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Mechanism of Pseudomonas putida Y-9 in actively stabilizing
intracellular and extracellular pH: a study based on
metabolomics and transcriptomics

NIE Ming, YANG Yuran, LI Zhenlun’

Chongqing Key Laboratory of Soil Multiscale Interfacial Process, College of Resources and Environment,
Southwest University, Chongqing 400716, China

Abstract: [Objective] To reveal the mechanisms of Pseudomonas putida Y-9 in actively
regulating the extracellular and intracellular pH homeostasis during ammonia oxidation.
[Methods] Y-9 was cultured in the nitrification media with initial pH 7.19 and 9.40,
respectively, for 48 h. Metabolomics was employed to compare the differential metabolites and
predict dissociation constant (pKa) during the ammonia oxidation. Transcriptomics was
employed to compare the genes regulating. [Results] In the medium with initial pH 7.19, Y-9
produced maltitol to raise extracellular pH, and up-regulated the expression of the genes related
to deaminase, deiminase, and cation transport to maintain intracellular pH stability. In the
medium with initial pH 9.40, Y-9 produced acidic substances such as 5-aminovaleric acid 3 and
oxamic acid to lower extracellular pH and regulated the expression of the genes associated with
NADH dehydrogenase, cytochromes, ATP synthase, and amino acid transport to maintain
intracellular acidity. [Conclusion] This study revealed the novel phenomenon of Y-9’s
extracellular pH stabilizing capacity and investigated its intracellular pH homeostasis
mechanism. The findings knowledge about
interactions, and provide a theoretical basis for further understanding the pH stabilization
mechanism in microbial denitrification processes.

Keywords: Pseudomonas putida; metabolomics; transcriptomics; pH homeostasis; dissociation
constant
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YR AERF 0N pH RSE M. A0S pH {H
AR Ak s 5 20 B A AR L A AR A A R B
B AT ARG 55 9% pHL AR fRA1 S i ot )
40, 4K AT B (Escherichia coli)7E & pH 1%
FREE AR, KA R b 2
ATP 4 AN (6 2% d S AL S5 (4 A 96 5L (R
FRRAEHR I =4 . M, TERRMENNE T,
Hiti B 2F 3614 B (Bacillus subtilis) i 48 184 17 [ &
Tl A0 o6 322 it 055 2k, DA SRR R 5 7 A e e U

AR EEEPEMENRA pH 23S
MLl b, Ao HGE T 40 A RE A i
Ah pH, SR, X4 B = 3l 5 IR gi s
pH MG AR WARIE . BB IEE Y-9 &
—RFEH NG, BEFE pH A 7.0-9.5 BIRIE T
AR, TLREATRERN, Y-9 RBEE ST
Hh pHo AWFFE I E W MRAE A K R S5 T
(pH 7.19 F1 9.40)45 5%, & PUE LA Y-9
e E AT R AN RERS MU L/ pH {H, iARE
FANPETT IR E SN pH, SEMAS S
ARG SR AT T Y-9 BasE N 2k pH ML .

1 AR5 TE

1.1 E#KIR

M5 M 4 T B gk O (N28°077.427,
E108°23'56.41") &4 . 7w, 4ifbid &) —#k
it V4 4 S8 A0 T L 1 44 S Pseudomonas putida Y-9
(GenBank No. KP410740)!,
1.2 EHFE

& B #7FE(Luria-Bertani, LB) (pH 7.2) (g/L):
JBEE IR 10, BebRRhiRd) 5, SAbeh 10, [E1A
LB 7 ik LB B4l E#S I 2% 3R
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fili b1 3% Ko (nitrification medium, NM) (g/L):
K,HPO,4-3H,0 1.3, (NH,),S040.24, CH;COONa
2.56, FeSO47H,0 0.05, MgSO4 7H,0 0.1 Fi
Tris 2,

F H,SO4 K ik B 32 5L W 46 pH 1897 2
7.19 5% 9.40., ¥4 100 mL K5 3R 3L HETE e
(250 mL)TE 115 °CH K 15 min,

1.3 Pseudomonas putida Y-9 814 ¥ 58
W E N ZE

7E LB FEANE L A Y-9, S8R5 7E 100 mL
i) LB 35 7 5L & Fh 1, 7E 150 t/min., 15 °C
FIFER P55 9% 36 ho BUH 7 mL KT FRA9 Y-9
FW, 6 000 r/min .0 5 min, 7 BiE®R.
K VEEIR 2 Ik, JF4EFR RIS pH R 7.19
F119.40 B 100 mL NM 5323, (#4714 ODgoo
0.1, FEFRYITE 15 )CHEASMF T, Lh 150 r/min
PG 5 o DAl i TR O 20 M Ak A S 28
FIXTHR . 76 0. 12, 24 Fl1 48 h B, HUFE, J4
PR 4 1L P19 %% B (ODgoo) o B AL BRI T 3 IRE

