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% A R AT Fedh o iR AE Kb IR AR T 340 13

FHIE: AT CRERE; BRERE; HRANF; ZFRERLE

Y

Screening and degradation characterization of a
para-ethoxyaniline-degrading strain
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CHAO Hongjun', DAI Jingcheng""
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Abstract: Para-ethoxyaniline (ETH), a widely used industrial raw material and intermediate,
persists in the environment, posing potential risks to ecosystems and human health. [Objective] To
isolate an efficient ETH-degrading strain from activated sludge, optimize its degradation
conditions, and elucidate the gene regulatory mechanisms and metabolic pathways under ETH
stress by transcriptomic and mass spectrometric analyses. [Methods] A strain capable of utilizing
ETH as the sole carbon source was isolated from activated sludge and identified through
morphological observation, physiological and biochemical tests, and phylogenetic tree construction
based on 16S rRNA gene sequences. The effects of temperature, pH, and initial ETH concentration
on bacterial growth and degradation efficiency were examined. Transcriptome sequencing was
employed to identify differentially expressed genes (DEGs), with selected up-regulated DEGs
validated by real-time reverse transcription quantitative (RT-qPCR). Furthermore, mass
spectrometry was employed to investigate the metabolic pathways. [Results] A highly efficient
ETH-degrading strain, designated DQ78 and identified as Pseudomonas sp., was isolated. Under
optimal conditions (28 °C, pH 8.0, 4 mmol/L ETH, and 1% inoculum), it completely degraded ETH
within 40 h. Three metabolic intermediates were identified, allowing the proposal of a preliminary
degradation pathway. Transcriptomic analysis revealed 3 380 DEGs under ETH stress, including
1 609 up-regulated and 1 771 down-regulated genes. GO enrichment indicated up-regulated genes
were primarily involved in 57 GO terms such as amino acid metabolism, cell motility, iron binding,
and transport, which might activate the synthesis of ETF-degrading enzymes and enhance substrate
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uptake and transmembrane metabolism of intermediates. The down-regulated genes were enriched
in 58 GO terms such as peptide metabolism and synthesis, ribosomal structure, and cellular
components, suggesting a metabolic reallocation toward stress adaptation. KEGG analysis
predicted 183 up-regulated pathways and 184 down-regulated pathways such as flagellar assembly,
sulfur metabolism, and extracellular biosynthesis under ETH stress, indicating enhanced
chemotaxis, enzyme secretion, and stress-resistant substance synthesis. [Conclusion]| Strain DQ78
achieved complete degradation of ETH within 40 h, being a promising candidate for the
bioremediation of ETH-contaminated environments. Transcriptomic analysis reveals the molecular
regulatory mechanism of this strain in response to ETH, which lays a theoretical foundation for
further exploring the genetic foundation of microbial degradation of organic pollutants.

Keywords: para-ethoxyaniline; Pseudomonas; transcriptome sequencing; differentially expressed

genes
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AHFFARIE T — MR EA = A ETH BRSO
A B jf 1 (Pseudomonas sp.) DQ78, il i FLAL
HAEBEFABR W IR 4L) 5 ETH MME—RRIE (S F41)
ST FRIEZESS, FRERGEHE 2
A EOCR,, REGMITRARTE ETH ha F iy
H PR SR Ak e iy 55 A B AL . ASHIESE B E
e s)Z 7~ ETH AR ) A A2 5 T vk T
WAL, Atk — 2 i B A P A A AR S
HEHNSARYE,  [RIEHE R AT XT S R R T G
) R R MG S5 SR AR TR A B I S 2 S

1 MRE5r=E

1.1 7R

1.1.1 #@EESE

AT LT AR 7 15 1X 35 7K AR 38 A 3 4 35 e
r e alifl AR B DQ78. BRI T
HAIEEFED IR PO, AR5 M20232365,
1.1.2  EERFIFLEE

XF ORI, B BTRL T AR LR
ABRAF; HEE, FE8CHRBHE AR &
RNA $#2HBOAH & . Wi sidn &, w4y TR
(KA R

AR A, DB ARE SR AR A A &
JEHBKEW, L EIT 8 HIRE
PR, b v B T A b 1 A BR A 5 R AR
FHETE, RFIRECRE) iR A BR A |l 5 PCR
1, BRI AL A B A
1.1.3 EBEHFE

