2026, 66(3): 1447-1466 G =i
CSTR: 32112.14.j.,AMS.20250711 Acta Microbiologica Sinica
DOI: 10.13343/j.cnki.wsxb.20250711 http://journals.im.ac.cn/actamicrocn

Technology and Method Es#&NEPaksA

Rt T8 A I N EA A R B A E & P S LE RY
RBEFRA

ZRE& AWM, KEF FAKL IR HEY, REH]

MR Bofbe, FERPRARTTE L, Wi T
MR RMBLARE, s i S G, HilE T

175
2"

R, I, TKoREE, AOKER, Tk, SR, RIEBE. A AR o 07 1A V5 D0 A B PR 5 B U MR E B S BEROR [7]. Rk
Y12, 2026, 66(3): 1447-1466.

LI Haoxin, HE Shanshan, ZHANG Zonghao, LI Yongzhen, WANG Rong, HAN Rui, ZHU Derui. Metabolic engineering coupled with
response surface methodology for optimization of ectoine synthesis in Halomonas[J]. Acta Microbiologica Sinica, 2026, 66(3):
1447-1466.

B E: [86]) BEMESHE P B3 T ELRA pHX01-pHX05 (424K H asd. IysC. ectd.
ectB. ectC), N33R tRI % 20 H (Halomonas campaniensis) XH26, ME &= TARAMK, F4&46
"%) B @ % (response surface methodology, RSM) Ak 3% 7 & #F 4% & w0 S5 7 (ectoine) 9 R E & . [F
E1 ELR AL KM%k A K (Escherichia coli) S17-1(\-pir)3:4- 54 £ B4k XH26, #IA KK EE
(50 pg/mL) Jf L Fa b % % F; vA 0.2 mmol/L IPTG 55 & A LA E 4k, A HPLC Al v9 £ 7572 49 47
Z&; RAELEZE K%, Plackett-Burman 5 Box-Behnken X i #4L % 42 & & F % (NaCl. & & Jk .
L-R B4, BAE). [4R] MET 5 #HEHHHRXH26/pHX01-pHX05). KA MG 3k k32
FREMEBIR, KILE PR XH26/pHX04 (asd-lysC-ectA-ectB) bW 5F 2 FR & F 5, 1£(1.32+0.04) g/L;
H ¥k XH26/pHX05 A= H #k XH26/pHX03 kX, wWAE=ARE =45 4(1.19£0.07) g/L #2(1.07+0.08) g/L;
7 XH26/pHX02 2 R Z84K, #(1.02+0.14) g/L. F|F vé o & ik R ALIE R0 KAk s, #0234k
44 % NaCl 116.08 g/L. & @k 1630 g/L. L-&& B4 169.57 g/L. & &4 15.53 g/L. 54
T, T4E M XH26/pHX04 19 28w AR R 28R 5 £(1.810.02) g/L, REF AR B4k XH26 T H R
&7 301.56%. [4#] Akt RELEFIOE A RLmp”, FREBHTHRESTELLR asd.
lysC. ectA/B, vAra @ AR ELARARGEREASS, TEERIZITLAARGTAEZRE
T, AR T UALA FRBET —Z R RESZIRE.
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Metabolic engineering coupled with response surface
methodology for optimization of ectoine synthesis in Halomonas

LI Haoxin', HE Shanshan', ZHANG Zonghao', LI Yongzhen', WANG Rong', HAN Rui*’, ZHU Derui'

1 Department of Basic Medical Sciences, School of Medicine, Qinghai University, Xining, Qinghai, China
2 Key Laboratory of Vegetable Genetics and Physiology, Academy of Agriculture and Forestry Sciences, Qinghai
University, Xining, Qinghai, China

Abstract: [Objective] To construct high-yield engineering strains of Halomonas campaniensis
XH26 by introducing five recombinant plasmids (pHX01-pHXO05), each carrying the P, promoter
and combinations of the genes asd, lysC, ectA, ectB, and ectC. This metabolic engineering strategy
was coupled with the response surface methodology (RSM) for optimization of the culture
conditions, thereby enhancing ectoine accumulation. [Methods] The recombinant plasmids were
conjugally transferred from Escherichia coli S17-1(A-pir) into H. campaniensis XH26, with
positive transconjugants selected via gentamicin (50 pg/mL). Recombinant strains were induced
with 0.2 mmol/L IPTG, and ectoine accumulation was quantified by HPLC. Critical nutritional
variables—NaCl, peptone, L-glutamate, and glucose—were optimized through one-factor-at-a-time
experiments, Plackett-Burman design, and Box-Behnken design. [Results] Five recombinant
strains (XH26/pHX01-XH26/pHX05) were successfully constructed. Culture in the MG medium
revealed that strain XH26/pHX04 (overexpressing asd-lysC-ectA-ectB) achieved the highest
ectoine titer of (1.32+0.04) g/L. Strains XH26/pHX05 and XH26/pHX03 achieved the ectoine titer
of (1.19£0.07) g/L and (1.07+0.08) g/L, respectively, while XH26/pHXO02 yielded a lower titer of
(1.02+0.14) g/L. The medium composition optimized by RSM was composed of 116.08 g/L. NaCl,
16.30 g/L peptone, 169.57 g/L L-glutamate, and 15.53 g/L glucose. Under these optimized
conditions, the titer of ectoine produced by XH26/pHX04 increased to (1.81+£0.02) g/L,
representing a significant increase of 301.56% compared with that of the wild-type strain XH26.
[Conclusion] This study demonstrates that using H. campaniensis as a chassis and overexpressing
a key gene combination (asd, lysC, ectA, ectB) under a strong promoter, synergized with culture
medium optimization via RSM, can significantly boost the ectoine yield of recombinant strains.
The findings provide a robust technical framework for the subsequent industrial production of
ectoine.

