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Fat AR BT A2 A E R B AT AT, (4R ] /2 3 4R F AF3-44 B4 & 5%49 pH #= e-PL &
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Oxidative stress in g-poly-L-lysine fermentation by Streptomyces
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Abstract: [Objective] To study the relationship between the tolerance of pH and e-PL, oxidative
stress and e-poly-L-lysine (e-PL) synthesis in &-PL producing strain. [Methods] The fermentation
activities, pH and e-PL tolerance, and antioxidative abilities among Streptomyces sp. AF3-44,
Streptomyces sp. AS32 and Streptomyces albulus F15 were compared, and the cause for reactive
oxygen species generation was analyzed. [Results] AF3-44 had the best pH and &-PL tolerance and
antioxidative ability among three tested strains, and kept good cell activity with the highest e-PL
concentration. e-PL caused the oxidative stress at the earlier but pH at the later stage of fermentation.
[Conclusion] Improvement of the antioxidative ability in &-PL fermentation by Streptomyces could
increase the cell activity and &-PL level in fermentation.
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e- T 2 R (e-Poly-L-lysine, &-PL)Z A4 ¥)r=
AEIHT 25-30 DMEIEIRIEFES: 0-COOH F1 &-NH,
MAETRAREY, e-PL WA IERST, KIEVER
YR EELY, e HIEIE)T, AT H TR
BG4I e PL AN RSN INFIEAE H A, 55
P S E AR, BT R A T S

HErEY K2 e PL TolbfbA: r=my £ 27
X, PIRIEAL ., A SR AESS FTTE, e
Streptomyces albulus F& i & W, ePL Mk B 7E
0.3-0.9 g/LP, figdhe [l fif )y AT e-PL B Ah 5t
LG DL R B L2 A5 o ARAE Lt 2R 1 A
WA, fRBR R AR G 1 ST, B LA
L1 28 FR (A I PN 35 i ¥ 2802 e-PL TRIFI el AT 3L
Jik, WS, albulus FEHZEEF e-PL A2 = 2
1.2 /L7, R 0 i gt Xof B — R ) A 842 L
ST YR BE IR B A R . ARk, AR A
# HE(Genome shuffling, GS)HIAZ A TR ) J7 1k
TE 4 5L Al A 2 1 oK P 253K e-PL 4R
FETE AP R CR) DAL, B IFE e-PL MR
TE 3.0 g/L DL B0 (HAR SCHLT 4 A B . A
5C B9 AT T AE 2 % Streptomyces sp. AS32 i
Streptomyces albulus F15 17 GS EFl, 1M GS
E Rl Streptomyces sp. AF3-44 H: e-PL & Rl AR i E
RN, A AE A BRI APk 1
I EERY B — 2P, IRAST TR AR HA R 3R
AEfS 52T e-PL G, MH] GS HUM R e-PL
AR AP IHLEE

KT L2 e-PL 7™ 1) 55 —Fh ok g . 756
B4 e-PL REERTRET, pH 928 fL)2 e-PL S5
OCHE, YEEFR it pH (EFF(RE 4.0 B e-PL FHiH&
B, (R ERE PR BT R A 0 A 1 SR A, Kahar 2501
FHARKS GBI FBe, 5 L kKB
e TOIMEBEAAET, ePL MMRIEIAF] 483 g/L,
Ren SR ] pH ol g, WnisFR e-PL HYMREE
547 gL, Bkl T 52.5%M Ak, fE
ANTEF] e-PL (19 S0 A B A B AR
Liu 2 o Ji 57 40 8 0 6 5 b F AR Ak e-PL 7™

YIRS PR B T, Rl ZM IR 0 e £
PRI B ARTE T, 30 L R TERE . N R R
T, ePL HkEH 28.2 gL, Zhou Z"FIH GS
FBAE T H—k e-PL 32 5 5 7 AR , BEAS 7R TH 2
pH 4.0 B 4ERFE I A BRI A TE 711 e-PL A RE T, (0
i SZ AT v AN B A

