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菌基因组无痕删减方法 

朱美勤 1,2，虞剑 1,2，周长林 1，方宏清 2
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Zhu MQ, Yu J, Zhou CL, et al. Markerless DNA deletion based on Red recombination and in vivo I-Sec I endonuclease 

cleavage in Escherichia coli chromosome. Chin J Biotech, 2016, 32(1): 114–126. 

摘  要 : 目前常用的基因修饰方法是在 Red 同源重组介导下，电转线性 PCR 片段替换染色体上指定序列。因

PCR 过程错误掺入，该方法常常会在同源序列部位产生一些突变。为了避免此类突变，我们建立了一种新的

无痕删除方法。首先将含有抗性标记 (两侧带有 I-Sec I 识别位点) 的线性 DNA 电转到 Red 重组感受态细胞内，

用抗性基因替换基因组上指定序列；然后，将携带融合同源臂 (两侧带有 I-Sec I 位点) 的供体质粒导入上述细

胞，诱导表达 I-Sec I 内切酶切割供体质粒释放同源片段，同时切除染色体上抗性基因产生双链断裂，通过分

子间同源重组实现无痕删除。我们应用该方法连续删除了大肠杆菌 DH1 基因组上 11 个非必需区，使基因组减

小 10.59%。PCR 测序证明所有删减区域同源臂未发生突变，基因组重测序证明指定区域被删除。删减菌的生

长变化不大，但耐酸能力有所改变，并对番茄红素合成有不同影响。 

: 大肠杆菌 DH1，Red 同源重组，无痕删除 
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Abstract:  Red-based recombineering has been widely used in Escherichia coli genome modification through 

electroporating PCR fragments into electrocompetent cells to replace target sequences. Some mutations in the PCR 

fragments may be brought into the homologous regions near the target. To solve this problem in markeless gene deletion we 

developed a novel method characterized with two-step recombination and a donor plasmid. First, generated by PCR a linear 

DNA cassette which comprises a I-Sec I site-containing marker gene and homologous arms was electroporated into cells for 

marker-substitution deletion of the target sequence. Second, after a donor plasmid carrying the I-Sec I site-containing fusion 

homologous arm was chemically transformed into the marker-containing cells, the fusion arms and the marker was 

simultaneously cleaved by I-Sec I endonuclease and the marker-free deletion was stimulated by double-strand 

break-mediated intermolecular recombination. Eleven nonessential regions in E. coli DH1 genome were sequentially 

deleted by our method, resulting in a 10.59% reduced genome size. These precise deletions were also verified by PCR 

sequencing and genome resequencing. Though no change in the growth rate on the minimal medium, we found the 

genome-reduced strains have some alteration in the acid resistance and for the synthesis of lycopene. 

Keywords:  Escherichia coli DH1, Red homologous recombination, markerless deletion 
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1  材料与方法 

1.1  菌株、质粒及引物 

1

2

 
 

表 1  本实验中所用的菌株及质粒 

Table 1  Strains and plasmids used in this study 

Strains and plasmids Relevant characteristics Source 

E. coli strains   

DH5α supE44 lacZΔM15 hsdR17 recA1 endA1 gyrA96 thi-1 relA1   This lab 

DH1 ATCC 33849. The genomic sequence is listed in Accession No. CP001637 This lab 

BL21 (AI) F- ompT hsdSB ( rB
– mB

– ) gal dcm araB::T7RNAP-tetA  This lab 

MG1655T7 Derivative of wild type MG1655[7] , araB::T7RNAP-tetA This study 

MDS42T7 Derivative of MDS42[7], a minimized MG1655, araB::T7RNAP-tetA This study 

DH06T7 Derivative of DH06 (Table 3), araB::T7RNAP-tetA This study 

DH11T7 Derivative of DH11 (Table 3), araB::T7RNAP-tetA This study 

Other DHx series See in the Table 3 This study 

Plasmids   

pUCIS Derivative of pUC19 including Cmr with I-Sec I recognition site (IS) in its both sides This lab 