Keywords: ectoine; Halomonas campaniensis; metabolic engineering; response surface
methodology; gene overexpression; synthetic biology

FAZE T 5 DU S WA (ectoine) R PE AR/t Eb el Whadt™), 7oz g T AR W R 2 fk e . AR L 5
YIML N A R — 8RR E IR AT AE Y . DUEE R Tl B 7 S 4l DO e iy A AR
WE BENE 2k £ 25 1 T K AL )2 FAE W IR 0 25 #8 B o2 25 1% (aspartate, Asp) W ETIRY) . 1o K&
PE, DIHChUE L . miR . TR SRS RE 2R P (aspartate kinase, LysC)f# 1k Asp %% 1k
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N RE R IR -B-2F [ (L-aspartate- B-semialdehyde,
ASA), B IZ R AR T IR A
(diaminobutyrate transaminase, EctB), —Z&3& T R
. T FE 5% #% [l (diaminobutyrate acetyltransferase,
EctA) 55 U & W% B 5 1l i (ectoine synthase, EctC)
KA, I A BT S ™, 7 Tl Ak & e
A, BEVUAEY AT RE A TE AR K ARG
WAL o B AT . IR ) AR 2 O A1 L S
e AR SRR R AR AR R AR, M E N2y T
SENE A Tl AR PR AR =10 e Bk A
AR, 5T N 38 Ao b i A R R T (U
% ectABC. ask-ectABC 1Y, ask-lysC-ectABC),
etk ARV R 1E £ KI5 A IR (Escherichia coli)
B2 & R ¥ KT 1 (Corynebacterium glutamicum),
S YR 2R AH A I I DR LA S 30 v 2k A 7 D A
WE. 54N, Wang R R 3 E. coli JEIA
W ectABC WI¥5 DLER(5 A%), Ik RIBRA AR
7% i (threonine-resistant aspartokinase, ThrA), 1%
G T A B AR, ST I A E Y e AR R
(5 L KBERE 35.33 g/L); Jiang 5ROk I8 T
P fif] B (Pseudomonas) ) ectABC ¥\ T3 & &
C. glutamicum VFE, R F <4 (44X P& & A 7
SISV, P VA mEnEf R 2 45.52 ¢/L.
FH UG AT L, S AR AT A HE 1 FT B8 2 B2 15 VO & s g
SRR ARG TR 2 —.

RE R IRRIB R A —E B L] DL Tt
DU S E AR R, (TS AT — S R A i
R, R e g RS A TE PRS2 B . Bl
Kl NADPH s+ 3y il DL iss S
MR [ B4 A 7 ARG I A5 T  JT [) JRg h
i E R R IR AR A T, AIRE R — R
ROl A SR 7/l SR T e i N N I ]
(Halomonas) B ATt = £k . HETEALACHRAN S T T
TRl 3k AR A, R N T R R B R DT
I Fig (polyhydroxyvalkanoates, PHA) . DU & W& B
SRR B Tk Ak 2k 77 . Zhang Z5EMR
CRISPRi 7 A fifi 2% 5 €8 £k 5.} 1 (Halomonas
bluephagenesis) 3 7= 1) A FE K mvaS (Yatd 3-3%

