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研究报告 

大肠杆菌异源表达的 Indigoidine 与靛蓝的稳定性比较 
孙菁兰  朱玉章  王华敏  牛肖凡  张健  高强* 

( ) 
     

  300457 

摘  要：【背景】Indigoidine 是一种来源于微生物的无毒天然蓝色素。【目的】比较 Indigoidine 和靛蓝

的色素稳定性，进而评价 Indigoidine 的色素稳定性。【方法】构建重组菌株 Escherichia coli DH5α/p28s

异源表达 Indigoidine，考察可见光、紫外线、pH、温度、氧化还原剂、食品添加剂和金属离子对其与

商品级靛蓝色素稳定性的影响。【结果】以 N,N-二甲基甲酰胺为溶剂，Indigoidine 和靛蓝都对可见光、

紫外线敏感；2 种色素在 pH 1.0−11.0 时稳定，强碱性 pH 对色素破坏作用很大；Indigoidine 抗 Vc 还

原能力强于靛蓝，氧化剂可不同程度地降低 2 种色素的保存率；2 种色素热稳定性不佳，在 75 °C 以

下时 Indigoidine 的色素稳定性优于靛蓝；食品添加剂中的柠檬酸和苯甲酸分别对 Indigoidine 和靛蓝

均具有显著的护色效果；对这 2 种色素，Ca2+、Mg2+均具有护色效果，Na+、K+、Li+总体上没有明

显的破坏作用，而 Zn2+、Al3+、Cu2+、Fe2+、Fe3+则具有显著的破坏作用。【结论】Indigoidine 色素稳

定性明显优于靛蓝，具有广阔的开发应用前景。 

关键词：indigoidine，大肠杆菌，异源表达，稳定性，靛蓝 

Comparison of stability between heterologous expressed 

indigoidine in Escherichia coli and indigo 
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Abstract: [Background] Indigoidine is a nontoxic blue pigment produced by microorganisms. 
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[Objective] Comparison of the stability of heterologous expressed indigoidine in Escherichia coli and 

commercial indigo. [Methods] Recombinant E. coli DH5α/p28s strain was constructed to produce 

indigoidine. The effects of light, UV, pH, temperature, oxidant, reductant, food additive, metal ion on the 

stability of the two pigments were investigated. [Results] When N,N-dimethylformamide (DMF) was used 

as solvent, both indigoidine and indigo were sensitive to visible light and UV. The colors of the two 

pigments were stable at pH 1.0−11.0, but higher pH had a great destructive effect. The tolerance of 

indigoidine to Vc reduction was stronger than that of indigo. Both maximal absorption values were 

reduced at a certain degree by oxidant. Indigoidine showed distinguished better thermal stability than 

indigo below 75 °C, but both were bleached at higher temperature. The food additive citric acid and 

benzoic acid had significant protective effect on the stability of indigoidine and indigo respectively. Ca2+ 

and Mg2+ showed certain color-keeping effect on both pigments, while Na+, K+ and Li+ had no overall 

destruction impact, but Zn2+, Al3+, Cu2+, Fe2+ and Fe3+ exhibited notable destruction on both. [Conclusion] 

Indigoidine exhibits much better overall stability than indigo, suggesting a broader prospect of 

development and application. 

Keywords: indigoidine, Escherichia coli, heterologous expression, stability, indigo 
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图 1  靛蓝(A)与 Indigoidine (B)的化学结构和发色体[14] 

Figure 1  Chemical structures and chromophores of 
indigo (A) and indigoidine (B)[14] 

 
Note: Chromophore in dotted box 

 
1 Indigoidine[9]

Indigoidine
[10-11]

(S. hygroscopicus) Indigoidine

(Minimycin)[12] Indigoidine
DMF

DMSO N- [9]

[13-15]

[3]
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[16]

[17]

Indigoidine
[11,13,18]

[19] Indigoidine
1.3 eV

[20]

 
Indigoidine

(Escherichia coli)

(Corynebacterium glutamicum) (Yeast)

Indigoidine Xu [21]

(S. chromofuscus)

Indigoidine

8.81±0.21 g/L
[22] (C. glutamicum)