1% PE% (Reactive oxygen species, ROS)J&IEH
A EACHE R P B — 28 TRV E Y IR B BAR,
1) ROS 2512 DNA ., HEHAE . fEFREMANAED K
T EVEA, S aniE e, Wang 25U OMF
TR, WA REETE R A EIR AT A
ROS, SERMHA FHAE#EE. Ye S48 ROS
Z5T ePL - SRMEIEH ., KL, 7Ei74 . ik pH
FEr e-PL WY EBESAE T, ROS A AT REXH A P B Rk ™
AR, FEERTE AL, AT e-PL FLER

AT B UE_EIRHEN, ASCMOARIE] e-PL P AETR
FRXt e-PL Al pH i 521k K ROS Flk BEtEREZ A1)
KRR E, HWRELERT e-PL Ml pH X} e-PL
i 32 %1 GS T #k ROS TR0, T K45l ROS
HKE R ARTHEAIE IR e-PL (14 & BEAK PR fi— A
B
1 #E5FE
1.1 SEIa#tHY
111 E#: A0 52 8 Srrepromyces sp. AS32 .
e-PL {5274 S. albulus F15 Fl GS Wk Streptomyces
sp. AF3-44 NS00 5 (RA7 e-PL P AR TR
1.1.2  5EFRE: PSR I BTN) A B S B8 SCHR[9]
T~ 4% 5 J 1 I 55 75 R 174 TE ) 2 B SRR [9] H 1Y
gt =,
1.1.3  EEZRFIFLEE: 405 99%01 e-PL FEih,
WITTBHAR R A TR A Al eI b at,
Hh ] B 2 A A iR A W] UV-2100 43066 R T,
JeJe A AR A B A s 20 RERFR (L BIOTEK,
KEMABAESARA A WOLHERE RS Leica
TCS SP8, TR w5 8 i 20 i i AL
SM-650D, R FFI{UAFIL A R vl 5 SRAMAT AL
Sy FEIEEETE U-3900, HACHSE#k=Catt s SaosAH
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i 245 DIONEX U-3000, & #2¢/ ] .

1.2 XWAZE

1.2.1 EFAE: BRI SR
SCHR[18]. PR R MEREF%: ¥4 3 mL R PR A S
£ 40 mL & BERTFRFEAY 250 mL FEIH, 30 °C,
200 r/min 5557 3 d.

1.2.2 T[E e-PL REMARE pH EiRIZFHE/E
#ll: [0 KB A B BTN 85323 PTG e-PL B,
i BTN 55775 e-PL ALK 20 5 R B TR e
fES AR o pH 4.0 B BTN K55 3E 305 & 5 40 g/L,
pH 5.0 54 30 g/L, Hi4x k20 g/L.

1.2.3 F[E pH ZEiARBEH: 2% Ren &
75

124 REDESHMNE: PL WKERNESH
Itzhaki 22707k . R E(DCW)IIE S %

Chen 2PV 53%

1.2.5 H ZE(Malonaldehyde, MDA)#1 ROS &9l
E: B% Zeng EPH1k,

1.2.6 ARETEHRIME: 2% Zhou Sk,
1.2.7 YHREREBURBISIE: KWL 4 500 r/min
B0 10 min, F 0.2% KCI PE% 2 7K, 8 000 r/min
20 10 min, 325 B3, BC1 g wedfH Tris-HCI
(0.5 mol/L)EZE S mL, MR B ANMEmRE. B
PR T 40% (RT3 650 W), RHE 2 s 15
2's, TAFE 20 min (SEFRMERE 10 min), SR FELE VK
KIRAH(0 °C)h k4T . 2 12 000 r/min £5.0> 20 min,
BRI A MO, U O B b
2T P A o

1.2.8 EERBEESEHMNE: B 300 pL,
HIIATE/K 21 700 pL, 12 000 r/min #.> 10 min,
B VR 1 55T B VA i 1 .
A~ Aminex HPX-87H (300 mmx7.8 mm, 9 pm,
Hercules, CA); Kiilll#% 4 RI (Shodex RI-101, Japan);
WiLalAH 5 mmol/L iliR ; A1k 60 °C; Jiik 0.6 mL/min;
PEFER 10 pL.