FE-3-WH R BRI A A ), B H ORI
B R B R R E E 121 gl. Hu %04
H. bluephagenesis 3& N ectABC (1) Ja 8l &
N 41 B B F Porin P140, (R  i Fik -
WS A asd 1 bysC, #& DU A WE g LR | 2
85-93 g/L. Zhu Z' LB, K AT (E. coli)
BL21 [tk 5 I 4% ik £k Bl 6 (Halomonas sp.)
QHL1 M ST ectABC, (N AEAT PR 42 T+ 5 241
FAREINER B, ATRe HAEMEERTE 3 E. coli FAIEE
1815 5 . ARHR R AR T DL B B AL T5 1A G
2, MRS IR R GAEAE AR A IR S
0 TN NI 1 S T ==/ Q5 | A N N [
(Halomonas campaniensis) XH26 iX —Wg 1L ¥k,
¥y 5t 2 Fe Kl (asd . IysC. ectA. ectB. ectC)ii )i
£ I R et LR N VAN o i1 el AT RS
(response surface methodology, RSM) AL 1% 77 2%
fF, D 4 i S g LR, TR
VERIRTE F A0S EC AR, 2k 3R 5K VO S0 IE (1) 4
KEMAEER, R, AF5EAY
H. campaniensis XH26 G TR # 4L 7 n]
SR RAESE , T ] Ay H A 8 h S A 4 1 3t
T R B L IR v R A 7 At O B
Z%

1 AR5 F*E
1.1 EHRFMEFRE

By A=K H. campaniensis XH26, CCTCC M
2019776M, 4385 H iR/ HAER W s BRI S
PR I K IAHFTF B (Escherichia coli) S17-1(A-pir),
Wy A KA AE YRR R A

LB 1375 (g/L): BREEH PR 10.0, EERHREEK
#) 5.0, NaCl 10.0 (brifE LB). FRiPE LB K3k
7S 20.0 g/L NaCl (Bl LByg) 3% 60.0 g/L NaCl
(LBgo), FHTIEER TSR SHTIETE . Mk
e fil 5% 7% HS) (Oesterhelt-Stoeckenius medium,
OSM) (g/L): L-A2 RN 5.61, BE/KEEEE 7.50,
NaCl 87.50, MgSO4+7H,0 24.65, Na;CqHs0;
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3.00, CaCl,0.20, KCI155.88, FEEREEE) 2.00,
KEFHEP(MG) (g/L): LATERREN 120.0, %
B 15.0, AN 10.0, NaCl 117.0, KH,PO, 3.0,
K,HPO, 9.0, MgSO,:7H,0 0.4, FeSO,-7H,0
0.2, LA 1.0 mol/L NaOH ¥ ¥ ¥ 17 pH £ 7.85,
1 B 32 BL R 15.0 g/L Bifigky, 121 °CKA
20 min, BFRIEFE N 1%, 37 °C. 120 r/min K5
¥ 72 he
1.2 EERFIFLEE

DU S BEARERT IR S (HPLC 2%, 4liE>95%),
Fluka 53 #7/A ") ; HEE(HPLC 2%), ThermoFisher
Scientific /A Al ; SN FE-B-D-BRAC - FLBEF, db
SRR R A A LA IERR(0.22 pm 7K
FIE), RKERHHABRA s Uk
& WAL, RARAMARE L) F R
/TS

WAL, RAEARE AL A RA
Al BURUTESAL, B R RHE A BR AT
UKL, JERS— BRI A RA R &SRR
ML . @ik HTHE, Agilent 23 A5 AR
TE4E, Shimadzu 2wl M OOCETE, i
Zk TAE RN A PR A A
1.3 IEZMMTFE