(S. lavendulae) Indigoidine

1.75 g/L

Wehrs [23] (Saccharomyces cerevisiae)

Indigoidine

980 mg/L Wehrs [24]

(Rhodosporidium toruloides)

Indigoidine

2.91 g/L

86.3±7.4 g/L

Indigoidine  

Indigoidine
(E. coli)

Indigoidine

Indigoidine  

1  材料与方法  

1.1  材料 
1.1.1  质粒和菌种 

pCIMt002 ( Indigoidine
idgS 4′- sfp)

     
E. coli-Staphylococci pBT2-ET-5R-EGFP

[25] E. coli DH5α

 
1.1.2  培养基 

LB (g/L) 10.0
5.0 10.0 20.0 ( )
1×105 Pa 20 min  
1.1.3  主要试剂和仪器 

( )
N,N- (DMF )

C (Vc) k3 (Vk3) 
(BR )

Hind Ⅲ Nhe Ⅰ T4 DNA Ligase
( ) 2×Rapid Taq Master Mix

DNA
( )  

-
pH -

( )
MasterCycler Nexus PCR Eppendorf  

1.2  方法 
1.2.1  idgS-sfp 基因的克隆及表达载体 p28s 的构建 

2 pCIMt002
idgS-F (5′-CCCAAGCTTAT 

GACTCTTCAGGAGACCAGC-3′) sfp-R (5′-CTA 
GCTAGCTTATAAAAGCTCTTCGTACGAGACC-3′)

idgS-sfp PCR
DNA 2 μL F R (10 μmol/L)  

2 μL 2×Rapid Taq Master Mix 25 μL ddH2O    

mailto:tongbao@im.ac.cn
http://www.baidu.com/link?url=fN05WZQX3wBTR5NftKNFE6hsZimtY_Kw_519MO3vqpKon_STR9gEAzM5fZIDhcmIaxMAgbP1PUEMvgJrduYYasXryK2G4-jJvqY-RvOJ8_mpakxnlCRX-HKXpFk3yPrtrYPaRQLygx7HaTnkxRyUaQ6hgVNGQTljf5pbiu5_E3-DA6L7K25FBsV_-COfm0dOcPGRC0xM7JiUDq6PO43UwgCP2qf6XbE5H56spn5VWUIM2DfN8SOyRpZ1gTuhjOj9dlEePqxyyx7yu4BDJITJSi9sBad_7LZfO2yYt_J2R2KUsOdW4TkF_1ZLEbWRq5VD6i0y-fzt5nBd1dnNpWkFT8I4R-SlsIcxgbin4AcYdES
http://www.baidu.com/link?url=fN05WZQX3wBTR5NftKNFE6hsZimtY_Kw_519MO3vqpKon_STR9gEAzM5fZIDhcmIaxMAgbP1PUEMvgJrduYYasXryK2G4-jJvqY-RvOJ8_mpakxnlCRX-HKXpFk3yPrtrYPaRQLygx7HaTnkxRyUaQ6hgVNGQTljf5pbiu5_E3-DA6L7K25FBsV_-COfm0dOcPGRC0xM7JiUDq6PO43UwgCP2qf6XbE5H56spn5VWUIM2DfN8SOyRpZ1gTuhjOj9dlEePqxyyx7yu4BDJITJSi9sBad_7LZfO2yYt_J2R2KUsOdW4TkF_1ZLEbWRq5VD6i0y-fzt5nBd1dnNpWkFT8I4R-SlsIcxgbin4AcYdES
https://b2b.baidu.com/shop?name=%E6%AD%A6%E6%B1%89%E5%8D%8E%E7%BF%94%E7%A7%91%E6%B4%81%E7%94%9F%E7%89%A9%E6%8A%80%E6%9C%AF%E6%9C%89%E9%99%90%E5%85%AC%E5%8F%B8&xzhid=28752396
https://www.baidu.com/link?url=-IlSkwLVQ0NzuVdUaLeZCi4NKaS5FYXcRZuIFo5vWt76Zk5_ImcqC-Rkt_1QpTiH&wd=&eqid=91c89ee2000b4fd5000000025e396873
https://www.baidu.com/link?url=-IlSkwLVQ0NzuVdUaLeZCi4NKaS5FYXcRZuIFo5vWt76Zk5_ImcqC-Rkt_1QpTiH&wd=&eqid=91c89ee2000b4fd5000000025e396873
http://www.baidu.com/link?url=WxGgQ3l897JDlZxQayRo-EwlXVTqk7JSKvWzGzFlfnq
http://www.baidu.com/link?url=WxGgQ3l897JDlZxQayRo-EwlXVTqk7JSKvWzGzFlfnq
http://www.baidu.com/link?url=W7HQxMu5YFHESPmqW9dKCTJif1021KVJrRKpYL3sjOOvZ4EAOAQ8s8unRbRdznqA
http://www.baidu.com/link?url=W7HQxMu5YFHESPmqW9dKCTJif1021KVJrRKpYL3sjOOvZ4EAOAQ8s8unRbRdznqA


