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Abstract To address the limited power generation efficiency of microbial fuel cells (MFCs) caused by insufficient
electron transfer in the non-electroactive engineered strain Escherichia coli DHS5a, the key gene dld—encoding lactate
dehydrogenase in the pyruvate metabolic pathway—was targeted to examine how its knockout regulates MFC performance.
A specific sgRNA targeting dld was designed using NCBI and ChopChop, and the recombinant vector pEcgRNA Adld was
constructed. With E. coli DH5a genomic DNA as template, upstream and downstream homologous arms were amplified by
PCR, and a complete homologous donor DNA was assembled via Overlap PCR. The recombinant vector pEcgRNA Adld,
the pEcCas plasmid, and the donor DNA were then co transformed into DH5a competent cells. Using the A Red

recombination system, homologous recombination was mediated to achieve precise knockout of dld, yielding the mutant
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strain DH5a Adld. A single chamber MFC was subsequently constructed. Open circuit voltage (OCV) was continuously

monitored with an electrochemical workstation, and statistical analysis was performed using SPSS Statistics 25.0. Bacterial

growth curves were also determined to exclude potential effects of growth variation on electricity generation. The results

indicated that dld knockout did not significantly affect the basic growth metabolism of DH5a. The average peak OCV of the
MFC with DH5a Adld reached 0.5104 V, which was 35.9% higher than that of the wild type strain (0.3756 V), and the

difference between the two groups was highly significant (P<0.001). It is inferred that knocking out dld blocks lactate

synthesis, promotes intracellular NAD (P) H accumulation, and thereby enhances electron transfer efficiency. By

successfully conferring electricity-generating capability to a non-electroactive microorganism, the above results presents a

novel approach for MFC strain engineering and establishes a theoretical and experimental basis for developing low cost,

high stability MFC systems.

Keywords microbial fuel cell; Escherichia coli DH5a; dld gene; pyruvate metabolism; NAD(P)H accumulation
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5 (GI8ODP, & '] BUM AL 4% ) 5 PCR 1% (€1000, BIO-
RAD) ; i B4 U 1 L AL (Sorvall Legend Micro 21R,
FERCHRBHE ) IR IR G2 IR (L-ST20, Jb o 2424
PR ) B TAER (SW-CJ-1CU, FRg4E A ) ; 2241
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J7 ¥ 0648 “CRISPR/Cas9” , H I 4 “knock-out” , 1
dr Bk sgRNA 741, 76 sgRNA (14 3 1 23K
DL pEcgRNA 2 14 % 22 . [5) V5 #4 2t . 7E sgRNA 2
BT B R F 500 bp 2847 43 BB F 5 1 9
g g W R T 51 )E N B R R (T E)
UUE-3
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Tab. 1 Relevant primers used in the experiment

SIMEFR JEH 51 UV K e Top T_{fi/C
dld -UP 5"-tagtCCGCCGTCATATTCTGGCTAACT-3' 97 64.06
dld -DN 5"-aaacAGTTAGCCAGAATATGACGGCGG-3’ 63.85

dld HA1-UP 5"-TTTCAGGCGGCTTAATTC-3"’ 500 51.70
dld HA1-DN 5"-ATACTCTGCCATCCGTAATTTTTTTCCACTCCTTGTGGTG-3’ 68.07
dld HA2-UP 5"-CACCACAAGGAGTGGAAAAAAATTACGGATGGCAGAGTAT-3' 68.07
dld HA2-DN 5"-ATCGCTCGGAATGAACAA-3’ 500 52.93

1.4 pEcgRNA-Adld B LA AR R IGE

) 7 2 M Ak pEcgRNA AR . A ST ) S AR
F, 017 pEcgRNA Uk (FUH W EE =Btk Bsa 1 FR
il NI L 10x Bsa 1 Y] 2% il S8 4K 6
MARZRE T 37 CEE 25 min LLSE BB B, Bl 5
T 70 “CH 10 min K 3 B 35 M, A LML
pEcgRNA A4 . P FH 1% Byt R M 56 152 i Tk % g 1)
P T Ay S IEUTRE IR 2000 bp H bR A EL .

