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[Objective] Comparison of the stability of heterologous expressed indigoidine in Escherichia coli and
commercial indigo. [Methods] Recombinant E. coli DH50/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. Ca?"
and Mg?" showed certain color-keeping effect on both pigments, while Na*, K™ and Li* had no overall
destruction impact, but Zn?*, AI>*, Cu?*, Fe?" and Fe*" exhibited notable destruction on both. [Conclusion]
Indigoidine exhibits much better overall stability than indigo, suggesting a broader prospect of
development and application.
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GCTAGCTTATAAAAGCTCTTCGTACGAGACC-3')
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Figure 2 Construction of the expression vector p28s and recombinant strain E. coli DH5a/p28s
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WURE—Y, CSRARR OD] , AN O h Kbl 48 4hk
HESIY C ZTRIRAE  BE, TR R R R
1.2.8 WA EHRREMAIFM

IRl (6 Z AW & B 3 mLF EP 45, B F HOE
T3 8 W, MG 2 25 cm, St s [
800 Ix, 25 °C), 4r#lfE4s 12 h FI%E 24 h BUke, id
FAHR OD; , LAWIAR O h RPOEH I (R IR
I, AR,
1.29 pHXEREBEMISID

FHL 20 mL WA, 1 mol/L HCI,
2 mol/L HCI #1 2 mol/L NaOH 43 $iE R ZE pH K
1.0, 3.0, 50, 7.0, 9.0, 11.0, 13.0. >14.0. iE%J

JE & RLEEEE 0 h Al 12 h, CsEHIR 0D, DU
0 h R pH AR IR IR XTI, TR @R R

fiA
1.2.10 EEMEEREERRE

PR RIRAH 3 mL T EP 459, LLOh K
R FR{A E IR WA IR, THE AR R, i
R E 3L .

(1) waikkd: AREWST 5T 45, 60, 75,
90 °C MfHE/KIAF RO, & 1 h BUE—
W, EIRORE 4 U, A KROKYS A 2= %A 0 A
f70D} .

(2) HWikidl: CREWRDHET 16, 28,
37 °C WAL FRAE RO I AA A, A 12 h B
FE—W, JRHORE 7 W, WA B & RE ] A R
iy 0D} .

(3) il : A Z W o5& F-80. —20.
4 °C yKF iR AL, A 12 h BoRE—ik, dt
HORE 7 %, A 2= S A0 s AN 1 OD) o
1211 SHEEFMEREEENFN

SrHIHC L mL 1%, 2% (EiARU D Ve,
VK3 i, 1%. 2% (KB E)RIRIRE . H.02, 75
TRACIMAR] 3 mL @FFRFIRS), ECE
3 h, ICEMIBLODS , LA 3 h 7&K S (R
ARSI X B, RO R AERE R,
1.2.12 BRRMFI e RREMEN

A3 B 500 pL 2% (AR 0 Y H 2 B
INBLWE . M 0E . REME . MPEEER . KRR . Hi
FIZEMK, A 3 mL R PIRS), i
B 2401 7d, iC5AHN OD] . FEAHILLATI 24 h
7 d BZEIRK S ORI TR WA R, 1T
G240 7 d YRR,
1213 &RBEFXERBEMNFI

4y 844 F} NaCl . KCl. CaCly. MgSO; .

ZnSO4. LiCl, MnSOqs, Aly(SOs)s3. Pb(CH3COO),.
CuSOs. FeSO4. FeCls fitiil 0.05. 0.2 mol/L 1
Na*, K+, Ca*. Mg?¥. Zn?*", Li*, Mn%_ AP,
Pb?", Cu?", Fe*, Fe* &l 438 500 pL DA I
42 I8 IR ZE IR 3 mL A Rl IR
A1, FIEDGCEE AhF124 h )5, 12 000 r/min .0
10 min, HC L3, JCsEAHR OD; , 43 HILAXI 4 h
24 h WZEIRKS ARG 4B
A 4 h 124 h g R AR,
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2 HR55M
2.1 FRikE K p28s FEE T2 E E. coli DHSo/
p28s HIEE

