K 1 52 bR BLE K 56 A HLE 590 1K
Y SRR A AR Y R R HEE . AGLER 4804 & B pH R g I 76 5.5, R E KA 2B
RBEW (B QW A0 . IRk TR 40 B /D 0 58 B R R A=) 0T ) 7 SCF A [ B i 47 i i 2B £
FEAE K e T 10 o 1 ViF 15 T 7 2 ROV A BUIA R ) 0 2 Il R e P R, PR oRGA I 2 g(Led)
PLUE R Befilh, GE 25UV AE 550 d (14 7% 22 15 5% A ol O iRy R4k 2 & & 3.4 g+(L-d) ' KUCEK %™
) P 8 2 T RTS8 (2 B T B 40 BUN 40%) 72 MCFAs, TEAR4EZF F (pH A 5.2, LA COD A #L
TR 5.8 g(L-d)"), TRRHAERIEFHR K 39 g(Ld)' . B TESE T A NEY, &S
KWW . BRI FLIE R K S R T /S MCFAs B ORISRk, HRT A9 CE #
AR 7= MCFAs 1) 3 B2 J5URH4 o8 HAG 5 COD H. ) A= W i ) 5 AL /K S8 0% 54, i AL T B3 K Ak
BRI Ax 15 U6 7= MCFASs [ R GEF5E AT TRA T IE .

AR F R PR K s o b 3, WSRO AL oy S B, HZH AD i F2 7= MCFAs (17 %4
fik. R mii5 I8 7= MCFAs i I R A 48 1) 15 Jek i (R A 08) S RE 2818 5 2) 15 R IR A kg R
SCFAs # it [ & 7™ B e 5 Bl S5 AL AR A 3)CE fE Ml AL 18 ki <

AT LA 5 7K DR S S RIS Ve B2 R, SR IR & SCFAs WL F 324K . ok i 7 it
i, @R f Ak K I 450 B8 B R (HRT) 5 B 2 be fE 47 6 2R W 9 AE LR A5 2 AR Th g B 5 = SRR
CE AW o [RIEE, R FH Bt FAK A 700 Ak B 4 A £ 0 35 e e e, 00 1T N /K A 200% . 2 55 SCFAss
P 58 RN N TP ] 3 3R VA VR B S5 R R B P IR LAY, DA A R B T S BT e
MCFAs, Jf5THUEY Z R R B R A 50 i — D4R T3 B e SOLE, DU IS e A
BS54 o BRH N (L Ab 27 i 00 5 s 4 s R 1 5 2%

1 #MRl5RE*®
1.1 kud s

THCEE A MCFAs TR 48 K % B9 36 RS I8 B0 1 90 B 4 = 170 e Tl 9 vl L P9 ) B /K IR AR Ak B 3
SR M pH N 7.2, 15KV FY RSB (VSS) N 0.9%., TEYILI (S8 B 41 W 1.2 9) frfii
N T R R . SR RN 2:1 5310 £ FHFEREE SN N 820gL" 5
6.15g L), LW (WERR LR 2:1 5 301 5/ N E W EE 430 15.3 mL-L™"' 5 17.3 mL-L™), B —
S#3.60gL" . AKEEE0.15g L LKBRIREE 020 gL, AL 0.15g L. ZUk&EAkES 020 gL
MEICRIFEW | mL-L' MEITCRE NI R (BIHEW): MK SRR 1.50 g SAL%F 70 mg.
DYk S Ak ER 100 mg. BIAR 6 mg. /K FEALES 190 mg, — /K &AL 2 mg, ANAKEALE 24 mg, K
FHRAN 36 mg, LK 25% Fith R 10 mL.

FHF 7= SCFAs By I A 15 YR B A LT AT XK B fb ) i, Z00d B85 0 46 5 (TR 5
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4000 r'min" Z& 1N B0 iER: 5 min), FRRHIEK 23 B 5 B9 LI OB TS DS R S B R 2 3%,
B RS A BALPE BN 1 BT .

F 1 HEGSKAE RRISIRAERIBLMER

Table 1 Characteristics of waste activated sludge from a municipal wastewater treatment plant

pH TS/(g'L™) VS/(g'L™) COD/(mg-L™) SCOD/(mg-L™) TKN/(mg:L™) TAN/(mg -L™")
6.72+0.05 29.66+0.60 18.63+0.38 21 100+420 346+46 2 560+£94 12.4+1.5

1.2 SR HE

CE X Wi#§ M 5 L ESE N % (continuous *2 AESITAPNRMNRESITEYS
stirred-tank reactor, CSTR). K& H A /2 hf 1Y NER Table 2 Operational conditions of different phases of
(PR AR R 3 L, B R LBk 20% (1 B4 %), bioreactor for chain elongation
WREE | BEREE R A pH 431 30 °C. 200 r-min! 17 HRT/d BEmR L 17l
6.2, JZ BB 4T RIESEBA KB, ELE Phase 20 21 0-20
BAT135d, 4N 5B AM (LE2). H N 10 2:1 21~50
H, Phase 1 ~IV oA YI4LI], JRY o8 N T | 7 > 21 51~90
FRdL; Phase VOySERRW], JRYNTS IR A K PhassNQ > 3¢ 91~120
BF W RN AR IE AT, A 24 h LS mL Rse ¥ : 31 121~135

BE I K RO R (G L) K= (TR, CRMEfR) WRE .