Fe A B #7 FE (minimal medium, MM) (g/L):
(NH4),SO4 2.0, Na,HPO,-12H,0 14.3, KH,PO,
3.0, FeSO47H,O 0.000 3, 500x /" 77#k 2.0 mL;
500x " 4£ W (g/L): MnSO4; - H,O 0.14,
MgSO, - 7H,0 0.03, CuSO, 0.025, ZnSO, 0.025,
H;BO; 0.025,

LB ¥ dk(g/L): R 10.0, BERRRH
#) 5.0, NaCl 5.0,

JiA K35 121 °CK# 20 min,

1.2 PR ETH BHHIEEMSE

KA BT AR P (X 5 /K Ab BRGSO
FEAS, X 1.0 g W& PEVS Je in A 100 mL & ETH
(2 mmol/L)#Yy MM 55, 28 °C. 200 r/min
Kig® 7do BU 5% 5300 L3R F 100 mL
%A 2 mmol/L ETH Y /K MM K5 3% 3t fr |
28 °C., 200 r/min 4RZE3EFR 7 d. Zid FRIESLALAR
8 W5, PASEA MM ETH WAkIIRS 535
1.3 [&#% ETH FEFREVA 1L

W0 T ARAS 0 ETH ot 18 o i, T ad R 2
A EVERERMZ & 2 mmol/L ETH (1 [EIA MM #5535
B, 28 °CHEIERE IR, Higk 7d )5, WMIERE L
S . WIEPE SR SRR 225, PRI
AR R S B 4 il 3 2 2 2 mmol/L ETH AR AK
MM ¥;3E 5L, 28 °C. 200 r/min 3555 24 h, %
SLHFAT 2 RN 3 25 5 B VR PRI . 4l
G B BT TR 4R 3] 5 mL WA MM B 35 5L
ETH 2%}y 2 mmol/L, 28 °C. 200 r/min }5 3%
48 h, DIANIEE RIS FREAE e AR, BEARE
17 3 EE IR

K FH o 00 AH 2,33 (HPLC) 32 1 22 ETH &
o, (O EH Accucore C18 #: (K 250 mmx
INFE 4.6 mmxBife 2.6 um), FishA 2R
H s 5 4l K 4 B0 (A A . 50% FFEE; B AH: 50%
aliyK), FoEPER N 0.5 mL/min, PEREEA 10 uL,
FEVR 30 °C, SRATEIMG AR 7E 290 nm %K
R, # BRA K (D)IHRERRAT ETH AR
ETH [ i R = (25 [ % B 40 1k B — 3 56 41 ¥k )/

Xof BRZH M B < 100% (1)

1.4 EHRFESEIBAEF R

IR BE AR 1Y HAR AR, SR AR R Ze 2
FiyEzph 2 LB [EARESRIEER, 28 °CHEFE 48 h,
MERHEEILS, BUES— . JCumTs
) B TR P R TR B AR . PEEH AR AR DQTS,
Z: i Biolog GENII 4@ AR e B ARKE A FXRPEUE
IR AR A S B BE I BRI, L 100 uL/AL
(3N A Biolog GENIII 96 FLAE M, 1ZHfL &
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BEAPEXT R FAPEXT BE DL & 71 Fpai I AN 23 Ak
SEHURYI R, BERP IS T 28 CCREGRE R 48 h, AR
I3 1 €, 52 I 4 DR PR s D AR Y 20
1.5 16S rRNA EREZEHERF5HM