B 20 mL K572 3£ LL 8 000 r/min Z.0> 5 min,
W72 35 pH VE M 4 Ma4h pH. 2500 J5 IR 1Y)
Y ISR K P 2 Wk, SRS A0 IR R A
(MPFastPrep-24)i w0, K5 41 i i v 1 TR &
FH 10 mmol/L KCI H &% 20 mL AR, LItk
pH (A 40 i N pHAE (5 148 8k A 1 4% pH I
A ZETA i), iH pH H7E
15 °C I pH (R4S % B9 BE)
1.4 BRSNS 446 ) F0 % =5 5 £ 5

Fikk Y-9 £ NM #5555 48 h /5, 8 000 r/min
B0 5 min, BCRVERINE pH E L AEY . FE5
%2 T AR B 2RO BR A ml A A A
M. ANFIRILE pH ACELE R XTRE, rE SE:
BT 6 Ik “A TR S0M 3/ T i (time-of-flight

gas chromatography/mass spectrometry, GC-TOFMS)
SPHE AT Agilent 7890 A 8 X 45 & kA7)
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) BT AL 1T o % R YR A DB-5SMS 418 4T
SR, IO R AL WL KRS
DA REA, BIAHRE R TS 3 mL/min,
WA AR BN 1 mL/min. ¥) 1A TR ETE
50 °CfA%F 1 min, #AJ5 LA 10 °C/min A3 252
3] 310 °C, FHAE 310 °C 4 8 min, 4T
TR BE . A% a2 T AN B R TELRE 4 1A 280
280 F1 250 °C. 7EHLF i, HBHL R
—70 eV JFUREEHE A AT T RS, i
(M2 50-500, ¥EFIAER 6.27 min, $94
AN 12.5 M /s, BIREEE BT, G
B, FELRIFIE . MG, R IS 55 45 4y
¥r ,#E Chroma TOF (v4.3x, LECO)# {4 I #47 .
f#i | LECO-Fiehn Rtx5 B 4 , i i F % A
P 5 £ (retention index) VG Bt 17 C 4 ¥ 45 &
(TR i BRI 2 06 T 5500 P A = 4
RSB E In A 2™ BE . RBRTEEE
(quality control, QC)FEAH 50%LL K & QC #+:
A R ORH X b UE f 22 (relative  standard  deviation,
RSD)>30% 3141

{8/l ACD/Percepta 14.51.0 (NFFIRAS 3382)
FH 000 AR5 4 1) i B H 4 (pKa) o
1.5 HRBAZFEDH

e SR 2L 2 A3 B A B R BOTR B
BB R AT, BRE Y-9 ZEGS A 35 55 3 vh 1 55
24 h JEHEEUE RNA. TEAY 531U Agilent
2100 RGE(LHERFHE A )l RNA Nano
6000 M7 &0 E RNA Sg 8k, 44 IR i v
FIAIBEIE , KA R 3 ng RNA AR AT
FNORIEREALS | P AR, 1T cDNA & .
JPSCPE SR R A W AE I P A e, A
Agilent 2100 RS E &, F#1# F Tllumina HiSeq
V-5 (CREERPHE A /DT

FASTQ #& 2 1 i 4 £ 4t (raw reads) B SG
3 N perl A JEAT AR FR, 7RI IR T, B

T 5 v A ok A A A B . B
ploy-N %5 4f K it & £ 4fs >k 2K 45 w] 40 A Zc s
(clean reads). [FIHT, 135 A] 3 HrEkdis iy Q20.
Q30 f1 GC &, P Tt Tm i E
B9 AT S AT B (clean reads). f# ] DESeq R &
F(1.18.0)%F 2 H 47 22 S KB4 Hr, KIE
P<0.05 AL B 40wl RN 22 e Rik . T
KOBAS #FGE B A st #R AL I 5 BN 4l i
#1445 (kyoto encyclopedia of genes and genomes,
KEGG; http://www.kegg.jp) B HE & 1L 15 i #%
AR R
1.6 EFEALIEI S

ffi i Microsoft Excel 2010 F1 SPSS
Statistics 19 X[ 4 #E17 4047, ] Hiplot (F}
& iE n] AL 5) . Office PowerPoint 2010
HI Origin Pro 2018C A= il 3¢, 45 R LA 3948+
B U 25 (mean+SD) & 7 .