15 V8 IR R e TR ) ) 6 2o A Ay 9T A B IR AR T 2 A B B

1) WAL BREY BE . K575 R A9 pH FH NaOH % ¥ (OH ) i 59 &8 4 2 mol- L) #8 & 11.0, /KB =
90 °C J5 FREe MEAT AL FE 2 h, FRAHIEIR 2 37 °C J5, I HCLE W (H™) FR &4 2 mol-L™") ¥
pH i % 7.0

2) PR BB B . R 4y A 3 IR AATH AL A % (MultiTalent203, 35385 48 5 ) #E47 A, [0
IR 2 LR, BNy TAERBC 1.8 L, B nRINETT 6 & iy ; REEFR R 5:1(L
TS i), R E A 5286 54 0 % Seia AT 1 a BTSRRI AL S 0 i 5 78 R BESE R IT 1R
T A B 404 S, 5 min AR L, IR0 50 mmol- L™ ) 218 Z kil 2 44 (BES) FH T4 il 7= B e oy
R ARG M s A R AR IR (37 £ 1)°C . FEFFE AR 120 rmin ' ABEMFIE] 5 d; IR 5 R R B
W HEATUEIK 53 85 (4 000 romin”' /55 3 2500 5 min), R _LIF W7 SR KE (121°C, 15min) f5, &
T4 C TARBAAETEH . RTINS & OB RE Rt = 301, PRAFRT AL 2 do
1.3 BoatEE

Tl 4> 75 ¢ pH H Y FE28 A5 #fE pH 31 (Mettler-Toledo, i) M5 ; HAAPEALIE bR (135 TS. VS.
COD. TKN. TAN), R HIEFRENE . 7508 R E A B 28 550> 15 min (78 3 250 710 12 000g) )&,
B0 W 2k B (DB IR AL AR 0.45 pm), J3 M7 H: SCOD. £8% . 7K [ 5 Ml SCFAs ¥ B 45, L B FI 4R (i
5300 SR T TECTER] -8 2 L €02 (LA 268 S B R ) B ) N 2% by i k(LA A IALYE B 1 D bR v o))
W 5E . SCFAS(ZTR . NIR. IE TR, ST, IEKIR. SIGHER) i 4L o Ak B SR A A0M 233 12 U
R, BIEE T LR Ab YA RS (U IGE it 3% WETR VA WK FE 5 pH B 28 4.0 LITF), il FBE A K MG B F
AL A4 (FID) #1 DB-FFAP %I 5 4145 41 (1) GC-7890B S AH (4% (&2 4Ee, £ #HTE 00, Wk
Wy 2 % W 7 MCFAs 5256 h (1 JIEY) (2% . SCFAs) 5728 (TR . O /R . FIR) WE R & 07
%5 SCFAs Al .
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14 MEDMBEZHEMIRTE

11217 51 1 Phase I~V (43 51 0 KR 3847 50, 90, 120 1133 d) & HUE B2 2 mL, £ 14000 r-min”'
FEHCT B0 S S min, SR T VRS ARAS 04 TR TEAE L B T80 °C NIRRT, HLRIFTIUE
YRR ZREME AT . TN 1) 1] EZN.A. Soil DNA it #] £ (Omega Bio-Tek, 25 &) 4ih #2
DNA, DNA ¥ B . 4li & Fl 58 % P 23 514 F TBS-380. NanoDrop2000 H1 1% I I HE e H, ik #1746
W5 2) >R JH 338F/806R Fll 524F/958R 51 4% 43 il i A1 40 T IX. V3~V4 Jr BOFI i T/ X VA~V5 1 Beid) 16S
rRNA §" 38 5 3) #F X, PCR ¥ 14 45 B8 W2 2% SCHR [16]; 4) 7= 5 I 5 & ] [llumina MiSeq PE300 *F- 5,
AL R IG RS IS, % 97% MRLEE#E 4T OTU K2, Jf >R ] RDP Classifier WL #5323k (Silva 2040 2
70% ‘& {7 ) #E4T OTU K HHr .
1.5 REFBEDHFGE