ESUTRT PR BT B TRRAE R 3G B AR, HH 16S
RNA #5149 27F (5'-AGAGTTTGATCCTGG
CTCAG-3")H1 1492R (5'-GGTTACCTTGTTACG
ACTT-3")i}i4T PCR 7 # . PCR RWAAZR (20 pL):
2xTag Mix 10 pL, K&K 7ul, . NS
¥)(10 umol/L)4% 1 uL, DNA #i47 1 pL., PCR
WA 95 °cCHAZIE 5 ming 95 °C7E 1% 30 s,
55 °CiB k 30's, 72 °CHEfH 90 s, 3L 30 -1
;72 °)CASEAH 5 min; 16 °CA£HE 10 min 2% 11
N o PCR ;=428 Byt i W 15 F Dk G ) (L A
5uL), SAREESIE A TAY) TR B A R
S AEIEFT 16S rRNA LR, 7530 16S
RNA £ [H F 5 2 | {& &= NCBI GenBank %% 4%
FE, B35 N PX462094; it BLAST M XHZ
J¥ 515 GenBank H' T HIF 41 1 [A] U P, 8 L
14 BR 7 HI A RLRE 32 i W TR BRVE S 255 751, IF
FIFH MEGA 11.0 344, FH4B$% (neighbor-joining)
BT T R G001
1.6 PREIFHEITEHREKAIF N

ZISCHR[19] 775, B2 LB AR R 4L
28 °C. 200 r/min & 7 12 h ) DQ78 Hitk, ik
TR 1% WHEERNEHEFD X R 5573, Lt
LONPEIEE TN E ODgoo HAMHTARKEDL, 4%
SBRIA 3 RE A

¥ EiRE T35 19 DQT8 T kR AR FL A Bk
1% B3R B3R T 100 mL KR LB 15954t
28 °C. 200 r/min 3535 45 h, ZFHIFE 0. 5. 10.
15. 20, 25. 30. 35. 40. 45 h BEEN ODgoo 18
It K2, ¥ 755 DQT8 Wiki% 1% Y
PR A T 5 mL KIEAY LB 15585, 28 °C.
200 r/min 5557 45 h 5 ODgoo (HIFZ K . X E
URJERERE N 19, 24, 28, 32, 37°C; ¥Ith pH
4350, 6.0, 7.0, 8.0, 9.0; ¥4 ETH ¥ & K
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1-6 mmol/L, 45 i A K A& 1
1.7 AFARIFEXEKMERE ETH B95200

ZMCER19) ik, 4 LB KR 7E
28 °C. 200 r/min 35575 75 26 B4 K (ODgoo
254 0.4)89 DQ78 WK , £ 8 000 r/min 5 .L»
10 min, JO@E 258 FKMEMR 2 G HEE, %1%
A3 R 3E A 30 mL MM 55 35 3 (% ETH), iz
1 3 WAV EE, UANEMER S AX)
W, 355% 45 h ek kil . B 500 pL g, i
NGEARFIH LN, 28 0.22 pm A3 HUAHIERR
U8 SE, SRAI HPLC 4 ETH R &, DIE
(e g

PR 2 AR R R AR R]A3 AEE  00 5. 10,
15, 20, 25, 30, 35. 40, 45 h HUkE; WERIE
FEAr BB N 19, 24, 28, 32, 37°C; ¥R
pH &'® H 5.0, 6.0, 7.0, 8.0, 9.0; ETH ¥ #h
WA N1, 2, 3, 4, 5. 6 mmol/L, 43l
R it A 2
1.8 ETH £ L E

B E AR DQ78 1575 E X HUAE K ODgoo 29N
0.4, £ 8000 r/min &5.L> 10 min J&5 Y £4E B AT
VE, IR EIRTIE ARG R R, %
1% BYEERM L MM 1G53, %135 50
I ETH % % &y 4 mmol/L. pH {HH & 8.0, 1F
28 °C., 200 r/min FERKG R, & 3 A7 M TEH
XL AT 120 24, 48 h BURE . BRIRER
FE 0.5 mL IFIA 0.5 mL HELRS), £80.22 pm
A LIRS I8 I RGO

K HH R v 280U A 3% - £ K BT 1% (UHPLC-
MS)F M= i i o B 2 pl AR 2R Venusil
MP C18 {f34:(100 mm=2.1 mm, 1.8 um)Z3r & .
TEAH R A R B 4iak, o shAH A oK
W, sl B MHEEA ., ERUE A 0.2 mL/min,
FEIRAERETE 30 °C; S OiBH 3 B 5 IR A
FE A TR . SR AHIE . i R AR
SRR, BTEEHERY 100-200 m/z.
TEREE B T R 1000 V, S g 1
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ZEHUER-1 000 V.
1.9 E¥k DQ78 BdERAEN F
1.9.1 #matiE