2 ZREN

2.1 Pseudomonas putida Y-9 £ i 55
R pH &

PR Y-9 7E R0 i pH FRIE T B mi o Al
AR 1 R . TERIEG pH A 7.19 1Y %A%
THEEFE 24 h 5, BRR Y-9 RS PR iR e T RS
FEREPHIEE , IS pH (extracellular pH, pHe)
T+ % 8.0, ODgoo JI % 0.89. 48 h J55, pHe {H 4%
i 7t % 8.77, ODegoo WA .E4k . W IH
pH R 9.4 B TH55% 24 h 5, BWHRAA
K P BRI pHe FEZE 8.70, ODgoo X3 i
F 0.48, K5 48 h Ji, ODgo R THE 2 1,172,
1M 35 3= 5619 pHe AU 0 0.27, THZ 8.97. #EfT
A AL TR Y-9 B9 pH (intracellular pH,
pHIIITE 6.89-7.19 WIBEAEHI NI sh. %5
W], SRR AT Y -9 ASAAT LR 40 A Py
pH LU A, i B AT L shiE 35 485
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= P(7.19) 0D, -= P(7.19)pHi = Down regulated (130) - Not changed « Up regulated (2)
= C(9.40) ODy,, -= C(9.40) pHi 6 T
- P(7.19)pHe  -o- Control (7.19)
-+ C (9.40) pHe e Control (9.40) "
951 11.4 5 5
Lo12 i
9.0 L o 4 i
y i = e |
T 0 G
o 85¢F 108 = Ei 3
8.0} ] 106 © < 5 |
= i |
10.4 '.ig
75 1 :
? e Do i {02
7.0 T 0.0 !
0 12 24 48 O . . : . : i
th -6 —4 =2 0 2 p! 6

1 ZER#MYE pH £ T 155 Pseudomonas
putida Y-9 BB S pH BT AR &K

Figure 1 Changes of intracellular and extracellular
pH and growth of Pseudomonas putida Y-9 cultured
under two different initial conditions. Three
replicates are conducted for values means£SD
(error bars); P (7.19) pHe refers to the extracellular
pH value with an initial pH value of 7.19; C (9.40)
pHi refers to the intracellular pH with an initial pH
0f 9.40.

pH LIRS AN . 7E 48 h {i gt A2, Y-9
BN pH WY & 8.77-8.97 HIBRAS L .

22 AR pH BHFFHT Pseudomonas
putida Y-9 B/ it 45 1%

J TR Y-9 s R MR IR pH E
Ak, H GC-TOFMS 4#T T ¥R 3% 440
pH 7.19 F1 9.40 WIEMA MY . LI AN
pH 7.19, XtHE4HN pH 9.40, XfJEIG%EHE E4T
WEPRICRIDCEC S, fREE T 301 M, DL VIP>1
1 P<0.05 BRI IAAE Ry 22 S RIR AR
130 MRETH, 2 ~MEF R 2). Wi
LECO-Fiehn Rtx5 (4l &, A LAVERE 22 5 i A
Y1k 514,

N1 LR EC pH R B 2 S
Y, EFE F IS 5028 1k (fold change, FC)>2
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log, (flod change)

2 SRNAEMIEBLAPH 7.19 vs. pH940)EF
K E AL
Figure 2 Volcano plots of differential metabolites

of experiment compared with control (pH 7.19 vs.
pH 9.40).

AR AR FC<0.5 (188 3% 22 A 7E
R M bR UE . | ACD/Percepta T T 33X 224X 15f
Yii pKa, DIE @ #5255 ACSYIXT pH 22 4k
A TIRR . 0% 1 Pos, H59% 48 h Jm, 1EW)
i pH (E 7.19 fyAb3Edr, JUA 2 FiiH
& LA, e 52 ZE R (maltitol, 56.81 £iF)
1 3-F5E-3-FH R A2 (3-hydroxy-3-methylglutaric
acid, 53.61 %), ENT#RIEFRAGY . Rk
W2IrE, - AE-3-H BB AR 2 6 DR
PRI IR . pKa (I5RIR)N 3.940.4 (3K 2),
RO IR YE & T2 2. SR, Rk pH
{ELA 3G N 2RI & A2 B0 pH (A8 1b 1) 32 2 K]
2, X ATRESE BT A B AR, ek
FE R pH.o 22 ZFPERE A5 5 R B, pKa (B
SRIR)EA 12.4+0.1, MY A B IR
7 ZEREIE AT e s R A pH B A = A
BET I 9 #, 0k 5-&
F2 3 (5-aminovaleric acid 3, 0.12 %), 1,5-i
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*1 BEZFREVTLEH