pBRIS Derivative of pBR322 has a cloning site which containing IS site, Apa I site and Mlu I site This lab 

pAAGBE Derivative of pKOBEG[11]with Cmr replaced by Ampr. A temperature-sensitive helper 

plasmid expresses Red recombinase by adding L-arabinose 

This lab 

pKAISGBE A temperature-sensitive helper plasmid expresses I-Sec I endonuclease and Red recombinase 

by adding L-arabinose, Kanr 

This lab 

pAOC-GPS-CrtIB The p15A ori plasmid including gps (multifunctional GGPP synthase), crtB and crtI 

expressing under control of T7 promoter, Cmr 

This lab 

pBRIS-XLR series Derivatives of pBRIS, containing IS site, XL arm and XR arm. Also see in Table 3 This study 
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表 2  本实验中所用引物 

Table 2  Primers used in this study 

Primer name Primer sequence (5–3) Primer name Primer sequence (5–3) 

BC5 GTAGCACACGAGGTCTCT 50L1# CGGGGCCCAATCACCTCCAGCCTGAATAA 

BC3 TACGACTCACTATAGGGAGA 50L2 CTGACGTCCGGCGAAAGT 

ISF ACGATGAGCGCATTGTTAG 50R1$ ACTTTCGCCGGACGTCAGCAGCGCAACCAA

ACTCCA 

ISR GAGTTGGTAGCTCTTGATC 50R2## CGACGCGTCGCAGTGACCGTGAGAAG 

51L5 TATTCGACCAAGTTCGCCTC 50-0 TTCTCGGCGGTCTGATTG 

51L3* AGAGACCTCGTGTGCTACGTAATACGA

GAGTGGACGGT 

50-1 CCAGAGTCGCGTCGTTGT 

51R5** TCTCCCTATAGTGAGTCGTAAGTGAGC

GAAGCCC TATC 

53L5 CGGGTTTCGCCTGTCTGA 

51R3 CTCCGATGCGATCCTGAC 53L3* AGAGACCTCGTGTGCTACTTCCATATAACG

GCCCTGTA 

51L1# CGGGGCCCTATTCGACCAAGTTCGCCT

C 

53R5** TCTCCCTATAGTGAGTCGTACCACCGCTGC

AAACAAAGT 

51L2 GTAATACGAGAGTGGACGGT 53R3 ACTGGGCGTACCGAAAGAT 

51R1$ ACCGTCCACTCTCGTATTACAGTGAGCG

AAGCCCTATC 

53L1# CGGGGCCCCGGGTTTCGCCTGTCTGA 

51R2## CGACGCGTCTCCGATGCGATCCTGAC 53L2 TTCCATATAACGGCCCTGTA 

51-0 TGGACGCT GCGGGATTTA 53R1$ TACAGGGCCGTTATATGGAACCACCGCTGC

AAACAAAGT 

51-1 GCTGTTAAAGCCGAAGAGTA 53R2## CGACGCGTACTGGGCGTACCGAAAGAT 

13L5 TCATTGATCT GTAACGCACT 53-0 GTGGTCGTCGTGATGTAATG 

13L3* AGAGACCTCGTGTGCTACAGTCGCTTC

AAATATATGATGC 

53-1 TGAACGTGCCGACGGTAAAT 

13R5** TCTCCCTATAGTGAGTCGTACCACAGA

GTTTCTTCTTTAG 

41L5 AACAGGAGGATGCCAGAC 

13R3 AAACGCTATTAGGCAGACCA 41L3* AGAGACCTCGTGTGCTACCGTTCACGGTC

TGTCCAA 

13L1# CGGGGCCCTCATTGATCT 

GTAACGCACT 

41R5** TCTCCCTATAGTGAGTCGTAGCCAGCACCG

CTTACAGT 

13L2 AGTCGCTTCAAATATATGATGC 41R3 TACAACGCACGCCAGAGG 

13R1$ GCATCATATATTTGAAGCGACTCCACAG