g 33 3 3 31F pEcgRNA-Adld B 40 2% 44 < % 2l 4k
J 2K pEcgRNA #8044 1R K f5 19 BUEE DNA R
B T4 DNA % FE il K 10x T4 3% 32 2% th il 78 0 1R 2]
JE BT 16 CHEIEME 1 h, 3K pEcgRNA-Adld 4
AR R IR R % T AR L = R
DHS5 o JB 32 A5 20 il , B0 5 52 70 R R A S0 T A T
MW R A LB B AR 75 1,37 CEl &5 12 h
DA 3 BH P B A V. PR ECPH M BT %, DL S 1 CX-
pEcgRNA (5'-CAGGTATCCGGTAAGC-3" ) Fl dld-DN
(5'-AGTTAGCCAGAATATGACGGCGG-3" ) #F 47 I
7% PCR B UE , T34 Fr B2 24 500 bp. #4565 UF 1E
P PR T KIEFRIFA6 2 M, W3 45 5 1F 6 1) B ik
F-20 CIRAFEH .
1.5 FEIRBE#ME DNA B E R IGIE

PLR 7 FT 7 DHSoc K2 20 DNA A AR , 43 50 (i
FHWI X S5 14 (HAL . dld HA1-UP/dld HA1-DNj;
HA2:dld HA2-UP/dld HA2-DN) #£47 PCR Y 15 , 3545

H r [ 58 - B HAL F1 HA2. 2 I 1R 2 A1 7 2%
Taqplus PCR MasterMix 54 DNA & #21i7K , PCR 2
FF A0 R 2 94 “C TS 1 3 ming B 5 34T 30 S 1E R
(94 CAEM:30 5,55 ‘CiR & 305,72 "CHEAH 30 5) ; fx
J5 72 ‘CLFEA 10 min. PCR 7M1 28 1% B G A 5 e
HL YK 43 5, YTELZ 500 bp A9 B A5 4547 2847 [ 4
b, 520 Al B HAT MTHA2 Bt .

PLafifb 5 (9 HAL FTHA2 BN IR SR, %
B & LM PCR(Overlap PCR) £ R A THEMF 1% 4% . [
NARZR S FiR AR, PCR R P AR, e &P M R4S
K EE 29 1000 bp (1) 52 2 [R] U5 i1 DNA BB % F
B2 19 B R WEGERS LUk 43 B3 5, YIHC 1000 bp 1Y H
b sy HEAT Il alif

4l Ak 1Y 58 2 W UE R Be 5 pMD18-T Vector
M K Solution 1 2 HEBHIR G YR A M EE T 244
HEREERAR, T 16 CHE 2 h. 2 )5 8 i L =
DHSo JBZ 4000, B IR M T H AT HHRMN
LB [E 485 35 3, 37 “C21 B 55 % 12 h i 2k BH Pk 2R i
& . BEMLR I B M B V5 B R BE 3R 91 % 2y L
FFIER A B RE T -20 CIRFE .
1.6 DHS5a-Adld B9HIEE R B&IE

il 45 5 3 g+ L7 L-BUHLrobi ) LB ARG R 38, &
121 °Ce HE K 1 20 min, B H1 % 50 ‘CLA T )5 B-R IR
B 2 AHOUER 2 (LR EEY N 50 pg-mL™) i35 97 5
TR e LA S A -Red A R G105 S5 .
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BU1 pL pEcCas Fi kL ( RAPEE R PidE) (1 pL
pEcgRNA-Adld T 2H AR & R hitE) & 5 pL A
J5EF LR DNA TR A9 )5 38 i #0122 R I 1A
DHS oS82 A5G M . 1) % AR 2 TRl A 800 L 3
28 37 “CHY LR BT R AR S WUHT A LB 35 97 2, T
37 °C . 220 r-min™ {8 & 7 3% £5 7% 30 min. 78 11 72
e, L-BaT R A 475 S pEcCas JBURL I /) A-Red 5 2H i
FEH (Exo Beta .Gam) J; Cas9 & 33k, T/ 5 [7]
P55 32 BE DR 2 dld ¥R Y R E A