Table 1 Significantly different metabolites regulation fold

Metabolite CAS Molecular formula VIP? P-value Fold change®
S-aminovaleric acid 3 660-88-8 CsH;NO, 1.58 0.00 0.12 |
1,5-anhydroglucitol 154-58-5 C¢H,05 1.23 0.00 0.20 |
N(epsilon)-trimethyllysine 23284-33-5 CoH,oN,0, 1.80 0.00 0.31]
2-hydroxypyridine 142-08-5 CsHsNO 1.38 0.01 0.39 ]
Tartronic acid 80-69-3 C;H,405 1.72 0.00 0.41 ]
Cysteinylglycine 3 19246-18-5 CsH(N,05S 1.48 0.01 0.44 |
Oxamic acid 471-47-6 C,H;NO; 1.71 0.00 0.45 ]
Lactamide 1 2043-43-8 C;H;NO, 1.64 0.00 0.48 |
Tetracosane 646-31-1 Cy4Hs 1.11 0.01 0.50 |
3-hydroxy-3-methylglutaric acid 503-49-1 CsH1(Os5 1.34 0.04 53.611
Maltitol 585-88-6 C,H,401, 1.95 0.00 56.81 1

VIP: Variable importance in the projection

. The importance of variables to the model. ®: Quantitative comparison

between the same metabolite pH group and the control group (1 represents upregulation and | represents downregulation).

=2

BEZEFMRBYINSE. pKa FIRBHRE

Table 2 Significantly different metabolite classification, pKa and metabolic pathway

Metabolite pKa (strongest pKa (strongest base) Super class Pathway

acid)

S-aminovaleric acid 3 4.5£0.4 10.7+0.4 Organic acids and derivatives ~ Map 00310 lysine
degradation; map 00330
arginine and proline
metabolism

1,5-anhydroglucitol 13.2£1.0 - Organooxygen compounds -

N(epsilon)-trimethyllysine  4.5+0.4 - Others -

2-hydroxypyridine 4.9+0.4 - Organoheterocyclic compounds —

Tartronic acid 2.3+0.4 - Organic acids and derivatives  —

Cysteinylglycine 3 3.1+0.4 7.1£0.5 Organic acids and derivatives = —

Oxamic acid 2.1+0.4 - Others -

Lactamide 1 13.5+0.9 1.2+0.5 Others -

Tetracosane - - Others -

3-hydroxy-3-methylglutaric 3.9+0.4 - Lipids and lipid-like molecules —

acid

Maltitol 12.4+0.1 - Lipids and lipid-like molecules —

pKa (strongest acid): The strongest dissociation constant of acidic groups; pKa (strongest base): The

constant of alkalic groups. —: None.

FK A (1,5-anhydroglucitol, 0.20 £%). N(g)-—
FH JL361 2 %2 [N (epsilon)-trimethyllysine, 0.31 £%].
2-¥2 FEmE B (2-hydroxypyridine, 0.39 £%). NI
MR (tartronic acid, 0.41 £%). P M2 R H 2= L
3 (cysteinylglycine 3, 0.44 f%). B %2 (oxamic

strongest dissociation

acid, 0.45 %), FLEEE 1 (lactamide 1, 0.48 £i%)
1 DU (tetracosane, 0.50 fi%), % 2 B/n T
2 AR RACH Y pKa TR o 7S 9
=Y 5, 5-2 R 3 1T RAS AU
&, MRYEFEHAR pKa fy 4.5+0.4, LB HRME:
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Bk, NEEIR . EEEm 2R 3 1 5-2
iR 3 AREANLER, R R . EER A
MR 3 ERMEIEFAIAY pKa feik, 4390k 2.3+0.4
31204, UK FRMEREHHEEAR, 45575
By, AHLERES TX R4 pH FEI%. EARS
A=, BRI N(e)-— H 3L R
R BRI IR, SR ERE LA pKa 43
h2.1x0.4 F1 4.5+0.4, BLAh, FLEERE 1 i3t
P i 3R Y pKa i 1.240.5, .+ DU keI A5 7] i
B, R T, X SRR A 2R R AR
IS 5 T A IR pH (E B9 PR . 2-%2 KLt
WEJE T A MLIREE Y, RIEEEE T pKa
J4.9+0.4, XU HM S TR SREN
pH fH.
2.3 ERFIEEEFM KEGG @7