PRHUAE bR DQ78 AR T, A2 100 mL #Y
LB AR 355, 28 °C, 200 r/min 35 5% % %4k
H K (ODgoo 2124 0.4), F 4°C., 8000 r/min 5
> 10 min W EARTIIE . X B ZH AN 56 2 59 1)
L 4 mmol/L 4 BEFAMR A ETH 1F 4 M — ik U5,
28 °C, 200 r/min & 1 h 5, 430l T 4 °C .
8 000 r/min 5.0 10 min WEEVTENY) . K5 BE FAITR
BFE REEA AN 4 CK, K ETH B85 YA Ay
%0 ETH, SRIG1E-80 °CIR-AF . FrA k5 ik
I3 ES.
1.9.2 SNEFEHELE

FER AR AT IR 6 IR H LR
REEA BR A B 24T RNA $2BURT cDNA 3% il
%o K Hlumina (&3 & 7 °F &5 NovaSeq X
Plus #£417 RNA-seq % LM F o X Ji i ) 3 132
Bt (reads)F A7 BT &5, VIBRA vl ¥ ot (BN

T Q20 MFEEE T, ,Lﬁtiﬁ%ﬁﬁﬁ%ummﬁ

= P B, A M clean data, i ] RSeQC-
2.3.6 BN clean data 5275 5L A AT LLXT,
315 mapped data, FEAT 52 R R IA S 4L 1A
225 o b o AN Bk K s 1 2 i i NCBI
SRA BHEEATF, SRA %554 PRINA1347660,
R AT 229208 5 5 T SR AR, B ORISR 45 R AT
HEIE,
193 EFERERIENREESN

5T CK. ETH 5 F RN A LRTEER, %
& B T % 5 A% (transcripts per million, TPM)
F T 8 e SR AR Y A K0, SRR T
T A ALY () DESeq2 HX 4% I b i3 B4k (raw
count) #1741t 34T, LA read count “F-II{ETTH
2 554 (fold change, FC), ¥f|log, FC|>1 HAZIE
Ja B MK Pagi<0.05 BYSEPR i Sk B 38 22 57
7% 15 #E A (differentially expressed genes, DEGs),

Hrrlog, FC>1 5 U FIEERH, log, FC<
-1 SO B E FERREPY, g0t Z B KA IE
Ja, P O-value<0.05 1) £ 55 R H 17 GO,
KEGG w701, WaH EEZ 2504 1A
WA AR YA Y6
1.9.4 RT-qPCR 3iE

Ry R SR A A5 R R MERR A, R SER ¢
Y6 RE F i %% 5% PCR (real-time reverse transcription
quantitative, RT-qPCR)ZEAT I IE . RHRAYE RNA
fii FH RNAiso Plus J7 i $2 B, 386 5% 5% s g fifi
PrimeScript ™ RT Reagent Kit with gDNA Eraser
(Perfect Real Time)i¥fi 5% 5% 12051 & . RT-qPCR 9
AR Z (20 uL): 2xSYBR Green Mix 10 uL, I,
TS 1HI(5 pmol/L)4% 0.8 L, cDNA #ifiz 1 L,
ddH,0 7.4 uL. P HERE P . 95 °C A 4 30 s;
95 °CAxM: 55, 57 °CiB k 30s, 335 MEH
SIEEILE 1.
1.10 HIESHTE

IS G0 (i Bl SPSS 27.0 #1458
B, DL P=0.05 2 5 HAA guit2e g LRy H e b
HE, 43 iR FH B IR 2R 7 22 93 B J7 15 (analysis of
variance, ANOVA) -5 3l 37 FEAS ¢ 4656 52 hl 2H [R] 41
Py 22 5 W EEVE R E