7 5 PR 3 B T R 5 1 e IR AR R TRV Sl S ) 6 L MCFAs X i A= ) CE AR S R B 52 . 43
S|4 B S 56 4 3B Phase IV Fll Phase V [ & B, 4T DNA il R & 404, ik SHEY ML
FEPE A M A R . DNA R BiAk £ Covaris M220 #3878 R4, & 48 i 42 5 cleaned reads fi#f Ff MegaHit
(http://github.com/voutcn/megahit) #1724 %& PF % (contig), (X188 H BLEEE K F 300 bp A HEE 7 51 3 A
Ja S PR . AE LR TN B B, i MetaGene #X {4 (http://metagene.cb.k.u-tokoyo.ac.jp) #f 17 F il = [
BZHE (ORFs) FMll , 1< B2 K T 100 bp i) ORF i #4424 K12 J¥ 41 . i ] CD-HIT #44 (http:/www.
bioinformatics.org/cd-hit) X T HY ) 5 K 2H $E AT R 28 00T (95% ¢ 91 — Bk, 90% 78 55 ), 1
MR EF R IFIE AR5 @ JETTR L4, f ] SOAPaligner(http:/soap.genomics.org.
cn) T ERE SR . )5, i BLASTP (v 2.2.28+, http://blast.ncbi.nlm.nih.gov/Blast.cgi), =%
NCBI_NR %4l & 1 KEGG 4 PEXT HiZ AR TU AR B IR F A, 43l AT 43 2 BN D e 1 R o
2 #HR512
2.1 YL EA CE &7 MCFAs BYIE 1T

PEHE RV A5 1 HRT 2 555 UL 94 3 A 0 B RE L MCFAs RG22 — . anl&l 1 s, 22249
FEIATE] (0~90 d), TR, OV fN-Fi s B2 M MAY CE & =Y. L5 A3 (Phase 1), 3 FifR
MR B = R ARG, 2 10~20d e R MBI KBS TERNMLGRE 20d), TR . CBRMFERN
FERE A F] 65, 133 F1 82 mg(L-d) ', #k A Phase II(HRT=10d), Bl Jz W #47T % 21~35d, T R FI
VR 77 R IEARYERF A, 1 C R R BUINMIE T B #E 35~40d, TR RN C IR 1) 77 3R 1) 2 1
K, Hig @ =50 766 #1756 mg-(L-d)™", 1 =F R = KA T Phase | KB B K . 7F 40~50d,
C R 7 AR EEAE 500~750 mg-(L-d)™', {H T fR /™ R & LR K 2 200 mg-(L-d)™", 1 fR = R0 | F 2

1 750 Phase 1| Phase Il Phase Ill Phase IV 2000 Phase || Phase Il Phase [l Phase IV Phase I Phase Il Phase Il Phase IV
A ——
1500 L 3 i EX 1750 F —— IR 100 AN BB & e oo etdiiede
= i 1 9 S 1 500 1Bl [
21250 < 80F ki
e 1250 @ 8
& 1000 [ —
g 1000 S
= K [
W 70 o750} ]
& s | & iZa0t
§ 500 [ S 500}
L 2 g 20 - —— L
250 A 250 /“ ]
gé Nl L 0 L B TN PV 0 N L L L
0
0 10 20 30 40 50 60 70 80 90 100110120 10 20 30 40 50 69 70 80 90 100110120 0 10 20 30 40 50 60 70 80 90 100110120
I il d mEd il
(b) JIEHH FE A (c) JEPIFI %

@ T, SRS
Bl 1 YRR MR K R T

Fig. 1 Performance of chain elongation under varied operational conditions during acclimation period
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265 mg (L-d)'. CEAQHI i 2 ik B Y IER M P RV« T R+LBE MR 5O R+ 5
VRN I F A PE T O™ RN &2k, MHRTH 10d 4 E SdJE, 7 51~60d, TR
O 177 RAR SRR, F IR MR T e, R CE A WA 83 1 K bl %5 1A & OLR 3
Jnig B b, WAE 60~70 d, TR E R 468 mg-(L-d) ! AR [ TFE 1413 mg(L-d)!, BRIk 202%;
— 5, CRRRMAERELE 500 mg-(L-d)" 2247, FERA™ RN 3 TR, B2 % 25 mg(Ld) ',
L% Phase N 53, TR, O\ RSFRAYAHRT d7 b AR5 763X — 7K OF-

JEE ) A FH R R W T A W R AT CE AR A B B B 5% AL 0K o 7E Phase 1, & BRI R Gk #
90% Lk I+, BRI ZR TR, REAURFETE 30% A4, HIRETIHEE T & BETE & B4
B 5 7 F e BRI DA T AR R 4k o R . CH, 5 CO,. 4 HRT 4 % % 10 d(Phase IT), [ H:
H SIS MRk, WG M v, i TAERERES, REURET “HFH
(syntrophic partner)” i IR %8 % [ 40 1 JC 7% B ik 47 2 B — 208 19 A% ## (CH,CH,OH + H,0 —
CH,COO +H' +2H,, AG’=9.7 kJ'mol "), XK Wi% &M LB 5 LW 0 A AR 58 & e T CEMAEY)
PR AE B9 AH X 2 B 5 A M, 78 Phase IT 89 5 2F 8 (35~50'd) k= F+ 231 100%; 1 7E Phase 11T [ Bt ,
AR Ak e el B AR 5 [R) BT T R 5 MCFAs 7= % — 3, 6 CE AWM B #iRE 25, S
TR B R R IEAR TR E TE 90%~100%, I, FE0X BT ] (65~90 d)MCFAs 7= B AKX T T W2 1y
JE DA AT B S AR LU AR, LR 2 TR T S8R CE SR Al T R, i BR ) 1 L R A R 1Y
%}52[17-18]O