K THRIE Y-9 SEANFEVILG pH K57 411
Wl g, AR — 2T e s 2 A A . B
RN, BRI T AR %R 0.02 (<0.05),

A B
-Down regulated (915)

Not changed
+Up regulated (898)

P
-8 6 -4 2 0 2 4
log, (flod change)

6 8

Oxidative phosphorylation

—_—
g
e
Bacterial chemotaxis
Two-component system
ABC transporters
Flagellar assembly . . .

0 T A5 Q20 1 Q30 4331 i A AR 1 98.63%
F195.86%, G+C SASE e B8 59.9%. %L
WAF G e, AT FEE .
RNA-seq L% 2 H 4 613 NIEA, %% P<0.05
h 75 5 ik FE[H (differentially expressed genes,
DEGs), i 22 5455 1 813 4% A, -4 DEGs
% 898 4, F ¥ DEGs % 915 (& 3A). Kl
B2 T 22 5 3 log, 58U b i 22 S 3L I
KEGG Ui kA2 2k

HT KEGG dis il 2 & b,
AE#78 DEGs RMUBIFIE 514 2i&1t. KEGG
B E R EE R (P<0.05) 11 &l 3B PR, fEZ R
N EFENAUEAET, HAZTRUIR
& & (nucleotide excision repair, 4 ~HEK)5E4
BT B R AR, THEE 4% (flagella
assembly, 26 IEE) . HMHA(ribosome, 21 4~
LR FA B R 1L (oxidative phosphorylation,
20 NP TEAE L T TR 2ZE R AR Ak,

=Down =Up mAll

Sulfur metabolism
Nucleotide excisionrepair
Histidine metabolism
Bacterial secretion system

Fructose and mannose metabolism

Ribosome

3 ERRIEEE(DEGs)LIA S5 FBB4H(pH 7.19 vs. pH 9.40)H9 5 %
Figure 3  Distribution of differentially expressed genes (DEGs) experiment compared with control (pH 7.19
vs. pH 9.40). A: Volcano plots of DEGs. B: Kyoto encyclopedia of genes and genomes (KEGG) classification

of DEGs.
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ABC #4325 1 (ABC transporters, 64 ~HE[A) .
W ZH 43 2 4t (two-component system, 60 >3 [K])
FN4H A ¥ 1k PE (bacterial chemotaxis, 17 N3EH)
ST TR A A s A 2 R R
1 58% . 67%F1 82% . M A1 #8 B L
(fructose and mannose metabolism, 6 ~FEH),
I T 43 W) 2 4t (bacterial secretion system, 13 >
R, A B (histidine metabolism, 6 4>
Fe R AR AR 8T (sulfur metabolism, 11 ~FE[H)
DL ERZER 3, ral i HEEE RN
83%. 69% . 83%FN 73%.,

A
Fructose and mannose
o R metabolism
L-histidine
43.1.3

Urocanate |

Histidine metabolism |

2.4 Pseudomonas putida Y-9 M 57 #] #4
pH 7.19 LiAFRIEMER

VR A JE DR i 3 B AR pH (B 7.19 H)
HNRIAER(E 4), fEAAmRREhEE T, 5 -4l
IR (L-histidine)[Ci 4 L-5 & R (L-glutamate)
RIFRAROC Y RE R 1 IR (] 4A), Hirp, b2
R i B A JE DR hutH i 2 b B TR 7. 2 3 45
IR B hutF 23591 B3 1.94 f5F0
118 fif. FESLWEAH WS+, 5 GDP-D-H
% B (GDP-D-mannose) 7% 1k 4 1 2 15 (alginate)
MR H R B, TEETF R &R

GDP-p-mannose 111132 GDP-p-mannuronate 2.4.1.33 Mannuronan 5:1:3:37 Alginate

4-imidazolone-5-propanoate N-formimino-L-glutamate 3.5.3.13 N-formyl-L-glutamate 3.5.1.68 L-glutamate

| Nucleotide excision repair |

Grobalgenome repair (GGR)

DNA lesion
! 3!
SEENRARYARRERE NS
3 \‘><‘.¢ 5
UVRA

Transcription coupled repair (TCR)

DNA lesion

S IIITTT S L
5 Pal i}_%oy rase 5

N

ploymerase.