AGTT TCTTCTTTAG 

41L1# CGGGGCCCAACAGGAGGATGCCAGAC 

13R2## CGACGCGTAAACGCTATTAGGCAGAC

CA 

41L2 CGTTCACGGTCTGTCCAA 

13-0 C ACCATCCACG GACTGAA 41R1$ TTGGACAGACCGTGAACGGCCAGCACCGCT

TACAGT 

13-1 AATATCAGCCTCGCCACACT 41R2## CGACGCGTTACAACGCACGCCAGAGG 

6L5 CTT TCGGGATATT GAGTGC 41-0 TGCCTGTAGCTTGCTCAAA 

6L3* AGAGACCTCGTGTGCTACCCACGTTGC

GCTCCTCTT 

41-1 CGGTAAGCCTCGCATCAA 

6R5** TCTCCCTATAGTGAGTCGTAAGCGTGA

TGGTGACTCGTT 

55L5 CAACATCGCCAGCTTCATC 

6R3 GTTGCTGGTGGGTTTAGAAT 55L3* AGAGACCTCGTGTGCTACCATCATCATTAC

TCAAGGTGG 

6L1# CGGGGCCCCTTTCGGGATATTGAGTGC 55R5** TCTCCCTATAGTGAGTCGTATAGATGTACGT

TGATATCGGTT 
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   2 

6L2 CCACGTTGCGCTCCTCTT 55R3 GACAGATCGGAATGGCAGA 

6R1$ AAGAGGAGCGCAACGTGGAGCGTGATG

GTGACTCGT T 

55L1# CGGGGCCCCAACATCGCCAGCTTCATC 

6R2## CGACGCGTGTTGCTGGTGGGTTTAGAA

T 

55L2 CATCATCATTACTCAAGGTGG 

6-0 CACCAGGCCGACA ATAGG 55R1$ CCACCTTGAGTAATGATGATGTAGATGTACG

TTGATATCGGTT 

6-1 CGGCCTTTCCCATCACTA 55R2## CGACGCGTGACAGATCGGAATGGCAGA 

29L5 GT GCCGAAGGAG TGGGTT 55-0 AAACGGGTGAAGAACTACTG 

29L3* AGAGACCTCGTGTGCTACCACGCACG

CAGAAACTCC 

55-1 TCCAGCCAATCCCGACAC 

29R5** TCTCCCTATAGTGAGTCGTACCCCACTT

ATTCGCACCT 

12L5 CCCGCACCATCGTTACCT 

29R3 CCGCCATAATCAAACAACAG 12L3* AGAGACCTCGTGTGCTACATGCCAGAGCA

AGCAATAAC 

29L1# CGGGGCCCGTGCCGAAGGAGTGGGTT 12R5** TCTCCCTATAGTGAGTCGTAGGGGTAAAGT

ATCAGGAGA 

29L2 CACGCACGCAGAAACTCC 12R3 TCGGTGATTAGTATCCCATTA 

29R1$ GGAGTTTCTGCGTGCGTGCCCCACTTA

TTCGCACCT 

12L1# CGGGGCCCCCCGCACCATCGTTACCT 

29R2## CGACGCGTCCGCCATAATCAAACAAC

AG 

12L2 ATGCCAGAGCAAGCAATAAC 

29-0 GGCTTTGAGCAGTT GATG 12R1$ GTTATTGCTTGCTCTGGCATGGGGTAAAGTA

TCAGGAGA 

29-1 CCCATTCCCACTTCGTTA 12R2## CGACGCGTTCGGTGATTAGTATCCCATTA 

47L5 AGCTACGCCAACCTGTCT 12-0 GATTCTGCCGATCCTCTG 

47L3* AGAGACCTCGTGTGCTACAGTTAGCG

CTTATGGGAGTA 

12-1 ATGATCTTCGCCTGCTCG 

47R5** TCTCCCTATAGTGAGTCGTAATCAGCTT

GTCGTCGTGC 

27L5 GTTGAAGCGGTGGCAGAA 

47R3 TAGGTCGGGAAATTGTACTT 27L3* AGAGACCTCGTGTGCTACTGCATTGGTTTC

ATCCCTG 

47L1# CGGGGCCCAGCTACGCCAACCTGTCT 27R5** TCTCCCTATAGTGAGTCGTACATTACCGCTT

TATCCGCAA 

47L2 AGTTAGCGCTTATGGGAGTA 27R3 CGCTGGGATGGTCGTAGTT 

47R1$ TACTCCCATAAGCGCTAACTATCAGCTT

GTCGTCGTGC 

27L1# CGGGGCCCGTTGAAGCGGTGGCAGAA 

47R2## CGACGCGTTAGGTCGGGAAATTGTACT

T 