43 i FH % 4 5 8% 2 (chloramphenicol, Chl)
AN HE K (ampicillin, Amp). K K & &
(gentamicin, Gen) J2 U 34 & (tetracycline, Tet) [
OSM 15 32 HL X B bk XH26 $EATH0 Az 2510 B 220
ik, WA XH26 T 37 °C. 180 r/min £%55% 6 h,
il FI S AN I EEE T E ODgoo 29 0.6, B 1 mL
IR EH A, 8 000 r/min &0 5 min, {8
JCTA NaCl (60 g/L) B i iA 2 Im, M #&
R & 5x10° CFU/mL. £ JCH 96 fLA
B A 100 pL R B S 100 pL &
LA R 1Y OSM H5 Ff B (I AU RIREREE h
0.5-256.0 pg/mL). S5 [F] I 15 5 )4 o) B (7
WA TP RIGFR) . ¥ 96 fLk 37 °CHEF: 12 h
J& . M5ERFL ODeoo (H o HHEAVUERNIME
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A, AKX MFR,
MEAR=[1~(OD 55061~ ODssy1)/
(ODyienta—ODz=11)]%100% (1)
1.4 FRIEFRMAEITS5HE
A G L A 5 A BORL(H TR M
SMER B A R A FE K, 530l 4 R
pHXO01-pHX05 (& 1A). 75k pBBRIMCS-5
(B 1BYHHAIA P A BT . AL S AL T H
(ribosome binding site, RBS). ##T &Lk A5G
5 LK (sfGFP) A I 2 111, R B 4 Tk
pHXO01 (B pBBR-P,-sfGFP). 1t 77 B4 R ¥
BIFEE 4 DA R R AR R WA B
(asd) 5 21 J5i ki pHX02 (pBBR-P,,-asd); &
asd F5IEH lysC TR pHX03 (pBBR-P,-asd-
lysC); W asd. N IysC, 1-2,4- " F TR
R R TEIEIN (ectd) B L-2,4- "R I T IREE &
fif 3 [A (ectB) # 41 Jii #7 pHX04 (pBBR-P,,-asd-
lysC-ectd-ectB); W asd. 2 A IysC. &
ectd . & ectB J VU A W5 BE A B B FE A (ectC)
4 ik pHX05 (pBBR-P,,~asd-lysC-ectA-ectB-
ectC)s
1.5 FRABEEH%ZS TIEEMKIIE
D)1 5 20 JiORL pHXO01-pHXO05 4 E. coli
S17-1 RIALKE , Btk XH26 R 32 (K5, 8t
HEAEBEWBEEAREK, 2048 8.
XH26/pHX01. XH26/pHX02. XH26/pHXO03.
XH26/pHX04 & XH26/pHX05, HAKLBEUIF .
HEAR TR 5 2 R 4> B FE LB 55 LBgo 15 #5251
37°C, 180 r/min #53% 12 h J5, &L 1 mL HK
L 8 000 r/min 5.0 2 min WS4 , H AR
FIERIR G 2 100 uL LBy 555545, 1841 LBy
AR, 37 °CHEFE 8 ho BIHUEFRIEH G ELET
100 pL LBgo 3524k, MEMB SR T & A
Gen 1Y LB i1t F-#, 37 °CHi5% 24 h, $EHFH
PESCRER AR TR, JF IR 1 9519k T PCR
BSUE, 1% BEREWHEERL UK s P45 R o A S0 iy
A EA O S B R IR 2,
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A B
GmR
Pue RBs  Terminator pBBR1 oriV
me ——
Plc }Ili RBs  Terminator 4767 bp
HX02 Glach flae0> @@ pBBRI Rep
P Terminator Puc Termi
fac RBS RBS erminator e
HX03 - OAT5C> T3 promoter
P,. P Terminator e S Terminator Puc RBsTerminator Puac

RBS Terminator

RBS Terminator

Bl F|HRNERFREETTRITRBFFTRIEE

Figure 1 Schematic diagram of recombinant plasmid gene expression units and backbone vector. A: Schematic
design of engineered plasmids (pHX01-pHXO05) incorporating synthetic gene circuits; B: pPBBR1IMCS-5 backbone
vector used for plasmid construction.

®1 KARPERISH

Table 1 Primers used in this study

Gene names Primer sequences (5'—3) Product length (bp)

sfGFP F: ATGCGCAAAGGCGAAGAACT 714
R: TTTATACAGTTCATCCATGCCGTGGG

asd F: ATGTTGAAAGTCGGTTTCGTGGG 1110
R: CTGCTCGCGTAAGATCTTTAG

lysC F: ATGGCATTATACGTACAGAAGTTCGGC 1248
R: TTCAGATTCGATATCAGACTTATCTAAACCGAAT

ectA F: ATGAGCACGCCAATAACACCT 576
R: CATACTGTCTGTTTGAAATGGACCTATGC

ectB F: ATGCAGACCCAGACGCTTGA 1266
R: CGCTTGGATAACAGCATTGACTGA

ectC F: ATGATCGTTCGTAATCTTGAAGAAGCAC 399

R: TCACTCACTAGCAGGTGCAGC

R2 AMRMWEMEARA SN EHERK

Table 2 Recombinant plasmids and corresponding recombinant strains constructed in this study

Recombinant plasmid Vector backbone Carried target genes Corresponding recombinant
names strain

pHXO01 pBBRIMCS-5 sfGFP XH26/pHXO01

pHX02 pBBRIMCS-5 asd XH26/pHX02

pHXO03 pBBRIMCS-5 asd, lysC XH26/pHXO03

pHX04 pBBRIMCS-5 asd, lysC, ectA, ectB XH26/pHX04

pHXO05 pBBRIMCS-5 asd, lysC, ectA, ectB, ectC XH26/pHXO05

http://journals.im.ac.cn/actamicrocn
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1.6 EMABSMUSEEEEDH