&1 RT-qPCR3|#IF%)
Table 1

transcription quantitative PCR

Primer sequences for real-time reverse

Genes Primer Primer sequences (5'—3")
names

peg.1843 1843-F TGCCTCGCACCGTAATCTA
1843-R CCAGCACGTGACACAGCTT

peg.1846 1846-F GAGCTGGTCCAGGCTGACC
1846-R CGAAGCATTGCCCTTGTGT

peg.1847 1847-F CGAACAGGAACTCCACAC
1847-R TCAAGTAATCGACGACGG

peg.5642 5642-F GCACCGGTGCTGGTACTG
5642-R GTCTGGCGAGCCGATCTT

peg.5488 5488-F CAAGTCGGGGCTGGAGAA
5488-R GGCGTTGATGGTGGCAAC
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2 EREH

2.1 EHDQIS k5L E

T AR P I 75 7K Ab 38 ) i pEvs e rh
A B aifbf8E] 1 BRAELL ETH NME—BK
AR AIER, 48 DQT8. W RAE 40 h
XoF ) U e JE Ky 2 mmol/L 14 ETH 17 [ fif %855 3
100%., HEEEERIAG. FIE. BN,
FmEH MR (E 1A), BB BN, XKW
S YRR, ARy, L b A
B, A, 4UK/INM(0.5-1.0) pmx(1.5-4.0) pm
( 1B). A FHAE 4L %5 % (Biolog GENIII £ 4t) 4%
REW], FEk DQ78 Xt D-#jZjHH . D-JLHi. D-
CRYE M. LA EebE . L-EZERE . FLEREN SRR
MAMREEZR SV, HATER . BITkEER. ol

39 84

52

B RSP R RN BAPERON , 10X LA e |
R WRRAFFR N IIE RN (3R 2). HET 168
rRNA B NP RGEL T ot s, ZEikS
Pseudomonas huaxiensis WCHPS060044 [¥] #H {1
PEHN 99% (K1 1C). MIRIZHRINHTKIEA . 4
AR ALFR PRSI 25 5 D R o3 A= ) 2 S e i
SLRA T HTHIE , AR 53 2 b A7 S i R
] J& (Pseudomonas), I 4 N Pseudomonas sp.
DQ78.
2.2 DQ78 EIk I EIFHMEKIFR

Az KA AR S WL R AT TR PR TEAS [R5 557
KT AERSEENA ST B AEnd
K gk g £ . 7 0-15 h, Bk DQ78 Y
ODgoo {8 I FH R 2N | I By B oy T R 19 365 1
5 15-35 h R AT BRI, TR A0

1 80.0 kV 2023/11/03 16:29:32

Pseudomonas asplenii ATCC 23835

57
35 —|: Pseudomonas putida NBRC14164

Pseudomonas hutmensis XWS2T
Pseudomonas fontis ID656
Pseudomonas alkylphenolica JCM16553

73 59

DQ78

Pseudomonas huaxiensis WCHPS060044

Pseudomonas vranovensis DSM16006

Pseudomonas donghuensis HYS

65 Pseudomonaswadenswilerensis CCOS864

\—74: Pseudomonas tructae SNUWT1

Pseudomonas rubra 1D291

58

—
0.002 0

Bl EHMHESEE
Figure 1

Pseudomonas defluvii WCHP16

100 97 Pseudomonas qingdaonensis JJ3
Pseudomonas palmensis BBBOO1T

The screening and characterization of strain. A: The colony morphology; B: Transmission electron

microscope; C: The phylogenetic evolutionary tree of 16S rRNA gene sequences in strain DQ78.
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%2 E#EDQ78AYBiolog GENIII{AE 471% E R 4 F FI &M 45 R
Table 2  Substrate utilization results of Biolog GENIII microbial identification plate for strain DQ78
Test item Results | Test item Results | Test item Results | Test item Results
Negative control - Inosine - Methyl pyruvate w o-D-glucose +
D-fructose + L-rhamnose - Glycyl-L-proline - Gelatin +
D-maltose w Dextrin + L-alanine + D-mannose +
3-methyl glucose w Citric acid + L-aspartic acid + L-lactic acid +
D-cellobiose + D-trehalose + L-arginine + D-galactose w
L-fucose + Minocycline + Tetrazolium blue + Quinic acid +
Sucrose w Gentiobiose w L-histidine + D-fucose w
L-malic acid + N-acetyl neuraminic ~ w L-galactonic acid - p-hydroxy- +
acid lactone phenylacetic acid
1% Sodium lactate + Nalidixic acid + L-serine + Bromo-succinic acid = w
Positive control + Stachyose w Lithium chloride + D-turanose w
pH 5.0 + Niaproof 4 + Guanidine HCI + Lincomycin +
pH 6.0 + D-serine + Fusidic acid + Potassium tellurite +
y-amino-butryric acid + D-sorbitol - Tween-40 Pectin -
a-D-lactose w D-sorbitol D-galacturonic acid ~ w D-raffinose -
B-methyl-D-glucoside w L-pyroglutamic acid  + + D-lactic acid methyl — +
ester
Glucuronamide w Myo-inositol w D-mannitol w B-hydroxy-D,L- +
butyric acid