TORE pCIMt002 H idgS ik K [ 1R %€ K (B AK
B ) 4% % 14 (S. lavendulae) CGMCC 4.1386MM11
GenBank % 5#5 AHW58010; sfp JE[K 3 [ i L
4 Jfo #T 1 (Bacillus subtilis), GenBank % 3¢5l
X63158.1[11.18.27-28] - UniProt % 35 Jy P39135[191

PAJETRL pCIME002 SR i1 7 PCR 471 idgS-sfp
L, Ze s PRIy 1 R B AR 29 4 581 bp, £F
AHUE 3A), MFL4EHE pCIM002 1Y idgS-sfp
FSERFHIUCHC RS R 100%., HUikFa i as N
WO 5 A6 0020 R o BRYE R A7 o SR D) 36
WFHL Pk 200, H41 ki p28s 48 Hind 11115 Nhe TR
VI Ja 544 J3 7 040 bp Fl1 4 575 bp (1) 2 25547, £F
AW 3B)., &Ml EXt, 4 575 bp FEY
pCIMt002 1 idgS-sfp JE[KJ¥#1 DLHEL Ky 100%, i
HEE g s, AR p28s FIBEA 1
it ¥k E. coli DH5a/p28s ¥ M it 1y .

A
kb M 1 2

3 idgS-sfp EE PCR # #8(A)F1 p28s FRAL W EF L6
JE(B)

Figure 3 PCR amplification of idgS-sfp gene (A) and
verification of expression vector p28s by double
restriction enzyme digestion with Hind 111 and Nhe | (B)
7. M: DL10000 DNA marker; A: 1-2: idgS-sfp J:[H PCR ;=
Pr; B: 1-2: Feikakik p28s (RLAET "1

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 & Z g4

%l 4 201, Indigoidine {5, % i 7F 590 nm b A5
S5 RO A, 5 SCHR[18]4 1 — 3.
2.3 ZIMEFERBEMNRI

NP 5 FioR, SRAMEXT 2 PP H A AT B W
WERAER . PR R LI A T @S, &
FEPEAE, 30 min J& (4R FER AR 50%.
2.4 WA RTBEMNR

W 6 Fros, 2 Fpofa 246 0] WG E R T 4l
@I, SeREEALE, {8 Indigoidine iy SRR E PE
A O F e s

Indigoidine
=290 nm

mAU[
200 F

150
100 F

50F

Ol 4 aay g 1 1 I
300

400 500 600
Wavelength (nm)

700 800

4 Indigoidine & & 2K K LIEE
Figure 4 A full-wavelength scanning spectrogram of
indigoidine
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30F

Pigment preservation rate (%)

0 L 1 s 1 L 1 s 1 4 1 s
0 30 60 90 120 150
¢ (min)

5 EIMEXTE RN
Figure 5 The effect of ultraviolet light on the stability of
indigoidine and indigo
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Figure 6 The effect of visible light on the stability of
indigoidine and indigo

25 pHxIEREEMRFZI

W 7 A, L DMF N @RI, 2 Ffn
FAOAE pH 1.0-11.0 B EUE , — I AP R iE
s 4 pH>13.0 BFARERE , KA AR E IS,
UL SR AEYE pH X 2 R Z AR LA B2 i A
. Indigoidine 7£ pH 13.0 W} Mk (s, {H
pH>14.0 B {5 W e 78 i i e p8 iRk fi, 12 h
JE IR IR 5E W AE pH 13.0 A s (4,
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Figure 7 The effect of different pH on the stability of
indigoidine and indigo