Z 1) F 2 A R RT T A R R AR XH26 H LA
IEN 1% 43 BN 2 OSM 8% MG 5370k, 4k%
FEW ODgoo 155 0.6-0.8 FHES AN 0.1-1.0 mmol/L
IPTG #1755, T 37°C. 180 r/min 5514 T+
LekEFE 72 he 4 4°C. 8 000 r/min 250> 10 min
LSRR, R R LARATE 5 T e 2 e, S B
PN DO S I A TR A A B R TS A B I A A
B J5 M A 5 mL RT3 50 80% 11 H s ik
VKA 75 #€ B 30 min; 4 °C. 12 000 r/min &5
O 15 min 5, UWHE LIWEW, 4 0.22 um ffL
U8 BE AT U8, T AT DR R e A5 AE £ 3 (high
performance liquid chromatography, HPLC)#47 %
AT, AT A BREAh CI8 A,
Wsh A 20 mmol/L KH,PO, 2% ik 55 H isidi IR
96:4 AR FIBCH . W EE 1.0 mL/min, A&
30 °C, #FEHE 5 ul. K 12.5% SDS-PAGE 41
PrE 4 AR 0 8 R TE (20 uL B AR
1.7 BEZRAESWHEERKL

K MG 5 3% & 4 HE XH26/pHX04
(37 °C. 180 r/min ¥ 3% 72 hy, Jf#k4T 8 I &
BAAR K I (n=3) A1 DU S R e A B i . iR
O O & . NaCl (58.50-175.50 g/L,
A29.25) . & I (10.00-30.00 g/L, A5.00) .
L-4 2 2 41 (80.00-240.00 g/L, A40.00) . 7
Zj B¥ (10.00 - 30.00 g/L, A5.00). FeSO,:7H,O
(0.2.00 - 1.00 g/L, A0.20). MgS04-7H,0
(0.40-1.20 g/L, A0.20). KH,PO, (3.00-15.00 g/L,
A3.00), K,HPO, (9.00-21.00 g/L, A3.00), T
PR ZFEIRIO LS, R Design-Expert v13.0 B4
AL M4 E, R Plackett-Burman 51123 #r
FHER R (G 3), 28N NaCl (X)), EAMK).
L-B R REN(XG) . FIZEFE(X) . FeSO4+ 7TH0 (X5) .
MgSO,4*7H,0 (Xs). KH,PO4 (X7). KoHPO4 (X3),
M 7 Ay D e 1) L S8 o ) 7 T A A S 5%
% ] Box-Behnken ¥ it (4 & 3 K-, 3£ 3),
IE 06 GIE i ALY L e 1% JERh R, KRR
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3 TLEHARSKERE
Table 3

level settings

Experimental factors and corresponding

Test Factor Variant Level
-1 0 1
Plackett- NaCl (g/L) X 87.75 146.25
Burman  pepione (g/L) X, 10.00 20.00
L-glutamate (g/L) X; 120.00 200.00
Glucose (g/L) X, 10.00 20.00
FeSO,-7H,0 X; 0.20 1.00
(g/L)
MgSO,-7H,0 Xs 0.40 1.20
(gL
KH,PO, (g/L) X; 3.00 15.00
K,HPO, (g/L)  X; 9.00 21.00

Box- NaCl (g/L) A
Behnken pepione (g/L) B
L-glutamate (g/L) C
Glucose (g/L) D

87.75 117.00 146.25
10.00 15.00 20.00
120.00 160.00 200.00
10.00 15.00 20.00

Pk XH26 5 4 1# B XH26/pHX04 43 51 32 Fil
T OSM i 52 4 5 i1k MG K532 2, 37 °C .
180 r/min £53% 72 h; £FA]F% 8 h il & H K ODgoo
AU e B R A, X H AT AR K il 2
=P B ARk
1.8 HELIE

A ST R I DY A mE BE A AR o 2, B )=
13 250.8x+17.2, R*=0.995, .+ y > HPLC 1§
AR, x Ay DO &8 I ) R 224 (g/L) . ffi ] Prism
BAF A Adobe Ilustrator /437 RIE 2256, R
F SPSS #K 4 (v. 27.0) ¥ 17 48 11 A1 5 2 43 Bt
(analysis of variance, ANOVA), LA 41 [A] 22
5, WEMAKEEE R 0=0.05,

2 ER55

2.1 HiEEh B B XH26 B 8RR i
¥ %

KH OSM £ 75 (F% A 0.5-256.0 pg/mL 1
Chl. Amp. Gen J% Tet)} 55 55 45 BT #k XH26,
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i 2 A A P TR P AR R AR AR B MR . 25
7N, AFEVEEER Chl, Amp. Gen & Tet BJREHNH]
bRk XH26 B, HAFEREZER . 64.0 pg/mL
Chl B9 1 %l 60.13% (& 2A); 128.0 pg/mL
Amp IR K 66.4% (1€ 2B); 4.0 ug/mL Gen
IR 2 68.62% (1K1 2C); 8.0 pg/mL Tet AT
PR 50.12% (€] 2D). HItbR B, Gen X TR fk
XH26 AR HA RAFATIRE )y, SAfe B4
PREEFEPEER SR TAERR N 50.0 pg/mL Gen,
2.2 FRATTHREESEBEERIA