4 微生物学通报 Microbiol. China 

  

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn 

19 μL PCR 98 °C 5 min 98 °C 30 s
55 °C 30 s 72 °C 2.5 min 30 72 °C    
10 min PCR

Hind Ⅲ Nhe Ⅰ
idgS-sfp pBT2-ET-5R-EGFP

T4 16 °C  
1.2.2  基因工程菌 E. coli DH5α/p28s的构建 

Indigoidine E. coli 
DH5α/p28s 2

E. coli DH5α [26]

0.1 mg/mL LB
37 °C 14 h 28 °C 6 h6 h

LB
37 °C 180 r/min 10 h

28 °C 180 r/min 6 h6 h

Hind Ⅲ Nhe Ⅰ (
)  

1.2.3  色素发酵 
E. coli DH5α/p28s   

0.1 mg/mL 50 mL LB
37 °C 180 r/min 11 h11 h 28 °C  

180 r/min 8−10 h8−10 h  
1.2.4  色素溶液制备 

Indigoidine 12 000 r/min
20 min ( Indigoidine

)    
2 DMF

12 000 r/min 20 min
DMF OD590 2.00±0.05  

0.22 μm Indigoidine
 

 

 
 

图 2  表达载体 p28s 和基因工程菌株 E. coli DH5α/p28s 的构建 
Figure 2  Construction of the expression vector p28s and recombinant strain E. coli DH5α/p28s 
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DMF
OD610 2.00±0.05  

1.2.5  色素保存率计算方法 

ck(%) 100
nOD

OD




= (%) 100OD(%) 100OD(%) 100
OD

(%) 100
OD

(%) 100(%) 100= (%) 100(%) 100= (%) 100  

nOD
ckOD

λ

λ=610 nm Indigoidine    
λ=590 nm590 nm 3  
1.2.6  色素光谱特性 

1 cm
-

200−800 nm -
(λmax)  

1.2.7  紫外线对色素稳定性的影响  
3 mL EP

( 8 W 25 cm25 cm 80 lx
25 °C) 0−150 min 30 min

nOD 0 h
 

1.2.8  可见光对色素稳定性的影响 
3 mL EP

( 8 W 25 cm     
800 lx 25 °C) 12 h 24 h

nOD 0 h
 

1.2.9  pH 对色素稳定性的影响  
20 mL 1 mol/L HCl  

2 mol/L HCl 2 mol/L NaOH pH
1.0 3.0 5.0 7.0 9.0 11.0 13.0 ≥14.0

0 h 12 h nOD   
0 h pH

 
1.2.10  温度对色素稳定性的影响  

3 mL EP 0 h

3  

(1) 45 60 75

90 °C 1 h

4
nOD  

(2) 16 28

37 °C 12 h

7      
nOD  

(3) −80 −20

4 °C 12 h

7 nOD  

1.2.11  氧化还原剂对色素稳定性的影响 
1 mL 1% 2% ( ) Vc

Vk3 1% 2% ( ) H2O2

3 mL    

3 h nOD 3 h

 

1.2.12  食品添加剂对色素稳定性的影响 
500 μL 2% ( )