MR L E 2 3:1 J5 (Phase IV), #14 (90~100d) T 25 = 2 114 7 & AH 4% T Phase 111 i) ¢ B i 75
b, 10T R RN IF IR B WAL, LA FRAT 3T 100%, T & B A FH 50 R % 2 60% 247, b
WEERERW, WAEYI AR RS VR & 4 O BE/E N T AR IEFT CE Jeny, FoJR PRl R & IR 2 1
e BE IR FF T 5] A R RO U, #E100~120d, T RS2 M 1 074 mg(L-d)” [ % 528 mg-(L-d) ™,
R A 50.8%, 1 R 72 I 1 701 mg-(L-d) "8 2= 1 402 mg(L-d)", ¥HE=F Wk 18.2 mg(L-d)" 1
%200 mg(L-d)'. FEULIHIE], ZEERHREL LT, IFORIFAE 88.1%~92.3%, F W] L FEL iy i 1) B-
AR 42 BT A W CE G B2 AR A MCFAs. 7 SCHRRGE , MEERR HL A 2:1 1F, IR GAR
Clostridium kluyveri A A VB BEEAT CE W i EE =Y TR, BEERR 42 s E 3:1 5
4:1, ARME TR — LA N T, fEi ) B4t R, £ R T AR A R Y
H# NADH, W7EdE LI AL HE ATP, 45 5 mol 25 CE W i Z BT 1 mol Bk &AL Ky 2 12 1)
Z % (5CH,, 0, + 6CH;CH,0H = 5C_,H, .0, + CH,COO™ + H" + 4H,0 + 2H,), It % & e Lt
iR CBEH 2255 TR CE RN IMAERE A, MiiEE T om/m R0, AR, g5
MR R 3: LB N LA R IGA R F] 100%, SR —LE S RILPRBER T, Lo
T % 2 B e 8 o T T 7 A I W S R U, WU R R B, CYBERRHL M 3:1 B E s: 1 nf, RS
MR 7 A S W A R &, (PR B 1 8% B T2 B S A CE A 0 i AR T 2

Sl e B i (total alkyl groups, TAL)., F ¥4k 4% K J& (average chain length, ACL) Y5 CE i B2 ik 5 K
(carbon conversion efficiency, CCE) J& - i3 2 9 7= MCFAs W 245 h5, HITE A= (D)~3) s

TAL = BXCrg) + O X Cam) + (T X Cyp) 1
TAL

ACL = +1 2
Crp+Capm + Cem @)

Crm+Com+Coin
Com+Cum
X Crph TRRIWE, mmolL™; Cou WO MAMKE, mmolL™; Cyyuh ¥ MR E,

mmol-L™"; C, A LBERRE, mmolL™; C, N LFRAYEE, mmol L™,

CCE =

(©))
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(K MCFA 11 7K %5 B 75 R 4 B8 384 i £33 YHBFARETEXETHRERS.
KA, FTLL TAL 5 ACL 5 % B2 'F' MCFAs 1 TR K E S BEE

A B PERE LR M AR L N 3 R, B Table 3 Total alkyl groups, average chain length and carbon
’ conversion efficiency of microbial chain elongation process

] Phase | 24k, HAxizf7 AWM MCFAs (1 7] under different operational conditions during the acclimation

BRI, AUAE Phase I A AT RRAL, H E% period

JRHEAEF TR REAR, MOK. F]RM™ 200 MbsEilmmol L) | FBEKE B
WAE., CCERBLT OBES 425 CEx . Phase | 291.8 6.82 334
B AL C4~C8 R IR AL % . M T 7F Phase  Phase II 543.4 6.83 62.1

I By B Wbt R AR S M A, CCEAXUCA Phase 507 5.63 72.9
33.4%, {H7E Phase 11 £V 8] B¥ 14 & 62.1%~ Phase IV 535.6 6.51 64.8

72.9%, U CE AR A2 1) i R FH 380 R 30 0
CLR e B MR AL 34 5 O R P R AR — 2L, IEW TR R R LA AT CE B E W & i iR -
2.2 CE %47 MCFAs BIiz{T1E R