TI111 %;iiiiis.

W

w

e
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C
| ABC transporters | Two-component system |
Mineral and organic ion transports Gl il
Iron (III)—[ AfuA l AfuB [ AfuC ]—D Fe-enterobactin ——| PfeS | > =@ Iron acquisition
Metallic cation, iron-siderophore and vitamin B12 transports Potassium transport
ine{ T Y T T > K limitation —— (" KdpD ) » > KdpA | KdpB [ KdpC J KdpD ]
D
Metabolic pathway KEGG gene ID Gene name EC numbers Putative function Pvs. C
ppu:PP_1 288 algD 1.1.1.132 GDP-mannose 6-dehydrogenase
Fructose and mannose ppu:PP_1 287 alg8 24.1.33 Mannuronan synthase
metabolism ppu:PP_1 286 alg44 2.4.1.33 Mannuronan synthase
ppu:PP_1 283 algG 5.1.3.37 Mannuronan 5-epimerase
ppu:PP_5 032 hutH 43.13 Histidine ammonia-lyase -
ppu:PP_5 033 hutU 4.2.1.49 Urocanate hydratase } |
Histidine metabolism ppu:PP_5 030 hutl 3.52.7 Imidazolonepropionase
ppu:PP_5 036 hutF 3.5.3.13 Probable formiminoglutamate deiminase
ppu:PP_5 029 hutG 3.5.1.68 N-formylglutamate deformylase
Nucleotide excision ppu:PP_0 483 uvrd UVRA Excinuclease (uvrABC system protein A) -
repair ppu:PP_2 148 mfd MFD Transcription-repair coupling factor
ppu:PP_5 195 PP4 52670 AfuB Putative iron ABC transporter, permease protein
ppu:PP_5 136 PP4 52 000 AfuB ABC transporter, permease protein -
ppu:PP_5 137 PP4 52010 AfuC Ferric iron ABC transporter, ATP-binding protein
ppu:PP_0 120 znuA ZnuA Putative zinc ABC transporter -
AR ppu:PP_3 801 PP4_20 050 ZnuA 1: ;:?:’;Sglt;“;gg ntransmrter, periplasmic
ppu:PP_3 803 PP4_20030 ZnuB Putative Cation ABC transporter, permease protein
ppu:PP_0 117 znuB ZnuB Zn* ABC transporter-permease subunit
ppu:PP_0 118 znuC ZnuC Zinc import ATP-binding protein
ppu:PP_0 533 pfeS PfeS Histidine kinase
ppu:PP_1 652 PP4_41 150 PfeS Histidine kinase
ppu:PP_0 534 pfeR PfeR Putative transcriptional regulator PfeR -
Two-component system ppu:PP_1 651 PP4_41 160 PfeR Two-component response regulator
ppu:PP_2 242 PP4_28 130 PfeA Ferric enterobactin receptor
ppu:PP 4 161 kelpA KdpA Potassium-transporting ATPase A chain
ppu:PP_4 160 kdpB KdpB K" transporting ATPase, KdpB subunit
Down regulated Up regulated

4 HFREH L DEGs MREIEERER

Figure 4 Metabolic pathway and annotation of up-regulated DEGs in transcriptome. A: The
up-regulated DEGs involved in fructose and mannose metabolism and histidine metabolism. B: The
up-regulated DEGs involved in nucleotide excision repair. C: The up-regulated DEGs involved in ABC
transporters and two-component system. D: Up-regulated gene name, enzyme name, enzyme function
and regulation level of related metabolic pathways.

W, LD uvrA (1.25 51 mid (1.03 )3 F PP4_52000 (2.01 1%)H1 PP4_52010 (1.41 %)%t
P (Kl 4B). ABC iz MM /M R mahEE SEEEFHREMCHNERN R AfuBC, HEH znuA
b B PR 3 5 B S - s A oG (B 40), (1.13 f#%). znuB (1.13 f%)F1 znuC (1.13 %) 5351
ABC %z 5K PP4 52670 (1.13 £%). i EF s MG ZnuABC., 7E WA 4
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24, kdpA (1.54 1%)H1 kdpB (1.65 1) 4 i 55
1 KdpA 1 KdpB &5 T# & Fi%iz .
2.5 Pseudomonas putida Y-9 Mg [z ] &
pH 9.40 TiAFTIZRIER

VAR EE D i RSN ER R AR pH g 9.40 HER
(Bl 5). TEAABEIR LR FE (B 5A), K
S 3 DR R 1 B D e 9t iE B S 4 B Y pH AR
AEXW LAY T (complex 1, CHH, 54
B REARCA LA nouC 1 nouB FiE-1.16 Fil