3 mL

24 h 7 d7 d nOD 24 h

7 d

24 h 7 d  

1.2.13  金属离子对色素稳定性的影响 
NaCl KCl CaCl2 MgSO4

ZnSO4 LiCl MnSO4 Al2(SO4)3 Pb(CH3COO)2

CuSO4 FeSO4 FeCl3 0.05 0.2 mol/L

Na+ K+ Ca2+ Mg2+ Zn2+ Li+ Mn2+ Al3+

Pb2+ Cu2+ Fe2+ Fe3+ 500 μL

3 mL

4 h 24 h 12 000 r/min

10 min nOD 4 h

24 h

4 h 24 h  
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2  结果与分析 

2.1  表达载体 p28s 和基因工程菌 E. coli DH5α/ 
p28s 的构建  

pCIMt002 idgS (

) (S. lavendulae) CGMCC 4.1386[11]

GenBank AHW58010 sfp

(Bacillus subtilis) GenBank

X63158.1[11,18,27-28] UniProt P39135[19]  

pCIMt002 PCR idgS-sfp

4 581 bp

( 3A) pCIMt002 idgS-sfp

100%

p28s Hind Ⅲ Nhe Ⅰ

7 040 bp 4 575 bp 2

( 3B) 4 575 bp

pCIMt002 idgS-sfp 100%

p28s

E. coli DH5α/p28s  

 

 
 
图 3  idgS-sfp 基因 PCR 扩增(A)和 p28s 质粒双酶切验

证(B) 
Figure 3  PCR amplification of idgS-sfp gene (A) and 
verification of expression vector p28s by double 
restriction enzyme digestion with Hind III and Nhe I (B) 

M DL10000 DNA marker A 1−2 idgS-sfp PCR
B 1−2 p28s  

Note: M: DL10000 DNA marker; A: 1−2: PCR product of idgS-sfp 
gene; B: 1−2: Double enzyme digestion product of expression 
vector p28s 

2.2  Indigoidine 色素光谱特性 
4 Indigoidine 590 nm

λmaxmax [18]  

2.3  紫外线对色素稳定性的影响 
5 2

30 min 50%  

2.4  可见光对色素稳定性的影响  
6 2

Indigoidine
 

 

 
 
图 4  Indigoidine 色素全波长扫描光谱图 
Figure 4  A full-wavelength scanning spectrogram of 
indigoidine 

 

 
 
图 5  紫外线对色素的影响 
Figure 5  The effect of ultraviolet light on the stability of 
indigoidine and indigo 
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图 6  可见光对色素的影响 
Figure 6  The effect of visible light on the stability of 
indigoidine and indigo 
 

2.5  pH 对色素稳定性的影响  
7 DMF 2

pH 1.0−11.0
pH≥13.0

pH 2
Indigoidine pH 13.0

pH≥14.0 12 h
pH 13.0

pH≥14.0

12 h
8 DMF 

 
 

图 7  pH 对色素的影响 
Figure 7  The effect of different pH on the stability of 
indigoidine and indigo 
 

2
pH 1.0−5.0 Indigoidine

pH NaOH   
[15]  

2.6  温度对色素稳定性的影响 
2

90 75 °C 4 h
2 10% 20% 60

45 °C 4 h Indigoidine  

 

 
 
图 8  pH≥14.0 时 2 种色素溶液颜色的变化 
Figure 8  Color changes of the two pigment solutions at pH≥14.0 

A pH≥14.0 0 h B pH≥14.0 0 h Indigoidine C pH≥14.0 12 h 2

Note: A: Color change of indigo solution at pH≥14.0 at 0 h; B: Color change of indigoidine solution at pH≥14.0 at 0 h; C: Color change of 

the two pigment solutions at pH≥14.0 after 12 h  
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(70.36% 89.72%)
(37.27% 61.93%) 2

75 °C Indigoidine  
( 9)  

2
Indigoidine 28 °C 84 h

(80.23%) 16 28 °C
84 h (52.19% 38.84%)

Indigoidine
( 10)  

 

 
 

图 9  高温对色素的影响 
Figure 9  The effect of high temperature on the stability 
of indigoidine and indigo 
 

 
 

图 10  常温对色素的影响 
Figure 10  The effect of ordinary temperature on the 
stability of indigoidine and indigo 

2 −80 −20 °C 84 h
95% 4 °C 84 h

Indigoidine 94.09%
77.56% Indigoidine

( 11)  
Indigoidine 75−90 °C

4−60 °C

 