W 2(a) s, 25 4 (CK) 5 #0081 4b 34 (THALK) (R 4y 75 o IR 48k i IR 1E 5 d e i
F Fa . K I SCFAs 1) fic 28 5 & e B (UL COD 3 ) 23 51l (4 240+157) mg' L' 5 (7 000+240)
mg-L™'o X7 B A0 T Ak BT I g 22 4R 1) 1 BE 5 IOV FH B 0 SCOD mI BH (R #2 7+ SCFAs =3, X I3
WRAT AT MR AT, CK 415 THALK 47598 & B 1) SCFAs AT 452K 8L, E£E N LR,
A 7 5L SCFASs 1 51.0% 5 56.2%, A RRE ., 1ET MR MIE i (& 2(b). Hr, ﬁf}%ﬁ"%/\x&ﬁﬁ
B SCFAs(Z TR . THR) 5 ik ®] 73.3%, FWTGIRIKE LB nT1E MIKY A S MCFAs, $R51EC
iR FN2F 1

gooot T TRALE 100y FoF =
~ EEE)
- ® 80+ R T e
&0 6 000 |- S =T
& i LM
i & 60
;i; 4000 - 5 / /
& é 40}
= 2000 ”
2 200
0 L L L L L 0
0 2 4 6 8 10 CK THALK
) /d AFEIAE BT
(a) SCFAs & 1 (b) SCFAs#H 4>

B2 =HESHRETLEERSRRK S KB SCFAs 1§

Fig.2 Anaerobic fermentation of waste activated sludge for control group and thermal-alkaline pretreatment group

nE 3 i~ , Phase VB B is 17 &5 (HRT=5d, 2L A 3:1) 5 Phase IV B BOOR 15— 2, 4
JIE W i T i) 5 3R SR MO O TS TR R S, TR . C RN R A8 A B D0 0T oKt BRI 2 A
b, HOP 7= 503 10 534, 1380 Al 141 mg:(L-d) ' 53 4h, ZBE5 LR 5 LA A% i 5 Phase
IV BEBf LA AR R, ) FH R A5 45 7F 92.4%~98.2%. Phase V BT Eff9 TAL. ACL FI CCE fil O iR ik B Pk
53535 %) 519.4 mmol'L™' . 6.47 fil 63.3%, 5 Phase IV Wy BEIEASRR T o G, S T5 IR R BRI T AE 7E
HEH B (L COD it, FRim¥kE 946.6 mg-L ™), 24l (L COD I, Bk ¥ 1566.6 mg-L™) K ABALHE
Ji 58 i 75 N (9 DOM(LL COD i1, i fif 3 122.1 mg'L™"). 4K, X%k DOM K50 CE EY &
Ji MCFAs By B o LRI UL, 25 BV & N B A W0 DR A R 1) BT AHE 22 AR PR S A AN QI TG P, ]
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1750 Phase IV Phase V 800 Phase IV Phase V Phase [V Phase V
2 —— L 100} MOt
= 700} e Z%% o pret 0o ot i A
oAl | 5 600 < 80}
- T | & 500 prg
—— E,ﬁf{ i - 60}
¥ | 400 %
A 300 ] 40l
Pogeraerf Fofon, 12 2
sz 200} .
= 20k - 2
, 100F —— LR
I I I I I 1 1 1 1 1 1 O 1 1 1 1 1 1 1 I
090 95 100105110115120125130135 90 95 100105110115120125130135 90 95 100105110115120125130135
A [a]/d H5fal/d fisf ] /d
(@) THR. CR5FR™% (b) JEEPIE (c) IRMIFI R

3 UI{LHEA (PhaseIV) [EISCIGHA (Phase V) %% 25 HA(8] fh 1A A 490k 5 FE 41X 51 R IR

Fig. 3 Performance of chain elongation from the acclimation period to.the test period
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2 2.5%, FAREEBR LA R TS % CE MAEY Clostridium, T Phase V By Bt W IR Y K15 I8 &
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Fig. 4 Genus-level microbial community during different operational phases
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Fig. 6 Metagenomics of microbiomes in Phase IV and V
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Table 4 Key enzymes involved in chain elongation pathways and their abundance in Phase IV and V

I J B

KRG 2R EC EC ThRefiig
Phase IV Phase V
Thiolase TLA 2.3.1.16 Acetyl-CoA C-acyltransferase 1356 5220
Ketoacycl-CoA reductase KCR 1.1.1.36 Acetyl-CoA reductase 536 4902
1.1.1.157 3-hydroxybutyryl-CoA dehydrogenase 19 452 16 412
1.1.1.35 3-hydroxyacyl-CoA dehydrogenase 5686 15354
Hydroxyacyl-CoA dehydratase =~ HCD
2.3.1.16 Acetyl-CoA C-acyltransferase 1356 5220
42.1.17 Enoyl-CoA hydratase 13918 15978
Enoyl-CoA reductase ECR 5.1.2.3 3-hydroxybutyryl-CoA epimerase 666 4922
Thioesterase TES 3.1.2.23 4-hydroxybenzoyl-CoA thioesterase 2 740 1968
6.3.4.14 Biotin carboxylase 21802 12782
Acetyl-CoA carboxylase ACC
6.4.1.2 Acetyl-CoA carboxylase 40616 33 858
Malonyltransferase MAT 2.3.1.39 [acyl-carrier-protein]S-malonyltransferase 15 826 17 026
2.3.1.41 B-ketoacyl-[acyl-carrier-protein] synthase [ 5360 11 046
Ketoacyl-ACP synthase KAS  2.3.1.179 B-Ketoacyl-[acyl-carrier-protein] synthase Il 20000 26892
2.3.1.180 B-ketoacyl-[acyl-carrier-protein] synthase Il 32110 30 154
Ketoacyl-ACP reductase KAR 1.1.1.100 3-oxoacyl-[acyl-carrier-protein] reductase 32462 40 198
Hydroxyacyl-ACP dehydratase =~ HAD 4.2.1.59 3-hydroxyacyl-[acyl-carrier-protein] dehydratase 8812 7 466
1.3.1.9 enoyl-[acyl-carrier-protein] reductase (NADH) 14 468 16 656
Enoyl-ACP reductase EAR