R B R0 TR pHXO1 et ik
15 F Rk E. coli S17-1 1 XH26, LAKAE P S
¥ . RBS., 453 A sfGFP, ZEF LUK Gen
UL A RO, BEFE 0.5 mmol/L IPTG /5
SR A R T RS L sfGFP, FER A

A

2.0 ) ) _
B 0Dy, Bl Bacteriostatic rate 150

1.5¢ =
1100 &
g =
3 2
8 1.0} §
0.5+ g
[s~]
m

{0 5 Q9 O 9 0 O 9 O .9 0

S Vv T T T
Chloramphenicol (ug/mL)
C

20r 1150

B ODy, Bl Bacteriostatic rate

1.5} <
1100 £
= -
e Q
Q1.0 g
Z
0.5 5]
<
m

0.0 0

9 .0 9 O 0 S 0 0 .0

Q 2 N r\.;\» o \r» ’\i)

Gentamicin (ug/mL)

VIG5 AR GO A 488 nm) R4
EH sfGFP RO (K] 3). WG IR
R, KRIEFHENE E. coli S17-1/pHXO01 (& 3A
th )R R XH26/pHXO01 (K 3B 1 5. 6) 04k
658 ; 45 50 pg/mL IPTG S I H ¥k E. coli
S17-1/pHXO01 (& 3A 1 2, 4)FIEFE XH26/pHXO01
(3B "1 7. &)L I W ZR A0, Pt
WG EIN, 215 FINEK E. coli S17-1/
pHXO01 (8 3C) 5 #ikk XH26/pHX01 (1K 3D)#1K:
WE) B B s OB E S . IR, AR
#i pHXO01 B ZREFRIATTIF I RE IR TAE, &M
TR PR TE F AR
2.3 TFIEPAMEHEEKS PCR WIE
e PAPEE A R, JFHFATR VS PCR S0k
gERWOR, Bk XH26/pHX02 P4 H IE N asd

B

207r . . 71
0 R ODy, Bl Bacteriostatic rate 00

180 £
15t 0 S
K]
s 160 5
S 1.0t 8
S 140 8
g
0.5¢ 120 é

0.0 0

5O O O O (D DD DS
Q7 N7 Y % % \b ,,;\, bb& Q‘}a qi)‘o
Ampicillin (ug/mL)
D
201 mmob,, B Bacteriostatic rate 190

L5t <
1100 €
= —
e 2
8 1.0} g
0.5r g
m

0.0 0

9 0 9 09 0 O .0 0 .90

Tetracycline (pg/mL)

E2 XH267ENELRE4ME RIERA TR KHNH 5347
Figure 2 Dose-dependent growth inhibition of XH26 by four antibiotics. A: Chloramphenicol; B: Ampicillin; C:

Gentamicin; D: Tetracycline.
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A Escherichia coli S17-1/pHX01

XH26/pHX01

Escherichia coli S17-1/pHXO01

50 um

XH26/pHX01

50 pm

El3 T8 EERkEscherichia coli S17-1(A-pir) 5XH261% S &1L R & £ E E4H FEKipHX01-sfGFP

Figure 3

Inducible expression of recombinant plasmid pHX01-sfGFP carrying the reporter gene in host strains

Escherichia coli S17-1(A-pir) and XH26. A: Green fluorescence of Escherichia coli S17-1 harboring sfGFP

observed under a blue-light transilluminator; B: Green fluorescence of XH26 under identical blue-light

transillumination conditions; C: Cellular fluorescence of Escherichia coli S17-1 visualized by fluorescence

microscopy with 488 nm excitation; D: Cellular fluorescence of XH26 visualized under equivalent microscopy

settings.
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El4 IRBEHERALER K 2 ATBRME ELHEKPCR™Y)
Figure 4 Agarose gel electrophoresis analysis of PCR products from positive recombinant strains. A: HX01
strain (sfGFP) [Lane 1: sfGFP (714 bp)]; B: HX02 strain (asd) [Lane 1: asd (1 110 bp)]; C: HX03 strain
(asd+lysC) [Lane 1: asd; Lane 2: lysC (1 248 bp)]; D: HX04 strain (asd+lysC+ectA+ectB) [Lanes 1-4: asd, lysC,
ectA (576 bp), and ectB (1 266 bp), respectively]; E: HXO0S5 strain (asd+lysC+ectA+ectB+ectC) [Lanes 1-5: asd,
lysC, ectA, ectB, and ectC (399 bp), respectively]. Lane M: DNA molecular weight marker (bands from top to
bottom: 2 000, 1 000, 750, 500, 250, and 100 bp).
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Figure 5 Ectoine accumulation and target protein expression analysis of recombinant strains. A: Comparison of
ectoine yield between wild-type XH26 and recombinant strains cultured in basal (OSM) medium (**: P<0.01;
*#%: P<0.001); B: Effect of IPTG concentration optimization on ectoine production in H. campaniensis XH26/
pHXO04; C: Comparison of ectoine yield between wild-type XH26 and recombinant strains cultured in optimized
(MG) medium (**: P<0.01; ***: P<0.001); D: SDS-PAGE analysis of target protein expression in recombinant
strains induced with 0.2 mmol/L IPTG (Lane M: Protein molecular weight marker; Lane N: Uninduced control;
Lanes 2-5: Protein extracts from XH26/pHX02, pHX03, pHX04, and pHXO05, respectively).
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Figure 6 Growth (ODggo) and intracellular ectoine accumulation of strain XH26/pHX04 under different single-