—1.22, TEEEW IV (CIV)Hh, R g bt 40 1 (4
& o FAALEE IR YT, 4 coxC (—2.01). coxA
(—2.08) . coxB (—2.03). ccoN2 (—1.20)F! ccoP2
(—1.23), BB 5IRS A &+ 5 0 A XK.
2 5% F\F-ATP BERYSEIN aptC t R T
-1.20,

1E ABC ¥rizigtadr, 15 NS5 ma
B ia A B K B R, e T A
M. DR/ REER . WMAR/SHAR. — K

| Flagellar assembly |

I MotAB

—

A
| Oxidative phosphorylation |

CIv F.F-ATPase
H* H* H

Outside cell /T\

Inside cell [_TSI-I%]
NADH  NAD“H' ADp+pi M ATP
B

| ABC transporters

Phosphate and amino acid transports

Cystine — TeyA | TeyB [ TeyC J—» Arginine/Ornithine Aot B ioig AotP
o
GItK
GIutama[efAsparta[e—[ Gltl Glu GItL ]—>
i i AapQ . . . - LivH LivG
General L-amino acid Aap] AapP }J—  Branched-chain amino acid LivK >
§ ' BT AapM e - LivM ]| LivE

ABC-2 and other transports

Lipopolysaccharide l]:;)tl(]; LptB | >
| Two-component system |
NtrC family
Nitrogen availability low +{ GinL ¢

> —b Nitrogen assimilation

C4 dicarboxyrate s——p L[@r)_._’ C4 dicarboxyrate transport
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C

Metabolic pathway Discriptions KEGG gene ID Gene name

ppu:PP_0 626 ndh 1112

CI ppu:PP_4 121 nuoC 7.1.1.2 (NuoCD)
ppu:PP_4 120 nuoB 7.1.1.2 (NuoB)
ppu:PP_1317 petA 7.1.1.8 (ISP)

CIII ppu:PP_1318 petB 7.1.1.8 (Cyt b)
ppu:PP_1319 petC 7.1.1.8 (Cyt 1)
ppu:PP_0 110 cyoll CyoE

Oxidative ppu:PP_0 816 cyoE CyoE
phosphorylation ppu:PP_0 813 cyoBB CyoB
ppu:PP_0 812 eyoA CyoA
CIV ppu:PP_0 106 coxC 7.1.1.9/CoxC
ppu:PP_0 104 coxA 7.1.1.9/CoxA
ppu:PP_0 103 coxB 7.1.1.9/CoxB
ppu:PP_4255  ccoN2 7.1.1.9
ppu:PP_4 258 ccoP2 7.1.1.9
FoF;-ATPase | ppu:PP_5 412 apC 7.1.2.2
Flagellar assembly Stator SEE ::g:: g;g ﬁz;ﬁ mg;g
ppu:PP_0227 PP4 02 460 TeyA
ppu:PP_0226 PP4 02 450 TeyB
ppu:PP_1069 PP4 10120 GItK
ppu:PP_1070 PP4_10 130 Glu
ppu:PP_1 068 PP4 [0 110 GltL
ppu:PP_1 297 aapJ Aapl
ppu:PP_1 298 aapQ AapQ
Phosplate dnd ppu:PP_1 299 aapM AapM
t > ppu:PP_1 300 aapP AapP
—— u:PP 4 486 aotJ Aotl
ABC transporters ~ [TaNSPoIts il
ppu:PP_4 484 aotM AotM
ppu:PP_4 485 aotQ AotQ
ppu:PP_4 483 aotP AotP
ppu:PP_1 141 braC LivK
ppu:PP_1 140 braD LivH

5 ppu:PP_0982 PP4 43 280 LptF

mhAe?(l:mi::: s PPU:PP_0983 PP4 43270 LptG

ppu:PP_0953 PP4 43 550 LptB

ppu:PP_5 047 ntr8 GInL

ppu:PP_5 048 ntrC GInG

Two-component NtrC family

system ppu:PP_5 184 spul GlnA
ppu:PP_1 402 PP4 07 490 DetB

ppu:PP_1 188 detA DctA

Down regulated

E5 #FHED T DEGs RBIEZRR TR
Figure 5

EC numbers/Name

Putative function Pvs. C
NADH dehydrogenase

NADH-quinone oxidoreductase subunit C/D
NADH-quinone oxidoreductase subunit B
Ubiquinol-cytochrome ¢ reductase iron-sulfur subunit
Cytochrome b