1.3.1.10° enoyl-[acyl-carrier-protein] reductase (NADPH, Si-specified) 1448 6510

2.3.1.180(B-Hi g Mt - Mt 2k 1 1 & MEE ). EC 6.3.4.14(4: ¥ £ ¥R ALEE) & EC 6.4.1.2(Z il A 32
). OB Bl =F B 09 A8 Ak S5 T R ALY J5 UE s BRI i A8k, (HANZU A BT =, #EA
Phase V i BtJ5, MCFAs /= %3¢ A B A DA fnfs S Bl sh o 50 1, CE bR Rk &
N 22 A i AR P e] e AL (] 2L A5 DG B, AR LR B 5 R AR AR XTI . R, RELHE A
SR DI RE O U WA RS TE A, BERE NS 2 E 5 B MCFAs.

i ] B-4A AL 2 (reverse B-oxidation, RBO) Flfig fifi iR & A% (fatty acid biosynthesis, FAB) 24
IRE R R 2 CE it 24 M MCFAs 19 = Z 0 & 2 (LK 7(2)>2", #% T FAB 12, RBO @AM+
B/, HATPEHFER B/, BT RBO BINE 2. ASWF5E o RBO Fl FAB i& 4% FT ¥ K& 1) %
SR XA W AS, HY . RBO 34 4% ¢ £ il 1Y A 32 & 4 65 980(Phase IV) 1 10 630(Phase V), 1fif FAB i 1% ¢ 4
Tt 1), = 5 I3k 3] 192 904(Phase IV) F1 202 588(Phase V), FAB B9 = i 5 T RBO 2 B MCFAs 1 fig
2% H FAB 22 A L, X5 HAN 5P FIF 5y 45 B — 2. 1% T Phase IV, Phase V BG4
‘H RBO #4211 Y TLA. KCR., HCD. ECR [ =F 4RI T 285.0%. 814.6%. 40.9%. 78.9%, X
A TES [t} =F [ (% Ik 28.2%; FAB & 12 W ) MAT., KAS. KAR FI EAR [iff = & 4 5 88 i T 7.6% .
18.5% . 23.8% F 45.6%, 1fii ACC fY i 3 B NI R#AIK 25.3%., L iRg5 LRI, Hal =4 L BB A (1)
J& B2 T BB A R 20 AN FAB %5 A RBO i 12 (WL 7(b)). &¢ L FTik, 78 HoAth % Be 45 4F (HRT. PR
Fo) M AT R , LA B b, fdi & SCFAs 15 & B M B T2 K L o i O TR EE A
FIF A B MCFAs.
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1) 24 HRT i 20 d fLAL = 5 d, BERR LR FFAE 2:1 B, K BEIK R Methanobacterium W) 3 5 BH i
FEA, 1 8 7 MCFASs B Clostridium sensu stricto 12 F JE AL E R, I KEE N 64.89%., K
M, BCAF AR A HERCE TR, UEW3E i HRT J8%% a] 6 575 U8 N 3e 4t ™= B BE TR, iR R e
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RKRAH AL . & W Clostridium sensu stricto 12 FJE T M, (HEILF %0 kB, KRZN
KA AR E M RBO. FBA XEEEHKIH R Fris & £, U R B & —amyirpiline )y, nliEs s
R HE 7 MCFAs.



3356 ok L B ¥ W 5%

& £ X #

[1] MEERBURG F A, BOON N, VAN WINCKEL T, et al. Optimizing enzyme activity[J]. Water Research, 2015, 70(11): 148-157.
retention times in high-rate contact stabilization for maximal recovery of [13] XU J J, HAO J X, GUZMAN J J L, et al. Temperature-phased
organics from wastewater[J]. Environmental Science & Technology, conversion of acid whey waste into medium-chain carboxylic acids via
2016, 50(17): 9781-9790. lactic acid: No external e-donor[J]. Joule, 2018, 2(2): 280-295.