27L2 TGCATTGGTTTCATCCCTG 

47-0 ACTGCAACACGCTGGACG 27R1$ CAGGGATGAAACCAATGCACATTACCGCTTT

ATCCGCAA 

47-1 ACAGGACGGGTTCGGAGA 27R2## CGACGCGTCGCTGGGATGGTCGTAGTT 

50L5 AATCACCTCCAGCCTGAATAA 27-0 GGTGTTCAGCGATGTGCG 

50L3* AGAGACCTCGTGTGCTACCTGACGTCC

GGCGAAAGT 

27-1 CGTCACCGTTTCTTTCATAC 

50R5** TCTCCCTATAGTGAGTCGTACAGCGCA

ACCAAACTCCA 

AT5 ACTTTATCGCCATCGGTGAC 

50R3 CGCAGTGACCGTGAGAAG AT3 GTAGTGATGAATCTCTCCTG 

*: The shadowy sequece is reverse complement of BC5. **: The shadowy sequece is reverse complement of BC3. #: the 

underlined sequence is Apa I site. ##: the underlined sequence is Mlu I site. $: the italic sequence in the XR1 is reverse 

complementary to XL2. X=6, 12, 13, 27, 29, 41, 47, 50, 51, 53 and 55. 
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1.2  主要试剂及仪器 

DNA

Prime STAR
TM

 HS DNA

ApaⅠ MluⅠ 15 000 250 bp DNA Ladder 

marker TaKaRa T4 DNA

EasyTaq DNA

DpnⅠ购自 NEB

Sigma DNA Thermal Cycler T Personal

Biometra ECM399 BTX

1 mm BIO-RAD  

1.3  基因无痕敲除 

PCR

 

DH1 XL5&XL3

XR5&XR3 Prime STAR
TM

 HS DNA

PCR 500 bp XL53

XR53 (X 3 ) pUCIS

BC5&BC3 PCR

I-Sec I Cm BC BC

Dpn I XL

BC XR XL5&XR3

PCR 2.5 kb XLRC (

1A 3)  

1B DH1

Prime STAR
TM

 HS DNA  

 

 
 

图 1  打靶片段 (A) 和供体质粒 (B) 的构建  

Fig. 1  Construction of targeting PCR fragments (A) and plasmid PBRIS-XLR (B). 
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表 3  累积删除基因组中 11 个非必需区 

Table 3  The 11 nonessential sequences in the Escherichia coli DH1 genome and their cumulative deletion 

Deletion region/Length 
PCR fragment in first 

recombination 

The donor plasmid in 

second Recombination 

Strains after cumulative 

deletion in order 

51 (3482313…3609066)/126 754 bp 51LRC pBRIS-51LR DH01 

13 (850854…897880)/47 027 bp 13LRC pBRIS-13LR DH02 

6 (246357…265152)/18 796 bp 6LRC pBRIS-6LR DH03 

29 (1797471…1811875)/14 405 bp 29LRC pBRIS-29LR DH04 

47 (3271785…3305875)/34 091 bp 47LRC pBRIS-47LR DH05 

50 (3466141…3481012)/14 872 bp 50LRC pBRIS-50LR DH06 

53 (3697930…3704311)/6 382 bp 53LRC pBRIS-53LR DH07 

41 (2782237…2839088)/56 852 bp 41LRC pBRIS-41LR DH08 

55 (3912835…4017200)/104 366 bp 55LRC pBRIS-55LR DH09 

12 (747456…773166)/25 711 bp 12LRC pBRIS-12LR DH10 

27 (1693213…1734787)/41 575 bp 27LRC pBRIS-27LR DH11 

 
 

