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Targeted metabolomics analysis of metabolic pathway changes of
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Abstract: [Objective] To overcome the limitations such as high costs and restricted substrate
utilization of mono-culture fermentation, bacterium-alga co-culture based on resource
complementarity offers a promising new avenue for ectoine production. This study investigated the
co-culture conditions of Dunaliella pseudosalina ZBY-1 and Halomonas campaniensis XH26 and
the variations in ectoine yield, aiming to elucidate the metabolic regulation mechanism of ectoine
biosynthesis in the co-culture system. [Methods] Strains XH26 and ZBY-1 were co-cultured at
different inoculation ratios (1/0, 1/5, 1/10, 1/15, and 1/20) to screen the ratio yielding the highest
ectoine production. Targeted metabolomics analysis was performed on the co-culture group [H
group (H)], the bacterial control group [XH26 group (X)], and the algal control group [ZBY-1
group (D)] to identify significant differential metabolites. [Results] The highest ectoine yield was
achieved at a bacterium-to-alga ratio of 1:15, while the pigment content of the algal strain was
lower than that of the control group. Metabolomics analysis identified 15 (H vs. D), 16 (H vs. X),
and 16 (X vs. D) significant differential metabolites, including L-alanine, L-asparagine, L-aspartic
acid, L-phenylalanine, malic acid, and pyruvic acid. Kyoto encyclopedia of genes and genomes
(KEGG) pathway enrichment analysis revealed that alanine, aspartate and glutamate metabolism,
glyoxylate and dicarboxylate metabolism, and arginine biosynthesis were the significantly altered
metabolic pathways. [Conclusion] The co-culture system exhibited an asymmetric pattern
characterized by bacterial proliferation and algal inhibition. The co-culture system significantly
activated the central carbon metabolic network of the bacteria. Notably, aspartic acid and glutamic
acid were significantly accumulated in cells, serving as the direct carbon skeleton and amino donor,
respectively, to directly promote the efficient synthesis of ectoine.

Keywords: ectoine; Halomonas campaniensis; Dunaliella pseudosalina; targeted metabolomics;
energy metabolism
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PEFFILRE IR R A A P ED ). Daly 27 A
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SISV 57 B 3 4 3R B (Ostreococcus tauri) 5 T I
Z IR Pyt K % BB FF & (Dinoroseobacter
shibae) I IIEFAR RN B, BEISRENS [m) 40 I 2
HE4EA: 2R Bs S B BITR LA BN TR 7 AR D 4E A4 R
By il By, RS FEIAE 55 T 34985845 1Tk
TR AR SR, TR AR TR - e 3
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A0 GO A A A 2 M B, ek e A N R R
FHATEY & BE B RnJe T A
(Halomonas campaniensis) XH26 J&—#EM}Eh M
s FL v 77 DO S S BE R AR, HAG R AR 32 e i
B 38 % S O 5L A M IR M (Dunaliella
pseudosalina) ZBY-1 AMYE£5Y XH26 AHILACH]
fif H PR IE N T, BRI G AR A K &
HmEE IR, H A RN B
A R, (L W 5 i R AR W e )
VE 5 I & W E A B 4 g AR A 30 T
SEUTR S AR A A R R B, 7E XH26 1
DU NSt B, AR . REAARMA
FIRACGHR i B A WS A S FER, A
T2 20 A A 2R A ) AR AL 2 oA R B
ZBY-1 fEER M3 i[RI RE R 2 R T N AR
RE&DRMAZRA YR, BT RLAR R

DU S E G I AR, ELZ A B AR TR
BTy 0 Jpip 36 i 1 v 3 o AR i, AR
FELAIMA JE £ B M TR XH26 Db 3 A= kG
(Dunaliella pseudosalina) ZBY-1 NHFFEXT 4, i
it 0 1] A 2H 27 B AR X b B 3R S R FR AR A
T2 AR, 48R - AR A IR
HER . BB A A GRS IR EE AL

1 AR
1.1 CEMERNRESERE

PR A A [ (Dunaliella pseudosalina) ZBY-1
S35 TR v R LA HE AR A 5 Y AR R A M
H. campaniensis sp. XH26 (CCTCC M2019776M)
A3 H /NS B AR

DM H; 7% 3 m 41" NaCl 100.00 g/L,
CO(NH,), 0.84 g/L, NaH,PO, 0.06 g/L, KCl
74.00 mg/L, MgSO,4 1.23 g/L, CaCl, 44.00 mg/L,
NaHCO; 126 g/L, 1% FeC¢HsO; 0.50 mL,
1.00 mL 73 & 7T F % W [ % H;BO; 2.86 g/L,
MnCl,-4H,0 1.82 g/L, ZnSO,4-7H,O 0.22 g/L,
CuSO45H,0 0.08 g/L, Na,MoO42H,0 0.39 g/L,
CO(NO3),*6H,0 0.05 g/L]; MG HiFEEmiom(g/L):
L- 75 & R &1 120.00, 74 4 HE 15.00, & H Ik
10.00, KH,PO4 3.00, K,HPO, 9.00, MgSOy-
7H,0 0.40, FeSO,-7H,0 0.20, NaCl 6.00; OSM
B 5 (@)Y, LS R 5.61, iK%
%2 7.50, NaCl 87.50, MgSO,-7H,0 24.65, 7
B 4M 3.00, JE7K CaCl, 0.20, KCI 55.88, [
£} 2.00.