[2]  ALLOUL A, GANIGUE R, SPILLER M, et al. A three-step approach [14] LECC, STUCKEY D C. Colorimetric measurement of carbohydrates in
for the valorization of sewage organics as commodities[J]. biological wastewater treatment systems: A critical evaluation[J]. Water
Environmental Science & Technology, 2018, 52(12): 6729-6742. Research, 2016, 94: 280-287.

[3] ANGENENTLT, USACKJG, XUJ,etal. Integrating electrochemical, [15] LE C C, KUNACHEVA C, STUCKEY D C. "Protein" measurement in
biological, physical, and thermochemical process units to expand the biological wastewater treatment systems: A critical evaluation[J].
applicability of anaerobic digestion[J]. Bioresource Technology, 2018, Environmental Science & Technology, 2016, 50(6): 3074-3081.

247(9): 1085-1094. [16] LU C X, SHEN Y. W, LI C, et al. Redox-active biochar and conductive

[4] CAGNETTA C, COMA M, VLAEMINCK S E, et al. Production of graphite stimulate methanogenic metabolism in anaerobic digestion of
carboxylates from high rate activated sludge through fermentation[J]. waste-activated sludge: Beyond direct interspecies electron transfer[J].
Bioresource Technology, 2016, 217(3): 165-172. Sustainable Chemistry & Engineering, 2020, 8(33): 12626-12636.

[5] ANGENENT L T, RICHTER H, BUCKEL W, et al. Chain elongation [17] LU Y H, LU F, SHAO L M. Alcohol-to-acid ratio and substrate
with reactor microbiomes: open-culture biotechnology to produce concentration affect product structure in chain elongation reactions
biochemicals[J]. Environmental Science & Technology, 2016, 50(6): initiated by unacclimatized inoculum[J]. Bioresource Technology, 2016,
2796-2810. 218: 1140-1150.

[6] AGLER M T, SPIRITO C M, USACK J G, et al. Chain elongation with [18] LONKAR S, FU Z H, HOLTZAPPLE M. Optimum alcohol
reactor microbiomes: Upgrading dilute ethanol to medium-chain concentration for chain elongation in mixed-culture fermentation of
carboxylates[J]. Energy & Environmental Science, 2012, 5(8): 8189- cellulosic  substrate[J]. Biotechnology and Bioengineering, 2016,
8192. 113(12): 2597-2604.

[7]  GE S J, USACK J G, SPIRITO C M, et al. Long-term n-caproic acid [19] STEINBUSCH K J J, HAMELERS H V M, PLUGGE C M, et al.
production from yeast-fermentation beer in an anaerobic bioreactor with Biological formation of caproate and caprylate from acetate: Fuel and
continuous product extraction[J]. Enyironmental Science & Technology, chemical production from low grade biomass[J]. Energy &
2015, 49(13): 8012-8021. Environmental Science, 2011, 4(1): 216-224.

[8] KUCEK L A, XU J J, NGUYEN M, et al. Waste conversion into n- [20] wus L, WEI W, SUN J, et al. Medium-chain fatty acids and long-
caprylate and n-caproate: ‘Resource recovery from wine lees using chain alcohols production from waste activated sludge via two-stage
anaerobic reactor microbiomes and in-line extraction[J]. Frontiers In anaerobic fermentation[J]. Water Research, 2020, 186: 116381.
Microbiology, 2016, 7: 1892. [21] HAN W H, HE P J, SHAO L M, et al. Metabolic interactions of a chain

[9] VASUDEVAN D, RICHTER H, ANGENENT L T. Upgrading dilute elongation microbiome[J]. Applied and Environmental Microbiology,
ethanol from syngas fermentation to n-caproate with reactor 2018, 84(22): 01614-01618.
microbiomes[J]. Bioresource Technology, 2014, 151(9): 378-382. [22] GROOTSCHOLTEN T I, STEINBUSCH K J, HAMELERS H V, et al.

[10] RICHTER H, MOLITOR B, DIENDER M, et al. A narrow pH range High rate heptanoate production from propionate and ethanol using
supports butanol, hexanol, and octanol production from syngas in a chain elongation[J]. Bioresource Technology, 2013, 136: 715-718.
continuous co-culture of Clostridium ljungdahlii and Clostridium [23] GANIGUE R, NAERT P, CANDRY P, et al. Fruity flavors from waste:
kluyveri with in-line product extraction[J]. Frontiers in Microbiology, A novel process to upgrade crude glycerol to ethyl valerate[J].
2016, 7: 1773. Bioresource Technology, 2019, 289: 121574.

[11] LIU C, LUO G, LIU H P, et al. CO as electron donor for efficient [24] CANDRY P, ULCAR B, PETROGNANI C, et al. Ethanol: Propionate
medium chain carboxylate production by chain elongation: Microbial ratio drives product selectivity in odd-chain elongation with Clostridium
and thermodynamic insights[J]. Chemical Engineering Journal, 2020, kluyveri and mixed communities[J]. Bioresource Technology, 2020,
390: 124577. 313:123651.