129 MEUEEFANE: HEAIYE L
(Superoxide dismutase, SOD)Jf J1 . i & 1k & i
(Catalase , CAT) #l #j %5 i -6- W M2 I = 1

(Glucose-6-phosphate dehydrogenase, G6PDH)J /]
[IE S Zeng 222 )7k Horbr, SOD i & L
M AE 1 mL RV, 1 min PIIHIEEE =) 4 &
LI ARIRE] S0%HT ARG 1 ANEEHE B ; CAT i
T XK 1625 °C, pH 7.0 5 F, &8
1 pumol/L H,O, Iris Bk 1 AMEEE #7 ; G6PDH
BTG O AR A: 1 umol NADPH Fir s ) it
O 1 ARG B
2 HR54560
2.1 3#kePLFEERABSESHILE

1E AT W 5E o AR AR 00 A OB i sz
Streptomyces sp. AS32. &-PL {3 HY S. albulus F15
L ERPIRI M EA, 250 =5 GS ka2
e-PL M52 Streptomyces sp. AF3-44PWE BT}
%, FI15 KIET e-PL A7~ 08 FRERE S. albulus H.
HA =it 321, AS32 MR Z F ik, AF3-44
 F15 #1 AS32 (WERGTEHE, 3 FIREMS BAHE.
AR T e e & B fe b pH. e-PL 1
AR K225, pH &R e-PL A M AL K
(IR Z, W& 1 iR, F15 Fl AF3-44 (#) pH {H
TSR AS32 HR, e-PL JFUA-G BUAYIT A LT
AS32, {H F15 MRRA K Z EIPIH], K BELs )i
KR 5.4 /L, KT AS32 1Y 6.8 g/L. AF3-44 (K4
Rk 6.4 g/L, HEWEALT AS32, {H &-PL [k
15T F15 F1 AS32, Uil AF3-44 HYEAIF{A e-PL
BRE S 9 T HOEASH PR F15 Fl AS32,
2.2 3 #KERY pH F0 e-PL it 14 ELER

M IR KBS BT, GS Witk AF3-44 1)
e-PL Ve BE S TR AP, 1T AR R Il AR rh s R 0
pH (EARTFRA TR . WARTT AF3-44 1R Wik i 5
FHAEG BT T WX pH A1 e-PL i 52
REJT TS, R T GS bR 53R A M pH Fl e-PL
(AN 52 1k

FHICTA A 2 BB 2 TAF AR AT, A 3 bk
P FEANR] pH Al e-PL [ A5 F= 5L AR ORI 2F
BRGSO, 554N 2 Fos . 7€ pH 7.0 Fl 5.0 () 5%4%
T, AF3-44 WAL RLAE 5% T F15 Fil AS32,
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8.0 r—a—pH —+DCW —e—g-PL 7 8.0 -3.0 8.0 - —s—pH —+— DCW —e—&-PL 8.0 -3.0

&-PL (g/L)

40.0

006wt . 100 0.08—t :
0 10 20 30 4((})1)50 60 70 010 30 30 40 50 60 70
t t(h

¢ 8.0  —=pPH =—DCW —e—¢-PL_g0o 3.0
6.0
T 40

2.0

0051520 30 40 30 60 70
t(h)
Bl 1 &#k F15(A). AS32 (B)F1 AF3-44 (O)IE A BT IZSH
Figure 1 Profile of process parameters of strain F15 (A), AS32 (B) and AF3-44 (C) in shake flask fermentation

| J S
B2 3 FEX pH F0 e-PL T Z MRS LLER
Figure 2 Comparison of pH and &-PL tolerance of three strains
TE: A, D, G/riUEREH F15 7 pH 7.0, 5.0, 4.0 (EKIEIRIE HAEK KA TR B, E. H /MUK E K AS32 7E pH 7.0,
5.0, 4.0 EARESREE EAR KA TFIERIES; C. F. 135K EK AF3-44 7E pH 7.0, 5.0, 4.0 Y FEARE SR FAER KA FIEM
T80 ; IR e-PL ZORBEAKICH 0. 0.2, 0.4, 0.6, 0.8, 1.0 g/L.
Note: A, D and G represent the growth and spore formation of strain F15 on solid media under pH 7.0, 5.0, 4.0, respectively; B, E and H

represent the growth and spore formation of strain AS32 on solid media under pH 7.0, 5.0, 4.0, respectively; C, F and I represent the growth
and spore formation of strain AF3-44 on solid media under pH 7.0, 5.0, 4.0, respectively; The final concentration of &-PL in media is 0, 0.2,