XL1&XL2 XR1&XR2

L5ʹ R3ʹ ApaⅠ MluⅠ

XL XR R 5ʹ XL

XL XR

XL1&XR2 PCR 1.2 kb

XLR pBRIS

XLR ApaⅠ MluⅠ

T4 DNA DH5α

Tet (10 mg/L) LB

ISF&ISR PCR

pBRIS-XLR ( 3)  

 ( 2)  

pAAGBE

100 mg/L Amp LB  

(10 g/L 5 g/L 10 g/L NaCl)

30 ℃ OD600≈0.6

0.2% L- 1 h
[10]

XLRC Red

I-Sec I Cm

XL XR

Cm (50 mg/L) 

X-0&X-1 PCR

2.3 kb DH-XLRC  

pKAISGBE

pBRIS-XLR DH-XLRC

Kan/Tet

5 mL LB ( 50 mg/L Kan) 

OD600≈0.3 0.2% L-

4–5 h 10
–4

10
–5

LB X-0&X-1 PCR

1.3 kb Cm

LB Tet LB Cm Tet

PCR

DH01–DH11 ( 3)  
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图 2  基因组无痕敲除技术原理 

Fig. 2  The schematic diagram of gene knockout. 
 

1.4  基因组重测序 

11

DH08 DH11 DH1 LB

DNA

CP001637  

1.5  菌株在 M9 培养基中的生长 

M9  (1 g/L NH4Cl 6 g/L 

Na2HPO4 3 g/L KH2PO4 0.2407 g/L MgSO4

0.011 1 g/L CaCl2 4 g/L 5 mg/L

B1) DH1 DH1-06

DH1-11 30 mL M9

150 mL 37 ℃ 220 r/min

2 h OD600  

1.6  菌株的耐酸性 

5 mL LB

37 ℃ 220 r/min 3 h

LB OD600=0.3 1 mL

4 ℃ 5 min 1 mL 

LB  ( 1 mol/L LB

pH 2.45) 37 ℃ 220 r/min

30 min 1 mL 

LB 2 4 mL LB

37 ℃ 220 r/min

2 h OD600

[12]

DH1  ( 100)
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1.7  番茄红素的合成 

T7

BL21 (AI) T7RNA

DH1 DH06 DH11

MG1655 MDS42 BL21 (AI)

AT5&AT3 Prime 

STAR
TM

 HS DNA PCR

T7 RNA Tet

Red Tet (10 mg/L) 

LB PCR DH1-T7

DH06-T7 DH11-T7 MG1655T7 MDS42T7

 

 (0.5 1 1.5 2 2.5 mg/L)

OD474 OD474

 

Cm pAOC-GPS-CrtIB

DH1-T7 06-T7 11-T7 MG1655T7

MDS42T7

pAOC-GPS-CrtIB Cm LB

30 ℃ 220 r/min

FM2GA  (15 g/L 12 g/L

3 g/L NaH2PO4·2H2O 7 g/L 

K2HPO4·3H2O 2.5 g/L NaCl 0.5 g/L MgSO4

0.5%Tween 80 1.5% 0.2% 0.2%   

L- ) OD600=0.2

30 ℃ 220 r/min 12 h OD600

3 mL 4 min 3 mL

3 mL

55 ℃ 15 min OD474

[13]

CL (mg/L) YSC (mg/g 

DCW) Ysc=CL/(0.37×OD600) (

OD600 0.37 g)  