[12] LIX, CHENY G, ZHAO S, et al. Efficient production of optically pure ~ [25] AGLER M T, SPIRITO C M, USACK J G, et al. Development of a

L-lactic acid from food waste at ambient temperature by regulating key

highly specific and productive process for n-caproic acid production:


http://dx.doi.org/10.1016/j.cej.2020.124577
http://dx.doi.org/10.1016/j.joule.2017.11.008
http://dx.doi.org/10.1016/j.watres.2016.03.008
http://dx.doi.org/10.1016/j.watres.2016.03.008
http://dx.doi.org/10.1016/j.biortech.2016.07.067
http://dx.doi.org/10.1002/bit.26024
http://dx.doi.org/10.1016/j.watres.2020.116381
http://dx.doi.org/10.1016/j.biortech.2013.02.085
http://dx.doi.org/10.1016/j.biortech.2019.121574
http://dx.doi.org/10.1016/j.biortech.2020.123651
http://dx.doi.org/10.1016/j.cej.2020.124577
http://dx.doi.org/10.1016/j.joule.2017.11.008
http://dx.doi.org/10.1016/j.watres.2016.03.008
http://dx.doi.org/10.1016/j.watres.2016.03.008
http://dx.doi.org/10.1016/j.biortech.2016.07.067
http://dx.doi.org/10.1002/bit.26024
http://dx.doi.org/10.1016/j.watres.2020.116381
http://dx.doi.org/10.1016/j.biortech.2013.02.085
http://dx.doi.org/10.1016/j.biortech.2019.121574
http://dx.doi.org/10.1016/j.biortech.2020.123651

5510 SR PR CIRF A TS R RS R R T BE N T TR 3357

Applying lessons from methanogenic microbiomes[J]. Water Science fermentation liquor through physiological, thermodynamic and
and Technology, 2014, 69(1): 62-68. metagenomic investigations[J]. Water Research, 2020, 169: 115218.
[26] SEEDORF H, FRICKE W F, VEITH B, et al. The genome of [28] DE VRIEZE J, REGUEIRO L, PROPS R, et al. Presence does not imply

Clostridium kluyveri, a strict anaerobe with unique metabolic features[J]. activity: DNA and RNA patterns differ in response to salt perturbation

Proceedings of the National Academy of Sciences of the United States in anacrobic digestion[J]. Biotechnology for Biofuels, 2016, 9: 244.

of America, 2008, 105(6): 2128-2133. [29] =9, TRVRL, 22 TLAL, %5, 0T XA RS0 25 1 I P 5w (1
[27] WU S L, SUN J, CHEN X M, et al. Unveiling the mechanisms of ZREPEL]. R EBE R RNE, 2017, 47(5): 462-469.

medium-chain fatty acid production from waste activated sludge alkaline (ﬁ_ ’f:v? é'/% ﬁ’F : %ﬁ‘ )f% )

Conversion of acetate-rich waste activated sludge anaerobic fermentation
liquor into medium-chain fatty acids
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Abstract To determine the feasibility of producing medium-chain fatty acids (MCFAs) from waste activated
sludge in mixed culture, this study firstly optimized bioreactor parameters, i.e. hydraulic retention time (HRT)
and ethanol : acid ratio, to assimilate anaerobes and later adopted the “two-stage fermentation” strategy, in
which alkaline pretreated sludge was subjected to short-term acidogenesis and microbial chain elongation The
results showed that during the 135-day chain elongation (CE) over the long term, with ethanol:acid ratio=2:1,
when HRT was shortened from 20 d to5 d (Phase I ~II), the CE functional microbe, Clostridium sensu
stricto_12, evolved as the dominant genus (relative abundance 65.21%). However, the maximal productivity of
n-caproate was merely 775 mg-(L:d)™'. Subsequently, with ethanol:acid ratio increased to 3:1 (Phase IV), the
productivity of n-caproate boosted to' 1 402 mg-(L-d)”', demonstrating an increased product selectivity towards
MCFAs. In Phase V (test phase), during which the substrate swamped from synthetic ethanol/acetate wastewater
to sludge fermentation liquor (SFL), the n-caproate productivity maintained at 1 400 mg-(L-d)"'. Based on the
metagenomics analysis, both reverse B-oxidation (RBO) and fatty acid biosynthesis (FAB) pathways were
involved in microbial chain elongation for MCFAs production. Moreover, as compared to synthetic
ethanol/acetate wastewater, SFL increased the relative abundance of some key functional enzymes for the RBO
and FAB pathways. The present study provided the practical evidence for continuous production of MCFAs
from waste activated sludge, and more importantly, it elucidated the microbial and ecological mechanisms.
Taken together, it shed a light on the sludge-derived value-added chemicals for its valorization.

Keywords waste activated sludge; medium-chain fatty acids; anaerobic fermentation; chain elongation;
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