0.4, 0.6, 0.8, 1.0 g/L respectively.
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i HBE% e-PL MRS, FIS M AS32 LK% WK, SEARSCiEM—2%", (A HAER
F4M . 7E pH 4.0 Bf AF3-44 AR FREMAE L HURILL R GS BRI SZHLH & WARE . — Bk
T AS32, HES FIS #HZEARKR., NHEAE pH 4.0  e-PL 0] LU S MU RIS LE &, 58040 R 52 %%
SN AF3-44 FIFIS filFAEKRE ), #F—248m  PEAUBUR, IEAERIFEEM ROS A SRR 5 &
T e-PL IGUNIVRRE, 85 RRVIY ePL TR 8.0 /L At 2 LU ET- A T, milblhac v
F110.0 g/L B T F15 B4 K (K 3). 5 FRTR, PGB A FRAEFF B ROS (1 E TR ARG P
GS [§ AF3-44 Mg ETEMRME pH 0270 e-PLIREE AT, X ePL PPAEHM S, KESIFEH ROS
T, WK REE S ToRARN FIS  24nf28{k, ROS 7K T 5 40l S Ak 315 =2 fal i 56
1 AS32 Ui, GS IXTERTE pH FIRVRIE e-PL RIS, M, w0ckil 1 3 dki ek Bt

FRITIRS 52 BE 1 1058 TSR AS TR R H1 ROS 7K, LI LA MDA AR A A R
23 3IMEARBEIREPENRGRERE DR SERLIAREE KBt T, 3 BRI ROS 15 i

DL EZERRIMIC pH FIRVREERY e-PL 2SR 95 ETHESW(E 4A), B8R pH AU T A e-PL 2

A

3 pH 4.0 B E#k F15 0 AF3-44 31 53K [E e-PL 89T S LIS

Figure 3 Comparison of tolerance to high concentration of ¢-PL between F15 and AF3-44 under pH 4.0
T AL B BICKFE FI5 ARk AF3-44 75 pH 4.0 B9 ASTFRE EAR KA TR BIE DL B0 e-PL Z9REZHKUCH 3.0, 5.0,
8.0, 10.0 g/L.

Note: A, B represent the growth and spore formation of strain F15 and strain AF3-44 on solid media under pH 4.0 respectively; The final
concentration of &-PL in media is 3.0, 5.0, 8.0, 10.0 g/L respectively.

A B

20r _e—AS32 3r —e—AS32
—a—FI15 —a—FI15
= AF3-44 z —a AF3-44
Q
. leF A g
g £
>l g
& £
~ < 1F
a8
gl =
1 1 1 1 1 J 0 1 1 1 1 1 ]
0 12 18 36 42 60 72 12 18 36 42 60 72

t(h) t(h)
4 EMAEEIIZSF 3 HE ROS (A)F1 MDA B)R 2t
Figure 4 Changes of ROS (A) and MDA (B) contents of three strains in shake flask fermentation
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TSR] LS ROS BY4& T, A SCHk{iE ROS 1Y
s BN ANME AR R E AL AE L MDA,
o BEREAS AL S BB 2 s L, B8R GS
P AF3-44 (%) ROS /K21 i 3 5 T H A AS32 Al
F15, {HJ& MDA H&®ET AS32 Fl F15 ],
RIEFIE ST REGEHEHE 60 h BB BARTHE
A (& 4B). XKW GS WTEA MG WA 2
T EARR, WIREERTREA, DET GS W
WPIE T, PRI I FE AL R s, (R[]
LN T PR A AT RENE , FELROS T EARY,
PE— R S-EAE-2,3- - (p- TR k- Py e S Ak
¥1)(5-Cyano-2,3-ditolyl tetrazolium chloride, CTC)
ARG N T T LA T R R AR T 3 R TR Y PR AT
71, CTC B HITHIE, (A 5N
AR AN T B S T A7 38 B v 1 O S O Rl
IR LTSRS, 9 ama5-5 A M TS A T
N, JetaZS LRI, WA RBEIET, 3 PRIRMZE
SRS, RIS TR, BAE)E AL
REAERARCIR ) TR TS 1 (18] 5) R RG5O
BT R RAREUA 55 R AR W] I 36 h 5 AF3-44
H R EET AS32 #1 F15 (K 6), 5 ik AF3-44