1.2 FERFIFNEE

43 M4l NaCl, MgSO,-7H,0, Jbil KK R
BHEA R A o bral L-23 2 R4 . w20,
KT A KAZEF A FRA F ;. HPLC 2% DY & %
BEFRESS . HIEE, ThermoFisher Scientific 22 F] o

SRR, D E RS RA A
UM, Cyvita AT WALt uERs, K
HZARHLA R A A SRR AT A3k
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BT, Agilent A ] WRAH A IEH:, Waters 2
Al WAHBUEIRHIL, SCIEX 2~
1.3 [HikiEFE

FH MG. OSM Hl DM 55 55 KL 15 J2 T - TR IR
HH9(25 °C, 12:12 h, 3R 6 000 1x), iHid PUA
W W R B8 B 7 0 i PR - PR TR B AR K I R R 3
TELHERN L 3E T 6 P2 BN 2R 50 (n=3) I Ak 85
FREE, oA e B AR A Y T EH,
& S8R . NaCl (0.5, 1.0, 1.5, 2.0,
2.5 mol/L), HEH RO, 5. 10, 15, 20 g/L),
L-2F & RE1(0.1, 0.3, 0.5, 0.7, 0.9 mol/L), #
2 ME O, 5. 10, 15, 20 g/L), FeSO,-7H,0
(02. 04, 0.6, 0.8, 1.0 mmol/L), pH (6.5,
7.0, 7.5, 8.0, 8.5).
1.4 #HKESHBMEEEIES

Vo TR TR B 3 ) 8 R O A K
BEE 4 P - LR 57 L (R 1550 1610,
1:15, 1:20)%F ZBY-1 kR 5 %042 W8 S e i
XH26 1555 . B HI W46 R ODgor=0.15,
TH AL AP XH26 (OG5 FE(H ODgo=1.2, 1372y
12 h), $ Lb 2 Fh T 44 355 55 SR i AT 2L 3% 5%
(100 mL, »=3/4), JGHREEFE(Q25 °C, 12:12 h,
ik 6 000 1x)E 12 do 3 F Ak XH26 HE:F7#1E
xR, BRSO 1%, RIE 1.4.1
W)y e, B 24 h il R DU R s g I R AT
HPLC & Sk, R 4h DU S0 s B 7= i i o 3 - 1A
ILRE SR AR L
1.4.1 USIEIERYIHIE SN &4

B 1 mL B E TR0, 4812000 r/min
BL Smin, FEIER; TR IEE 100 °Cla
BB AIEINFA 15 ming A 1 mL £5F
KW, FeoTIRTERZI AT 12 000 t/min
B0 5 min EBRANMIAE R, S LIEZE 0.22 pm 7K
ORI LT uE , WO DR WAE Sy (3 o BT R A
W, HPLC Rl A5t i shAH  H is/mi i —
PR =5/95 (RFRLL), P 1.0 mL/min, i
30 °C, KK 210 nm, #EEERE 5 L.
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142 HXEBZEZENE
WE R ZBY-1 R FRAE X AL, Wb

PERh N 10%, % 4 FPiE-BE LR R LG (7

FRLE M 155, 1:10, 1:15, 1:20)%F ZBY-1 bk

POl JE I Eh S B XH26 SRR, B 12d

M3 2.0 mL, 8 000 r/min &5.[> 5 min J5 3 I

1, 1 mL ZKEEPESR 17K, 8000 r/min E.L» 5 min

1, JEIA 2 mL Jo/K OEES# 30 min,

4 °CY3 P 5 PRI 7 30 min, 8 000 r/min

B0 5 min 5 B VE W, W0 WOE B A Aees.

Agao RN Aazo, FFITHENAEOREE, WAaX).

Q)FR .