W 5 00 R RO AT T % RO 8 2 R 2
F LB EARRE SR 5L, 37 “CEIE G SR 12 h, i@ i Bt
PRG35 A5 BH M TR V. BEDLPK IO B Y5 4270 T LB
TR SRR IR 5L 37 °C.220 remin  $R 158555 12 h J5#2HL
FE[R 41 DNA. DL FE R 41 DNA S #EAR , 4 115149 did
HA1-UP 5 did HA2-DN #47 PCR 333IE . 2 %2 5 M 40
T A BBR LT, PCR =90 R VRV D42 A B
(2471000 bp) 5 A5 # IR 2% W, )™=y [) B0, 5[] 50
Ko did F R 4 1 41 ( £ 2000 bp). % PCR 46 31F 1F
PRV , BEALBEICE T8 KR 3% SR BOE R 41 IF1% 48
DU I 45 2 TE A ) R AR T -20 "CIRAFEE H .

1.7 JRALEK R IGIE

£ B AU 1.7 g L7 L-FL25HE & 50 g mL™
B R AR 8 2R Y LB IR AR 85 7 3 (48 121 C R KR
20 min, R F F 37 “CJg T TAEG NG . Hrh,
L- 2505 ] T3 5 pEceRNA 24k 52 12 1k o, LA
PR ORI 5 5 RIR 8 2 W T 7E 355 5 491 1) i
I 4ERE pEcCas ORI FoUE 1k .

BT mL 2800 5 3631E i DHS o-Adld TR, 4 2
10 mL JCHPE LB AR RS 2 5L, T 37 °C .220 remin’'
PR HGF% 2 h, (8 P AR I B e 1k s T Rk 14 5 . i
J& , 4E 4 °C 10000 r-min” B0 1 min U5 5 # 1A ,
50 WL TG LB A F7 3 R UIUE S wL R
Y5 A T FEREAY LB B R R 37 3%, 37 “Cf8 & £
7% 12 h, 7 25 50 it 57 51 B TR V& (B pEcCas B E
BRI IR ).

A3 S TEHE & 50 wgemL R 2 DL
50 pgemL AR A LB BARE IR 3L H W%
ol I B R A P M B K Y PR T AR IR SRR T
SRR T A B, 37 CCAEIE SR 12 he 3l W
PR & A R O O E AE Tt AR E AR K T AR
RABEE R AR R P B AR A Rk, BRI AT
ik pEcCas 5 pEcgRNA-Adld XUFURL E 5E 4 TH B
T HEBR S MG TR X 5 SR 52 56 BV R T K 4
IR GRAIE USRI AR T 20 CORFESH] .

1.8 sk thde B IS E K = BT

WA SR AR (RO AR R e an R A0 BR T AL 34 .
(D 1 mol- L' HCI IR 2 h, bR Ak
Fe 25T 5 (2) 5 2 DN B v, B8 1k 15 min ABR 25
FHLEE B 5 (3) AT ALK ik 30K, F 60 “CHEAS
RS, S

F 0 F AR (BRI AR ) AR R e 25 B Ak 2
(1) it TR 4l AR P V% 15 ming (2) FH JC T 27K
HYE3 K, F 60 CHUAR P TR EfE & H .

il £ 250 mL JCBE MFC SN, LA TCREB Al K R
FARUINA 25 mL LBIAAR F#2E 37.5 mL 0.1 mol - L™
W £5 22 vh I (PBS, pH 7.4) & 1.35 g 7 %M (& 9k
FE5.4 ¢ L), fiefm HJC R M 21K 2 45 2 250 mL.

FERE G TAES P JC R 4124 100 mL F%E MFC &
gt (1) T4k B 5 09 A S50 BH AR 55 0 B B AR 53 5]
[ 5 T SN s PR 8 12 11, At O B A 5 5 0 9 72 43
P fih FLAB 248 25 5 (2) RO ) AR In A 65 mL G
RN 25 mLY KGR, BRI S B IR R
WIhh 0D, V8 2 0.3.