AT L RE R . AR A DA — B
24 3HEAEIERISLMBEEN R
EY R T RERE T AL E T AL, e
T AR S 8 HE ] R GRS UR R AR TR BT . PR
TRHiG R 5—Retn S HTE LB AT R L R
WAL REZEfIA SOD, CAT., G6PDHP%%; %
AR R — A g BT | AR I KPR . RS A
PE GS TR IE N A SEHLE], Xt 3 Bk
FAREE S d SOD. CAT. G6PDH i LA Az 15
WS T, G556 K% 12-18 h A,
3 BRI SOD Rl )1 ot BliJE 2R (&l 7A),
CAT F1 G6PDH [t 1 WA & B k4 12 i s (]
7B. C). —fik SOD it b VE ¥ O* #4k
H,0, 1 O, H,O, BN SOD B G HE;
HIZ, CAT MI£:4l H0,1% 33805 ™). G6PDH J&: 1
T [ I SRR, I Al AN S Bh B it
KL S NADPH, A5 &, GPDH BT 2
I NADPH FMART HyO, 72 A= (ke AT/ L
AW BEE KB ROS &Iy n(&El 4A),
SOD it /¢ E T+ R, CAT #l G6PDH & & T,
5 R SCERIRIEA—E. GS W AF3-44 () SOD FlI

60 h

5 EMAEEPEK AS32 (A). F15(B)5 AF3-44 (C) CTC 3 tLE
Figure 5 Comparison of AS32 (A), F15 (B) and AF3-44 (C) with CTC staining in shake-flask fermentation
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LU e CAT FiH& J7 B T PIEAS F15 1 AS32 (B 7A.

—a AF3-44 B), REMSHCHI GO BRI 5 B K e

2 150 P47, GS Hif¥Y CAT Fl G6PDH MEE /b 1Tt

E IS HE AR 7B ©), AR KB R
% 1ol M i) ROS ST TI B, AT AL 15

2 ORI S — el R SR, — i I

2 .l 390 0 4 2 1 A L £ 2 0 S i 2%

PEF R ARSI, RIS S A AR

AN HRE AR, % 3 B R R T A

v 1|2 1|8 3|6 4|2 6|0 7|2 WME S AT R : 3 PRI TSN & Y B

£ e EFHR TR, GS T AF3-44 (i Py it 00

& 6 EIRAEELIZES 3 HREEMKRTE DR SR IARE TR F15 M1 AS32, JFHAEREE 60 h.

Figure 6 Comparison of the cell activity of three strains in e .
shake-flask fermentation F15 F1 AS32 Hhifg il & 1 FUf T Rk 21 i AR,

A B

8- — = AF3-44 80 s AF3-44
—e—FI5 —e—F15
—a— AS32 —a— AS32
= 70+
g 5T g A
8 8
g g 60l e
en en
E E
S 2 50 L i
a
2 2l S
- 40 + X
0 1 1 1 1 1 | 30 1 1 1 1 I 1
12 18 36 42 60 72 12 18 36 42 60 72
t(h) t(h)
C D A

0 e AF3-44 ~°r
= —e—F15 .g
.g —a— AS32 3
g 8r S o3|
g o0
o0 g
E 6} E
- E i~
1 s 2+
S —
X 4+ &
= « 2
3 ’ RN
S 2" >
S =

0 1 1 1 1 1 1 0 1

12 18 36 42 60 72
2 (h) 2 (h)

7 ERAEBEED GS BSEAERALMEEE N AR
Figure 7 Comparison of antioxidative activity between GS strain and parent strains in shake-flask fermentation
Note: A: SOD; B: CAT; C: G6PDH; D: Trehalose.
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A3 R F15 F1 AS32 14 1.5 #1 2.3 £5(/& 7D), %4
fEBriE T 1% GS W HEA R ER
25 ePL AEIREPEUMERIFAREER