Ubiquinol-cytochrome ¢ reductase, cytochrome cl

CyoE like protoheme IX farnesyltransferase

Protoheme IX farnesyltransferase

Cytochrome bo terminal oxidase subunit |

Cytochrome bo terminal oxidase subunit 11

Cytochrome ¢ oxidase subunit 3

Cytochrome ¢ oxidase subunit |

Cytochrome ¢ oxidase subunit 2

Cytochrome ¢ oxidase subunit I, cbb3-type

Cytochrome ¢ oxidase subunit, cbb3-type

ATP synthase epsilon chain

Flagellar motor rotation protein

Flagellar motor protein

Periplasmic cystine-binding protein

Sulfur compound ABC transporter-permease subunit
Glutamate/Aspartate ABC transporter-permease subunit
Glutamate/Aspartate ABC transporter-permease subunit
Gutamate/Aaspartate ABC transporter-ATP binding subunit
Putative amino-acid ABC transporter-binding protein YhdW
Putative amino acid ABC transporter-permease subunit
Putative amino acid ABC transporter-membrane subunit
Putative amino acid ABC transporter-ATP-binding subunit

Lysine/Arginine/Ornithine ABC transporter-periplasmic binding protein
Histidine/Lysine/Arginine /Ornithine ABC transporter-permease subunit
Histidine/Lysine/Arginine/Ornithine ABC transporter-permease subunit

Histidine lysine/Arginine/Ornithine ABC transporter-ATP binding subunit
Branched-chain amino acids ABC transporter-periplasmic leucine
binding subunit

Branched chain amino acid transporter-permease subunit

Permease YjgP/YjgQ family protein

Conserved membrane protein of unknown function
Lipopolysaccharide ABC transporter, subunit LptB

Two-component system sensory histidine kinase/Phosphatase
Two-component system DNA-binding transcriptional dual regulator
GInL/GInG

Glutamine synthetase

C4-dicarboxylate transport sensor protein

C4-dicarboxylate transport protein

Up regulated

Metabolic pathway and annotation of down-regulated DEGs in transcriptome. A: The

down-regulated DEGs involved in oxidative phosphorylation and flagellar assembly. B: The down-regulated
DEGs involved in ABC transporters and two-component system. C: Down-regulated gene name, enzyme
name, enzyme function and regulation level of related metabolic pathways.

L- 2 SR FN 32 ik SR 1) iz (] 5B). 7E AL
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IR, TEWILG pHAE N 6.0, 7.0 Fil 8.0 HYA-AF
TR T R I B KT2440 & 40 h, Jfu4h pH
KT E I R 8.8 A4 X 51EWI UG pH N
7.19 W ZRAE T B30 RAR S Y-9 B R i)
GERARF AL, AR, AR &K AEY)
& pH BN 9.40 BF, 5535 Y-9 4 S84 pH
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FEAR AN S 2 WA o VF 2 RERR A T LA A
AHLER, F& 20T DL R IR 350 pH (ED,
FERE pH A5PF T, 50 AW AH G i B & i
RaACHE R A E Z R R, 2R
M. 5 pH 7.4 MLk, 7E pH 8.2 M&IF T 5%
HERIFE, RN s T
M. HIRE: . BRI T mRE M= s,
PR 4R 40 T A 9 FLFT 14 (Lactobacillus plantarum)
Pt R AR KPR, B Rl DLl A AR 7 3L
R R R I R BT b pHPY . ZE A R
Bacillus sp. ZM20 FlI IR ZEAFF 1 B. cereus 7
ZnO [ANHIFREE pds 3R, 2@ A 2L A
LIRRRACMSI AR FEAME S, Y-9 W
PR T ENLER, W . RN AR AR
31 S-SR 3, DL R s ER I I AR (3 2).
Y-9 A LR WA N AT R R 4R pH I AR T
AN pH {H o

FERR MRS rf, A B 2 M A1 B 5% 1
AR . 6 Bk (Candida albicans) Rl
DLy i 28 SRR A R i U5, I % Ak il 2 HE i
Ah, NI AN EREE R pH (HP. SR, 7E
ARWFgEH, Y-9 [RAE A A NH, ™, 55 3% 26 v il NH,
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TR Z —,

T PR R S e PR 9 2 200 T 7 K R 7 38 ) 5
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FESNH pH A I fEC Ao di fb i i s ™, R eIt
F IR AT A U R B T ek T
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