P TEEE I MFC RS0 3% 42 2l fb2% T AR,
BRI FR 5 - LA 65 F A A D8 A, R A 3R
0.1 s Y, RS2 30000 s(£48.33 h) ,ic s 2
T AR fR i 2%

1.9 HBERBSSHF

SEESE MFC 7 H Pk R 5 TR R A R Y G B
G307, B HUS MFC #2205 [R] Atk 9 R 1 95 R
5 MFCIE T —BUW A B 44 ol Sr 47 B bk AR
e i £ 22 . EL AR S IR A ) 8 BURE SR 4R 4
3G EETHTE 600 nm 7T I E R S IROGEE (0D,
1B , ARG % B[] A A AR AR L OD o [ R A A 2 1 B
AR L .

MFC JF [ H I 25 3 5, St b2 TRk
053 B S LR 5 . A 2 B R) (s ) SR s A A T i FL
JE(V) R ABFR , R Origin 2024 F4F 43 3 22 1 P
2 A IR 1 T % L TR S A AR Al 42, I AR A (B X L
[ . K FH SPSS Statistics 25.0 8K 14, 1% 5E i & 1k /K
@=0.001, X P 25 B Pk 4 i) FF B P PR SR A 1 22 5%
T e

2 #FHR5iTE

2.1 pEcgRNA-Adld ERFHERHHESWKIE
i pEcgRNA-Adld TR R AT T FR
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il 1 Tl U0 PO 7 L | TV PCR S5 SO Y ik
AR 1R E 1(a) 7R, pEcgRNA BTk ZE Bsa
I D15, Ak B3 AE 29 2000 bp A1 1000 bp 4 4%
Hh I — 2RV T AR, TCAR R S vk A, SR T U o8
4 SII T, [ 2000 bp Ak B 25 A4S 44k
pEcgRNA 14 .

Kl 1(b) . (c)% 0k pEcgRNA-AdLd H 21 25 A4 4
P AL IS 5597 012 h UL Es R o b Pl A K
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bp
2000
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100
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1000
750
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100

.0 h M TG T AR (R 12 h SR ] DK
TS — AW ARV R A ReR s, Bt
W2 28 P I B 1A R ] A BCHERR AR R Ak T, R e 22
BRI 52 R (1) TR V% PCR T e 42 41 T I SE M

F % PCREGIFZE [ 1(d) . (e) 1w, BEVLEE
B 15 A BB IR B4 1 1 5 H A% sgRNA R/MEFF
4547 (29500 bp) , 2547 15 W60, AR R 43, 4
W sgRNA EL B Il AR . b — 28k, ik

1

9 10 11 12 13 14 15 M

Identity=74.15%

420 4?0 44|10 4?0 4?0 4?0 4E|§0

€_cx-gRNA-sgrna_TS520250430-027-09020_D03.seq
9_cx-gRNA-sgrna_TSS520250430-027-09020_E03.seq
14_cx-gRNA-sgrna_TS520250430-027-09020_F03.seq
dld-sgrna.seq

Consensus

(a) Bsa 1 [EY] pEcgRNA ki (M : DL 2000 marker, 1 :pEcgRNA ki) ; (b) pEcgRNA-Adld B ARG (K532 0 h) 5 (¢) pEcgRNA-Adld A3
PR (5552 12 h) 5 (d) pEcgRNA-AdId T £H 2K B 9% PCR B6:31E (M : DL 2000 marker, 1-7: 875 ) 5 (e) pEcgRNA-Adld T4 84 K 7% PCR B3IE
(M:DL 2000 marker,8-15: F:745) ; () pEcgRNA-Adld T AR F (K45 4.9 14 SREA N X4
K1 pEcgRNA-Adld TR A 5 50T

Fig. 1 Construction and identification of the pEcgRNA-Adld recombinant vector
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4.9 145 BEVE Y RIGFIFR A F [# 1() ],
Dy 235 5 5 WU 47 s BE — B, SR sgRNA  Be i
TERAIE A pEcgRNA 24K A T A7 45, pEcgRNA-AdLd
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Sy bR JEE (HA L) AT e [l P58 (HA2) 9 PCR 4™
Ry Uk B Horb k18 2(HAL) 57k 18 3(HA2)
1E 500 bp &b 347 52 BLIE M7 55, SR — 30, &
HH LA K B AT B DHSoc 35 P 21 DNA SR BB A T 47 34
RS R AR H Y B