D-salicin w Glycerol + D-glucuronic acid - a-keto-butyric acid
N-acetyl-D- - a-hydroxy-butyric - D-gluconic acid + D-fructose-6-POy,
glucosamine acid

D-glucose-6-PO, + Acetoacetic acid - Acetic acid Propionic acid
N-acetyl-D- Mucic acid + Aztreonam D-serine

galactosamine

D-aspartic acid w D-melibiose + D-saccharic acid - Formic acid -
8% NaCl + Tetrazolium violet + Rifamycin SV a-keto-glutaric acid

4% NaCl + Vancomycin + Troleandomycin Sodium butyrate

1% NaCl + Sodium bromate + L-glutamic acid D-malic acid

+: Positive; —: Indicates negative; w: Indicates weakly positive.

BT R FE ODgoo fH 22 PR I T a9 35-45h
PR IE AT E Y, 40 3 7l S R SRR T MR
TV, H ODgoo (HIENIREFERU]N, BEARLERFER
TEARAS (B 2A)0 fieidi AR KRR T R B (5] 2B),
BN 19 °CIY, ODeoo 18 LK 2218, Fitk
DQ78 A= K BFH AL S %58 ; M N 24-28 °C
f, ODeoo (HARAE ik, R DQ78 A K ZFH ke
JIZ I YIRS 32-37 °CHY,  ODgoo fHH]

B, Bon E I A AR K 0 H TR R
DQ78 M feidi A= K Il 28 °CAE Ay o FEfeidi b
KA RE 28 °CF i — 2P WA IR pH XA K Y
A (K] 2C), R ICYEEFREWIG pH R 5.0-6.0
IF, BRPRI ARG HR NS, ODgoo TH I INZE
18 FIHEHF-S2; WG pH o 7.0-9.0 I, Gtk
AREHRA, ODgoo (HAEFFER S IX ] LNy
SR, W6 pH B ZE 8.0 i, HEFk ODg 1H
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Figure 2 Culture conditions for strain DQ78. A: The growth of strain; B: The optimization of temperature; C:

The optimization of pH; D: The optimization of initial ETH concentration. Different letters indicate significant

differences (P<0.05).

KRB, LTS AR Y aE A K pH hy
8.0 Zifi. WAk, AFEWILG ETH W Bl nss 3k
W (K 2D), 4¥tE ETH W4 1-4 mmol/L i,
Tk DQ78 11 ODgoo (EREWI UG ETH AYve B T =i i
W 4w ETH ¥E R 4-6 mmol/L i}, Bk
AERARI 32 B M, ODgoo (B Rl 2 T8 42
B S AR BEYERIN, WIth ETH ¥
&4 4 mmol/L B, BRI ODgoo TEIA E He KA,
W EE A K PIIG ETH WA 4 mmol/L 4,
HEve s BETH W HA K EHA B Wil v
2.3 Btk DQ78 PERE SRR IL