factor conditions. A: NaCl; B: Peptone; C: L-glutamate; D: Glucose; E: FeSO4-7H,0; F: MgSO4-7H,0; G:
KH2P04; H: KQHPO4
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#4 Plackett-BurmansEIG 25 R
Table 4 Results of the Plackett-Burman experiment

Experiment Variant Ectoine (g/L)
No. X, X, X; X, Xs X X, Xq
1 -1 1 1 1 1 -1 1 1 1.77
2 1 1 -1 -1 1 1 -1 1 1.64
3 1 -1 1 1 -1 1 -1 1 1.80
4 1 1 1 -1 -1 -1 -1 1 1.63
5 1 1 -1 1 -1 -1 1 -1 1.79
6 -1 -1 -1 -1 -1 -1 -1 -1 1.38
7 1 -1 1 1 1 -1 -1 -1 1.79
8 -1 1 -1 1 1 1 -1 -1 1.67
9 -1 -1 -1 1 -1 1 1 1 1.40
10 -1 -1 1 -1 1 1 1 -1 1.47
11 1 1 1 -1 -1 1 1 -1 1.73
12 1 -1 -1 -1 1 -1 1 1 1.45
#5 Plackett-BurmansZig 45 R
Table 5 Experimental results of Plackett-Burman design
Source Sum of squares df Mean square F-value P-value Significance
Model 0.276 3 8 0.034 5 29.52 0.009 0 *
Xi: NaCl (g/L) 0.061 6 1 0.061 6 52.68 0.005 4 *
X;: Peptone (g/L) 0.073 0 1 0.073 0 62.41 0.004 2 *
Xj: L-glutamate (g/L) 0.0619 1 0.0619 52.93 0.005 4 *
Xy: Glucose (g/L) 0.069 6 1 0.069 6 59.51 0.004 5 *
X;: FeS0O,-7H,0 (g/L) 0.000 4 1 0.000 4 0.329 0.606 2
Xs: MgSO,-7H,0 (g/L) 0.001 2 1 0.0012 1.06 0.378 9
X7: KH,PO, (g/L) 0.007 1 1 0.007 1 6.07 0.090 5
Xg: K,HPO, (g/L) 0.001 4 1 0.001 4 1.20 0.3527
Pure error 0.003 5 3 0.001 2
Cor total 0.279 8 11

R*=0.987 5; R2;=0.954 0; *: P<0.05.

28 LR EFEEGKMESETK
XH26/pHX04 894 K451

AR 2B K R I 4 BT o (& 8), B A B Rk
XH26 FIHE 4 [# #k XH26/pHX04 ¥J7F 8 h Zc 45 i
AR BRI, BPA: Ak XH26 78 16 h ZE45 45
TR AR, KBRS, 48 h
SEAHE AT G, A P DA s E ) R R

P4 actamicro@im.ac.cn, 7 010-64807516

Al 35 0.454 g/L; AL B XH26/pHX04 [R]FE £
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DU S e B AR BERF L B AL, 72 h iR FIF
PIME W AE 1.798 g/L. b E B, 5 41 Bk
XH26/pHX04 i# A5 1 ¢k 8] B 065, 5 AR 225 8]
W, H U RE YRR A e T B LT
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76 Box-BehnkenSLig it S50 {E 5
Table 6 Box-Behnken experimental design and response value analysis