JA44 % (chlorophyll)=21.21%A5+8.02%Ages (1)
Co=13.95% A 445—6.88%Ag49
Cv=24.96%Ag49~7.32% Agss

Cearo=(1 000%A470-2.05%C,—144.8xCy)245  (2)

K. Co WM& E a B, G WHEERDb
JRWKIE, Cearor WRBAE MR TS E (mg/L).
1.43 FEMNZE

MR SRR R AT E 72 h i, RE 1 mL 1
SIRABEE T HUCFREM 1.5 mL #5048 F . #
iz 8 000 r/min B5.0 5 min SLHEWR N ES, FEE
IEWE, B S DUUE R B0 T P T
ZfHE, FEAER A R E-E AR AR A T H
(dry cell weight, DCWRIEAZ3)HHEGH .

W=(W=W)/V 3)

Kb wOBERAEM T HE(g/L); W NELEY]
BT (me); Wy AL N B B (me); V)
FRERARF (mL)
1.5 KSR AT &

BB LI 2H - IR A B R (H group) . YT TR
2 XH26 K738 4H (X group). XTHAZH ZBY-1 i
ZH(D group), WCHEBAERT IR T OB .
FRATEA-BER AR5 37 (n=6) 8 000 r/min &.[> 15 min
5L, DWW 3 Ik, HIRE L
BOiiyE . FRE 50 mg AE4h, A 400 mL $EHUR
(B Kk=4:1, AL, & 0.02 mg/mL NAHR(L-



WD % | YA, 2026, 66(7)

3281

2- AN AR AT IR, FEAR TR IR
LA P AFEE 6 min (10 °C, 50 Hz)Jm , ik
i HE 7 42 B 30 min (5 °C, 40 kHz). ¥ FE 5T
—20 °CF##& 30 min, 4 °C. 13 000xg Z.0> 15 min,
Q= T w31 i Vi
1.6 REBEFTHIRIE

F FH LC-ESI-MS/MS 45 A 55 X F i v i)
H ARSI 2R 17 5 P A E B o0 A o WRORH 8335
B 7E ExionLC AD R & ¢ i, H R EE R
40 °C, FFFARFR 2 pL; WAhAHIA Rt 0.1%
HI IR /K (A )R 0.1% HH R HH 275 i (B AH) 4
Ao I ] SCIEX QTRAP 6500+%, 7
EHFHRATET. REESHEEENT: X
%55 (CUR) 35, Flif# < (CAD) Medium, &5 1M
Z5 HL R (IS) +5 000 V, & ¥ (TEM) 350 °C, %1k
S(GS S BIR(GS2) ¥ N 60, i R AELEH
J&, ¥R LC-MS U4 R A Progenesis QI 4
(Waters Corporation, Milford 2\ F])#f 17 it &b #
(DR S Run S <12 I SN 1 ST i
SRS 5, e AR A R B T TE] A b &
W iR 1 = AR RO I . B S, R R BE
(v.4.6.0)11) ropls EXT AR H FF AT 2 A8 G i3
Br, #4 # 3 8 4 4 BT (principal components
analysis, PCA) Fll 1E 22 i 5 /Iy — 7 H 51 43 #r
(orthogonal
analysis, OPLS-DA)BE RS, Jfid il 7 IRIEH L T
B UE PP B RS FTRE P o 2% S AR B 0 R A
W AE i OPLS-DA H5 8 v iy 48 5 % 5% o %4
(variable importance in the projection, VIP)>1 H.
Student’s ¢ £ %% P<0.05. #J&, T KEGG %k
I P %) 22 S A g AT B TR, ORI
Python (v.3.11.3) scipy.stats {47 Fisher A% #ffi 5
5, DUE AR W AOCH AR )2l ik
1.7 HUEALIE

| A Origin %14 (v. 8.6) Fil Adobe Illustrator
(v.29.3. D)2 SR ETE, FIH SPSS (v.27.0)4K
AT J7 2253 T (analysis of variance, ANOVA) 1

partial least squares-discriminant

2] B 22 (e EPEKE 0=0.05). IR R 2
2208 . BROAE IR — L SRS, B
F| 1 MetaboAnalyst (v.6.0) X A [7] 4L FE i 8] 918
BT LR T

2 BERE5AM

2.1 TRIEFEALIETFRE

Ry e Y B AR R R A, AW R GEVEA
TH-BIRG A RTE DM, MG 5 OSM ;5%
Sy mEnE S Ee (B 1), Z8R B, 3 A
BRSBTS IR A ) 0 VO S I 7 A A
WEZESR, Hh MG BFREFZM TIRAG RN
DU 85 0 P e = (1.1 g/L); OSM 85 55 5k 4
T mE P R ik 0.59 g/L; DM 5535344 F
P A% (0.07 g/L).