2  结果 

2.1  删减菌 DH11 的构建 

3 11

DH11 490.8 kb

10.59%  

4 PCR

PCR

 

DH11 11

11 PCR  

( 3)

1.3 kb DH1 10 kb

PCR

47 47-0&47-1 DH1

DH08 DH11 47  

DH08

DH11 8 11  (

4) DH1

AP012030.1  CP001637

DH1 CP001637  

2.2  基因敲除突变菌株在 M9 培养基中的生长 

MY9

DH1

DH1-06 DH1-11

DH1-06 DH1-11 MY9

DH1  ( 5)  
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图 3  PCR 验证删减菌 DH11 

Fig. 3  Verification of the minimized strain DH11 by PCR. 1–2: primers 51-0&51-1; 3–4: primers 13-0&13-1; 5–6: 

primers 6-0&6-1; 7–8: primers 29-0&29-1; 9–10: primers 47-0&47-1; 11–12: primers 50-0&50-1; 13–14: primers 

53-0&53-1; 15–16: primers 41-0&41-1; 17–18: primers 55-0&55-1; 19–20: primers 12-0&12-1; 21–22: primers 

27-0&27-1; M: DNA marker; 1,3,5,7,9,11,13,15,17,19 & 21: DH11; 2,4,6,8,10,12,14,16,18,20 & 22: DH1.  

 

MY9

 

2.3  基因敲除突变菌株的耐酸性 

OD600 OD600

DH1

100

6 51 13 6

29 47 DH01 DH02 DH03 DH04

DH05

50 DH06 DH07 DH08 DH09

DH10 DH11

40% 50

 

 
 

图 4  基因组重测序结果比较 

Fig. 4  The comparation of the genome resequencing 

results. (A) The reference sequence CP001637. (B) The 

genome-reduced strain DH08. (C) The genome-reduced 

strain DH11. (D) Lab strain DH1. 
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图 5  DH1、DH06、DH11 在 M9 培养基中生长代谢图 

Fig. 5  Growth curves of DH1, DH06 and DH11 in the 

minimal medium M9. 

 
 

图 6  DH1 及其基因组删减菌的相对耐酸能力 (

DH1 . * P<0.01; ** P<0.03; *** P<0.06) 

Fig. 6  Relative acid resistance of DH1 and its 

reduced-genome strains. Comparing with DH1,      

* P<0.01; ** P<0.03; *** P<0.06. 

2.4  基因敲除对番茄红素合成的影响 

T7

 (pAOC-GPS-crtBI) Red

BL21 (AI) 

T7 RNA DH1 DH06

DH11 MG1655 MDS42

DH1T7 DH06T7 DH11T7 MG1655T7

MDS42T7 FM2GA

L- T7-RNA

7 DH1   

 

 

图 7  不同菌株合成番茄红素的能力 ( DH1-T7

* P<0.01 MG1655T7 ** P<0.01) 

Fig. 7  Lycogene specific production in the different 

strains. Comparing with DH1-T7, * P<0.01; comparing 

with MG1655T7, ** P<0.01. 
 

 

DH06

DH11

MG1655 MDS42

 

3  讨论 

Red

[14] [15]

Red

[16-19]

MG1655
[6-7]

W3110
[5,8]

50 bp

1 kb  

DH1

DH1

Red

DH1



朱美勤 等/一种新的基于 Red 重组及 I-Sec I 体内切割的大肠杆菌基因组无痕删减方法 

☏ 010-64807509 cjb@im.ac.cn 

125 

OD600 0.3 0.6 L-

45 min 1 h

500 bp

PCR

30%

DH1 11

0.49 Mbp 10.59%

DH11 PCR

DH06 DH11 DH1 M9

 

[20-22]

50

50

DH1 56

[22]
 

DH1 DH06 ( 5.53%) 

DH11 (

10.59%) 

MG1655 MDS42 (

15%) 

[23-24]

[25]
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