Experiment NaCl  Peptone L-glutamate Glucose Ectoine | Experiment NaCl Peptone L-glutamate Glucose Ectoine
No. (gL @@L (@ (&b (gL) | No. (gL @@L (@b gL (@b
1 87.75 10.00  160.00 15.00 1.60 16 117.00 20.00 200.00 15.00 1.76
2 146.25 10.00  160.00 15.00 1.50 17 87.75 15.00 120.00 15.00 1.65
3 87.75 20.00  160.00 15.00 1.64 18 146.25 15.00 120.00 15.00 1.42
4 146.25 20.00  160.00 15.00 1.54 19 87.75 15.00 200.00 15.00 1.57
5 117.00 15.00  120.00 10.00 1.63 20 146.25 15.00 200.00 15.00 1.60
6 117.00 15.00  200.00 10.00 1.65 21 117.00 10.00 160.00 10.00 1.67
7 117.00 15.00  120.00 20.00 1.63 22 117.00 20.00 160.00 10.00 1.61
8 117.00 15.00  200.00 20.00 1.69 23 117.00 10.00 160.00 20.00 1.60
9 87.75 15.00  160.00 10.00 1.63 24 117.00 20.00 160.00 20.00 1.71
10 146.25 15.00  160.00 10.00 1.42 25 117.00 15.00 160.00 15.00 1.81
11 87.75 15.00  160.00 20.00 1.54 26 117.00 15.00 160.00 15.00 1.82
12 146.25 15.00  160.00 20.00 1.56 27 117.00 15.00 160.00 15.00 1.82
13 117.00 10.00  120.00 15.00 1.67 28 117.00 15.00 160.00 15.00 1.82
14 117.00 20.00  120.00 15.00 1.66 29 117.00 15.00 160.00 15.00 1.82
15 117.00 10.00  200.00 15.00 1.68

®7 WNERESESH
Table 7 Analysis of variance (ANOVA) for the response surface model

Source Sum of squares  df Mean square  F-value P-value Significant
Model 0.3393 14 0.024 2 423.52 <0.000 1 *

A 0.028 8 1 0.028 8 503.50 <0.000 1 *

B 0.003 4 1 0.003 4 59.42 <0.000 1 *

C 0.006 8 1 0.006 8 119.12 <0.000 1 *

D 0.001 2 1 0.001 2 21.68 0.000 4 *

AB 0.000 0 1 0.000 0 0.21 0.650 7

AC 0.017 6 1 0.017 6 306.80 <0.000 1 *

AD 0.0130 1 0.0130 227.11 <0.000 1 *

BC 0.002 0 1 0.002 0 35.39 <0.000 1 *

BD 0.007 1 1 0.007 1 124.78 <0.000 1 *

CD 0.000 5 1 0.000 5 8.85 0.0100 *

A 0.223 8 1 0.223 8 3910.32 <0.000 1 *

B’ 0.026 3 1 0.026 3 460.43 <0.000 1 *

(o 0.029 3 1 0.0293 512.39 <0.000 1 *

D? 0.067 8 1 0.067 8 1184.73 <0.000 1 *

Residual 0.000 8 14 0.000 1

Lack of fit 0.000 7 10 0.000 1 2.21 0.2313 Not significant
Pure error 0.000 1 4 0.000 0

Cor total 0.340 1 28

R’=0.997 6; R%;=0.995 3; *: P<0.05.
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Figure 7 Response surface (A, C, E, G, I, K) and contour plots (B, D, F, H, J, L) illustrating the interaction
effects of multiple factors on ectoine accumulation. A, B: Peptone vs. NaCl; C, D: L-glutamate vs. Peptone; E, F:
L-glutamate vs. NaCl; G, H: Glucose vs. Peptone; I, J: Glucose vs. NaCl; K, L: Glucose vs. L-glutamate.
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Figure 8 Comparative analysis of growth characteristics between wild-type strains and recombinant strains. A:
Growth and ectoine yield of wild strain XH26; B: Growth and ectoine yield of mutant strain XH26/pHX04.
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$ETT 2 (1.8140.02) g/L, MG IEIA 301.56%. X —
RIS T R R A+ S AL JR A 5 SR ek
PG B 0 A R0, RS T E X
XH26 1Y vi BE- 1 SR8 -5 3R Al s 3 4
ARIRFR, HAM IR RS TR s i i o8 5
. a2 3R E YRk G A s 1 TR R G B
AL TR M AR ER

T AU, M4AT(1.81£0.02) g/L A7~
PR IEERIAIT T K-, 5 SOk v << B PR 2H 2
PARR+ & AR () Tl Ak 7 Bl AE T 2208
=S o e g el A NI I E | S S w1
gAY R PR TR, CYETRE S P i 2T
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G ST SR REHESR | J5 S0 DA 7 T HHE 2 TR AR
HEPERE I MG . — A A I 4 2 K i ok
PRk XH26 5 R 2H YA [R] 58 5 09 N TR IS 3+,
FEHERPEREA ectd | ectB. ectC WKL, 1H
[ DAl 06 2R A S Bong AR S, Rk
CRISPR/Cas9 /-y FE R H AR A, Hiifk
Jo B FRIR AP A A R, A T R
TehrtEbRiC R E TRERIME, ST 1) 7™
M AR AR B 5 R

& STk PR

PR WARICER L. Bk SE e BRI
BICEAE; T Bl RRE; TkoRsE. S
165 ZUKER: WIHAAH,; Tk SROATIR,; #E.
WEE B ORTEEL. RIS, SUTIET. FRBOESE
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