FTF MG #5373, H 555 NaCl, & H
. L- AR . #WE . FeSO4+7TH,O & pH
I 6 Fofr R 2 0T 0 s e AR B R - B TR A AR
Y rysem . S5 RRI, £ PR 3R ) Bl Wk B MAH
R 27354 NaCl 1.0 mol/L (1.18 g/L), pH 7.5
(1.15 g/L). L-A4 %M 0.7 mol/L (1.18 g/L). #ij%4j
W5 10 g/L (1.1 g/L). W 15 g/L (1.17 g/L) Al
FeSO,47H,0 0.40 mmol /L (0.85 g/L, Kl 2A-2F),

1.2 C3IDM E MG -aOSM 7
a a
i 1
Q 0.8 5
< b
£ b b
2 b b
R 04F
¢ ¢ c c
0.0 L] i i & [l
48 72 96 120 144

t/h
Ell TEIEFENE-EREE RS IEERRm
Figure 1 The influence of different culture media on
ectoine synthesis in bacterial-algal mixtures. Different
lowercase letters in the superscript indicate significant

differences between groups (P<0.05).
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Figure 2 Dry weight content (DWC) of the bacterial-algal mixture and ectoine accumulation under different
single-factor conditions. A: NaCl; B: pH; C: L-glutamic sodium salt; D: Glucose; E: Peptone; F: FeSO,-7H,0.
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Bt B R (B 3A), DU & M IE - i B B R A
] ZE < B2 S R e B, ¥ T i 5%
M -FIR SRR 1:15 3F5 55 2 7 d U4
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~(E 3B), IRAHFTES THMEESR, 7d5
THERZTFEBS, LRSS RS R ERE
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Figure 3

KICHEHVER
23 KBRS TSI

H RGN - BEIR A R R AR A Ik
ARG RGREARN2Z R, T 28t
PR A AR (B 4), LASE— 256 UF4H [a]
22 5 1Y B VS RGEVERHIE . PCA AL}
Frigs(E 4A), H—FEM0 BT 18.098% I
RIFPER, FERMET 81.121% mft
WE R, KRR ZE 5 S50 20 7 25 [B] 43 A A XT
M7 PLS-DA BT /R (] 4B), A F %

B 1S 10C01: 15 1:20 I XH26
abdab

a
b dbab adda adaa a3da
c

10 11

Q=
o

Photosynthetic pigment content/(mg/L)

Chla

Chlb
Types of photosynthetic pigment

E3 AEAFRLLREETFR Fectoine, REVTERNEGBCRSENN

Carotenoids Total chl

Analysis of ectoine content, dry weight of the mixture, and photosynthetic pigment content after

mixing at different volumes. A: Ectoine yield after mixing at different volumes; B: Dry weight of the bacterial-

algal mixture after mixing at different volumes; C: Photosynthetic pigment content after mixing at different

volumes. Different lowercase letters (e.g. a vs. b) in the superscript indicate significant differences between

groups (P<0.05).
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Figure 4

Metabolomics sample PCA score plot, PLS-DA score plot and permutation test results. A:

Metabolomics sample PCA score plot; B: PLS-DA score plot; C: Permutation test results.
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x1 AEIHERERE K EH
Table 1 Differential metabolites in different
comparison groups
Metabolites VIP P-
Hvs. D Hvs.X Xvs.D Vvalue
L-alanine 236408 - 1.37220 <0.05
L-serine 1.18085 2.018 34 1.92326 <0.05
L-asparagine 145289 - - <0.05
L-aspartate 1.10985 - - <0.05
L-lysine 1.264 81 1.64020 1.43833 <0.05
L-glutamate 1.51026  1.72347 1.386 44 <0.05
L-phenylalanine 1.90374 - 1.346 21 <0.05
L-arginine 1.32057 1.05172 - <0.05
L-tyrosine 1.06049  1.02197 - <0.05
Lactic acid 2.89333 - 2.200 13 <0.05
Pyruvic acid 1.52593 - - <0.05
D-glucose 1.81027 1.83751 1.38240 <0.05
Succinate 2.07256 - 1.248 52 <0.05
Malic acid 1.17103 - - <0.05
D-erythrose-4- 2.68636  2.06038 - <0.05
phosphate
L-valine - 2.144 66 2.123 34 <0.05
L-threonine - 3.03998 3.15149 <0.05
L-isoleucine - 1.522 90 1.426 61 <0.05
L-leucine - 1.571 63 1.604 83 <0.05
L-glutamine - 1.064 08 - <0.05
L-methionine - 1.532 69 1.547 68 <0.05
L-tryptophan - 1.486 35 1.523 81 <0.05
Glucose-6-phosphate - 1.068 95 1.303 75 <0.05
D-ribose-5-phosphate  — 1.61971 1.68486 <0.05
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Figure 5 Cluster analysis of differential metabolites of comparison groups.
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Figure 6 KEGG enrichment analysis of different comparison groups. A: Comparison groups of H vs. D; B:

Groups of H vs. S; C: Groups of X vs. D.
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Figure 7 Ectoine synthesis pathway. Arrows indicate the upregulation and downregulation of metabolites.
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