AWFFEUESS, W, &mEF . k. 2@t
FIGE R R ARAT LG FLE AR A A e iin , S38UE
YIARBTE IR B AET- . Bl g SRR IALE e-PL
RSP EREE ROS M A4:, IF HUE & I
Th, BRHEREAERE. pH ZAEHEEN e-PL &
FESHL, PR A SRR T FE T pH (ELZR AR, 1K
pH {HFTRES & ROS 17745 ; K BE™ ) e-PL REME 45
AAEMUE D AN MR 1, 5 | 7 200 B 3 35 P 1
ifii ROS EZE3kK [ 40 MR - P W A 4 v A% 3, Bl
BHREETY e-PL MALR, A 5851 & HL 7t s F1
ROS AR

N THFSE e-PL X} ROS A 52, Fris ity
(1) AF3-44 PP R R W R LG 42 10 h
LA 23510 1.0, 2.0, 3.0 g/L ¥ e-PL, IR
WhN e-PL W RBEMXTIE, B0 6 h XF ROS #E4 1
Eo WK 8 R, X4 e-PL IIAJG, KEERTH 6-12h
ROS A B A s H 53N e-PL W 2 1EAH
X5 M 12-30 h 1 ROS #9481 e-PL WAL
A BB AR, X RTRE S R RERTH pH (EE R,
e-PL X} BT R AT 6

24 — —=a— Control
—o— 1.0 g/L e-PL
—4— 2.0 g/L e-PL
21k —#— 3.0 g/L e-PL
S i
= 18 - ,é;%
!
B 15+
&
12
9L
1 1 1 I

1 1
0 6 12 18 24 30 36
¢ (h)

Bl 8 EMAEISIES e-PL X ROS & R AIF MG
Figure 8 Effects of e-PL on ROS generation in shake-flask
fermentation

RIS BESE Ml AL, fEREE 10-30 h
pH (HS HBL—ASPL Rl A, X 4 s Al 3
SWESE pH XA ALIIE 5, B e 20k pH RS e TE
ANFK-, MR pH 28 3.0, 4.0, 5.0 FFSHER-
FRAM RN T 2 PR - R PR DR R | D L K I 25 T B
pH. DCW Fl &-PL /KF-, Z55RWNK 1 P, KA
W5 G3. G4 FEfil R 5E pH 40510k 4.8 F1 5.1,
558 i Bt v (9 pH 3.0 1 4.0 ASAHSF, 5 H DCW
Ve T pH AFEHRI Y 6.4 g/L (K 1C). SR 8 2t ik
MR- B FR AR pi AR R (AT G R0, R eSS AT
) pH 528 M ATt A pH 251K, DCW i
6.4 g/L, FMIE A VE KRR AR pH 1292 0f
KR, ISR pH EA A HAA TRES] 5.0, 4.0,
3.0 AR Y A5, A4, A3, FiFE 6 h XA EE
iy ROS HHATIINAE o

WK 9 frzn, ROS B pH {EFEARmE N, FF
H YR pH 4EF; 4.0 #1 5.0 B, R Eat 23
ROS Bt &4 ; SRR pH 4E:F 3.0 BF, 6-12 h
iF ROS A W10 E T, FiE pH IR0 Al A B
IFBAT B ROS BEEILS:, WIREZ M T pH (HA Ik
SIS SRR 25 FRTR, BAR e-PL FIFR
P pH #2535  k -PL 7 AL A ALIA 0N , {H e-PL

F1 TRZEMMEZEX GS BABS UM

Table 1 Effects of different buffer systems on
fermentation parameters of GS strain

ZEnhik & Parameters

Buffer system pH DCW (g/L) &-PL (g/L)
A3 3.10£0.01 5.40+0.05 1.20+0.03
A4 4.10+0.02 5.50+0.06 0.60+0.02
A5 4.90+0.04 5.70+0.07 0
G3 4.80+0.05 12.90+0.05 0
G4 5.10+0.02 13.80+0.03 0
G5 5.40+0.04 14.00+0.08 0

TE: A3, A4, ASARIALEE pH 8 3.0, 4.0, 5.0 IYRESHR- SRR
AR G3. G4, G5 4Bk pH 47 3.0, 4.0, 5.0 BHE
fig-Eh R gz A .

Note: A3, A4, A5 represent acetic acid-sodium acetate buffer
system with pH 3.0, 4.0, 5.0 respectively; G3, G4, G5 represent the

glycine-hydrochloric acid buffer system with pH 3.0, 4.0, 5.0
respectively.
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Figure 9 Effects of pH on ROS formation in shake-flask
fermentation
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