¥ HAL S HA2 (% PCR = Ve D H koS
W45 S A& 2 (b) JIR < D™ $ 455 2l , Jo g% B

(b)
bp

2000

1000
750

500
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2000

(d)
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750

500
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Identity=90.43%

Pir T i I

||

frpmrryry 1714 fr 1w

2&130

2?0

3(|)0 3 }O 3%0 3%0 34}0 3?0 3?0

1 _MI13F_TSS520250507-027-01387_Gll.seq
7_M13F_TSS20250507-027-01387_Hll.seq
tongyuanbi.seq S

c

I

(a) [A] VR fragment H1 7K (M : DL 2000 marker, 1 :fragment 1,2 :fragment 2) ; (b) A P fragmenltﬂﬂ?ﬁ ] iz ki B A6 (M < DL 2000 marker,
1:fragment 1,2 :fragment 2) ; (¢) [FVE Overlap L3k (1-3: Overlap ;=4 , M : DL 2000 marker, 6-8 : Overlap 74 ) ; (d) [FJJE/E Overlap VI P14
4l ARG (M 2 DL 2000 marker, 1: Overlap Y IS4 ) 5 (e ) [R]VRVER 242 322 T 2R AR TH BE (1552 0 h) 5 (f) [R)RRS 2 T3 ARG (B 5% 12 h) 5
() [R5 00 6 i

&2

) P (A DNA (48 8 55 56-F

Fig. 2 Construction and identification of homologous arm donor DNA
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FE AR B 5 W — R AR A 2y T W R e 2k
Overlap PCR XJ #54 21 B (1) 223K . &1 2 (¢) 24 Overlap
PCR 4% 7 W) iy LUK 45 2, VkGH 1-3 KK I8 6-8 ¥97E
241000 bp b IR S 45507, 5 HAL I HA2 DF4Z
Je 56 B [ PR (%) TUHA S /N AR A, 3% B[R] U5 At 1
DNA 2 Tk g . [/ 2(d) wow , BHSUE Y 56 3 6] R
B LR DNA S5 M R B 5] v TR sk
pMD18-T 4 11 % 4% .

R B UE P A0 HERA P K o8 B [R) RS 5 pMD18-T
BRI AL, W Uk S — 2 A
Bl 2(e) (D)5 0 i B Ak e 15 92 0. 12 h &R

(c)
bp
2000
1000
750
500
250
100

(d)

bp
2000
1000
500
250
100

()

2000
1000
750

5 R YU VR AR O - 0 h P AR R VR
OB L 12 hP A S R TE 34— TR v, 16 5%
205 R0 HL B M O 8 A 3R A 2. D) 0 e 45 AR
[E 2(g) iR, e g i R I 7 51 5 3007 51
JE 2, WA J5 2 TR A SR AR T HE R T SR 1Y
[ 50 R LA
2.3 DH5a-Adld BB BRI R 581

DHS5a - Adld ¢ B T 4K 38 3 4 pEcCas 5T A7 |
pEcgRNA-Adld 5 4 ik 5 [A) 5 b ik DNA 2L 4k
15 F W, I FH A -Red F 4 R 554 5 7] V5 5 41
RGO B B () A R B R 25 SR A 3 i s

(b)

(e)

M 10 11 12 13 14 15 16 17 18
bp

500
250
100

Identity=87.50%

1051

iR LA EE

YT T T T A,

;;;;;;

50

acggsttac

(a) DHSa-Adld T (535 0 h) 5 (b) DHSa-Adld T (535 12 h) ; (¢) DHSa K2 4H B 7% PCR B&31E (M : DL 2000 Marker, 1-3: DH5a FEAS ) ;
(d) DH5a-Adld FE K 2H % 7% PCR B31E (M : DL 2000 Marker, 1-9: DH5a-Adld #:75) ; () DH5a-Adld 52D 4H 1 7% PCR 3631 (M : DL 2000 Marker,
10-18: DHSa-Adld FEAR ) 5 (£) DHSc-Adld 3 4TI B IE (48 1,27 14 S REACH I X 42)
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Fig. 3 Construction and Identification of the Gene Knockout System
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Fig. 5 Construction of the microbial fuel cell device and measurement of its electricity generation performance
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