Xf 2 B EEAE T REA R, BUE e
pH 1.0-5.0 i Al AR5 LRI W €a; XFF Indigoidine
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41l
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45 °C f#ili 4 h J&, Indigoidine 1% {f % fR17%
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ol Indigoidine Indigo

| Y

<

Figure 8 Color changes of the two pigment solutions at pH>14.0
. A: pH>14.0, 0 hiEd O ZIFHE(A AL, B: pH>14.0, 0h [} Indigoidine {4 & Bl (0% {k; C. pH>14.0, 12 h 5 2 F s,

ESGRl Uk

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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Figure 9 The effect of high temperature on the stability
of indigoidine and indigo
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Figure 10 The effect of ordinary temperature on the
stability of indigoidine and indigo

R4, 2 Bl 2 4-80, —20 °C {417 84 h
I, (O RIRIERAE 95%LL ., {H 4 °C {17 84 h
if Indigoidine f£77% N 94.09%, B & T i 14
FERMY 77.56%, BPIGHE (2 Fa et Indigoidine
AR T 1),

ZE F T, Indigoidine {6 2 i3 7 75-90 °C i
WEEVEARE, (B1F 4-60 °C fFa @Y HAL T
27 SHEEFIXEREEMMRI

i 12 fifs, 1%-2% Ve %t Indigoidine 44—
SEMIMEFBEARRE . 1% Ve X i s e, &
AR IR A IS, 3 h 5 AR PRAF RN 22.82%;
5 Ve WEERSE] 2%00f, 3 h JFORRERICY
8.14%, AW IR ik (%, Indigoidine LifE Wi AH
F, i Ve ik RE J) B

1%—2%FHE XS Indigoidine 474255 (194 EALE .
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Pigment preservation rate (%)

11 RIEXN BRI
Figure 11 The effect of low temperature on the stability
of indigoidine and indigo
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PN 2255 KI5 R A 1Y Indigoidine 55 W AR L P HLAL 9

BB Indigoidine added with 1% redox
Il Indigoidine added with 2% redox
Indigo added with 1% redox
[ 1ndigo added with 2% redox

S
(=]

3]
[=]

Pigment preservation rate (%)
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S

G
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Vk3

fe)

E 12 SWEFERFIE RN
Figure 12 The effect of oxidant and reductants on the
stability of indigoidine and indigo
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KA VK3 AALHLIE AT, Indigoidine FliiE i 4k,
SEESHORTA), SO A B AR [ e R Y
eI 255,
2.8 B@mAMFIX e REEMNRI

e 13 BeR, BA R, Hi. hEEE. HEE
FEAIERE T 2 R 04 W RERER, BinH
AT 7 d JexE i LA B WA AR (R
WA 7 d J5 2 P EEE RO B A T
W el 13 F1 14A i, ZSHRXT Indigoidine £
B RS SRE T, 24 h J5 AR IE RS ik 4

A Indigoidine
24h 7d
itri Benzoic
~acid

Benzoic Citric
acid  aci

Indigoidine 24 h

L Il Indigoidine 7d
200 Indigo 24 h
250 | [ JIndigo 7d

Pigment preservation rate (%)

E 13 ‘AT &R
Figure 13 The effect of food additives on the stability of
indigoidine and indigo
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MALEE 24 h 2047 B R AR, (ELEA Fox e
A FLA S i RO

7d

K Benzoic Citric
acid acid

14 HRINATHEERFNAFRER 24 h #1 7 d /F Indigoidine (A)FNETIE (B)iR R UL
Figure 14 Color changes of indigoidine (A) and indigo (B) solutions after adding citric acid or benzoic acid for 24 hand 7 d
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Figure 15 The effect of metal ions on the stability of indigoidine (A) and indigo (B)
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Figure 16 Color changes of indigoidine (A) and indigo (B) solutions after adding different concentrations of Zn?*, Al3*,

Cu?*, Fe?*, Fe®* ions for 24 h, respectively
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Figure 17 Photooxidation of indigo by singlet oxygen reaction process(*!-32
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Leucoindigoidine

E 18 B
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Figure 18 Chemical structures of leucoindigo (A)I"! and
leucoindigoidine (B)[3-19]
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