2.7  氧化还原剂对色素稳定性的影响 
12 1%−2% Vc Indigoidine

1% Vc
3 h 22.82%

Vc 2% 3 h
8.14% Indigoidine

Vc  
1%−2% Indigoidine

1% 2%

 
H2O2 Vk3

2% H2O2 Indigoidine
Indigoidine  

 

 
 
图 11  低温对色素的影响 
Figure 11  The effect of low temperature on the stability 
of indigoidine and indigo 
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图 12  氧化还原剂对色素的影响 
Figure 12  The effect of oxidant and reductants on the 
stability of indigoidine and indigo 
 

1%−2% Vk3

Indigoidine
Vk3 Indigoidine

Vk3 Indigoidine

 

2.8  食品添加剂对色素稳定性的影响 
13

2
7 d

7 d 2
13 14A Indigoidine

24 h  

 
 
图 13  食品添加剂对色素的影响 
Figure 13  The effect of food additives on the stability of 
indigoidine and indigo 

 
7 d

3.26 13 14B
24 h

Indigoidine
7 d Indigoidine

2.28  

2.9  金属离子对色素稳定性的影响 
15 2 Ca2+ Mg2+

Na+ K+ Indigoidine

Mn2+ 4 h Indigoidine
24 h

 
 

 
 

图 14  添加柠檬酸和苯甲酸 24 h 和 7 d 后 Indigoidine (A)和靛蓝(B)溶液颜色的变化 
Figure 14  Color changes of indigoidine (A) and indigo (B) solutions after adding citric acid or benzoic acid for 24 h and 7 d 
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图 15  金属离子对 Indigoidine (A)和靛蓝(B)的影响 
Figure 15  The effect of metal ions on the stability of indigoidine (A) and indigo (B) 
 

Zn2+ Al3+ Cu2+ Fe2+ Fe3+ 2
Zn2+ Al3+

Indigoidine
Cu2+ Fe2+ Fe3+

Cu2+ 2
λmax 770 nm770 nm Fe2+ 2

λmax 420 nm Fe3+ Indigoidine

λmax 420 nm ( )    
λ=610 nm

2
Indigoidine λmax

420 nm λ=590 nm

5 24 h 2
16  

Li+ Indigoidine
Pb2+ 2

Pb2+

Indigoidine
 

 

 
 
图 16 添加不同浓度 Zn2+、Al3+、Cu2+、Fe2+、Fe3+离子 24 h 后 Indigoidine (A)和靛蓝(B)色素溶液颜色的变化

Figure 16  Color changes of indigoidine (A) and indigo (B) solutions after adding different concentrations of Zn2+, Al3+, 
Cu2+, Fe2+, Fe3+ ions for 24 h, respectively 
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3  讨论 

(H2O2)
Indigoidine 2

( 1)
Galindo [29] H2O2

C=C

Takeuchi [30] C=C

2 [31] Kuramoto [32]

(Peroxide Intermediate)
C=C

(Isatin) 17
[33]

C=C
Indigoidine

(H2O2)

C=C
 

Vc 2 λmax

Vc

2 Vc

(Leuco-)

(
Leucoindigo) 18A Indigoidine

Leucoindigoidine 18B
[7] Indigoidine

Leucoindigoidine[13-15]  

4  结论 

N,N-
2

pH 1.0−11.0 2
pH 2

Indigoidine Vc Vc
V c

Indigoidine 2
Indigoidine

Vk3
2 75 °C

Indigoidine
Indigoidine

Indigoidine
 

2 Ca2+ Mg2+ Na+ K+

Indigoidine
Zn2+ Al3+ Cu2+ Fe2+ Fe3+

Mn2+ Indigoidine
Li+ 

 

 
 
图 17  单线态氧所致靛蓝光氧化反应过程[31-32] 
Figure 17  Photooxidation of indigo by singlet oxygen reaction process[31-32] 
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图 18  隐色靛蓝(A)[7]与 Leucoindigoidine (B)[13-15]的化

学结构 
Figure 18  Chemical structures of leucoindigo (A)[7] and 
leucoindigoidine (B)[13-15] 
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