N T RFEIREE S X R Pk DQ78 [ fi ETH
RORWSE, AR ARG L TIRE . pH X
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ETH ¥k BE I 2, JFaf T # Pk DQ78 F#
fit ETH M550, E 3A P, 7ElRE R
28 °C . #IUh pH 8.0 ML AE K XM T, Wk
DQ78 %} 4 mmol/L ETH EL4& & s e fifie /1, ol
FE 40 h WL BLZ IR W I 52 Pl . B R &
20-35h B}, ETH FEfERE A 90%; #EA 35-40h
B, RZR a4 ETH WIS Gl . 76
#1146 pH 4514 F (18 3B), ETH F&ffR 2 A
[] ) R R, 4000 pH Ry 7.0-9.0 By PE R
SR X RI), B RERT ETH AR RCR 4E 4 1
95% LA by KT, Hirt pH 8.0 Jhy se LR i
pH, UCHEF ETH 7T 8% 5¢ @ FEf#; 1Y pH % =
5.0-7.0 FURRTEIX (A, ETH MEM#Z IR 3T
W, £S5 ETH R H SSHETE MY e vk
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Optimization of ETH degradation conditions by strain DQ78. A: Optimal degradation time; B:

Optimal degradation pH; C: Optimal degradation temperature; D: Optimal degradation ETH initial concentration.

Different letters indicate significant differences (£<0.05).

J GO E IR EE NI E  , BR PR A 5 B
P DB A o Rl Bl R e 25 2R 3%
B, MEEEAE 19-37 °)CYE N, Hitk DQ78 X}
ETH & FRMEE R 28 °C, %4544 F ikl
1E 40 h P¥F 2 mmol/L ETH 52 2[5 f%, FEff%ik
100%; HIK A 24 °C, FEMEFRZIHR 80%; iR
HE— 2B Th i & 32 °CHI1 37 °CI, B bk 14 I i RiE
KRG FEW, 40 h N ETH 4 B 5 R4 91 249 Hy
20% Fl 15% (& 3C), UIF 32 i i R 5% X 5 Bk 1)
ETH Mg I A W MHIER . soh, BEE
IRPIRIGR M EE R R, AR BRI R 2B 0 T
Mk, 4 ETH I 4R W E A 1-4 mmol/L A,

PARR I S AR A RE , R AR T3k 99% £2
47, ETH WJHEHE N 6 mmol/L I, [ fige 4 I s
% 75% (& 3D), IR EPIRIRER) ETH )]
T AR R
2.4 ETH P& R IEFIRED

AW 5% I R 1R R0V AE 1 - R I T
(UHPLC-MS)XE H T ETH M M= 19 3 Fh
F SR (K] 4): 4-CFIEHE-1,2- (P,
(QE,47)-3- 2 -2,4-C I R (P4). BEIATR
(P6)o WAL A;HT A = B A 2f 54, T LA
1 ETH R f#i&42 . 1 %¢ ETH ((M+H]*, m/z=
138.12) KA WA 1,2 2tk , Az pl P1 (m/z=
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155.00), P1 i1 i 2, 56 58 35 21057 FF 30 5217 4 1)
R 1,2,4- 2K =3 (P2) . (2Z,42)-3-LFHE-2,4-C
TR TR (P3); P2 I P3 I it AR T IR RN £
Al LA I T S5 M P4 (IMANa)t, m/z=
181.09); P4 ifF— kA il X - = B AR S 44 A
J(Z)-4- k3 O -2-05 R (PS); e, PSaladK
fift . ERAE SOV A B P6 (IM+H]*, m/z=117.10),
B A ZIRIRIEIA .
2.5 BREIE# DQ78 £ ETH B IR
BT HEEREZ D
251 ESRBRIBIERE TG

K Tllumina NovaSeq 1=y &l 7 F- &, X
43 BAE X 28 TR e (ETH) 38 45 1F '35555@&
(CK)AZMF T EE 52 M bR DQ78 47 i s 2T
ILSER 6 DREARM M, PRI EIT 19.65 Gb 1Y

clean data,

El4 ETHEYIRERE =R PERRE

BAHEA BRI AKT 3.02 Gb,

e\
/' HO OH
P2 o
Q ey o — HHOQJ:o
o> OH oy o OH

Pl\

HO —

e} (0]
HO

P3

R0 ZH (ETH) ) 3 DFEA 3 5145 2] 21 010 000,
21 886 876 F1124 710 790 2:A%UF4; XFHEZH(CK)
(19 3 AREASTI R 21 830080, 22595202 Fi1 22 595202
AT, ASHIRA T Sadigfn, et
PH 20757944, 21617452 F124 411 144 &=007
G, X REZH AR BE 21 596 784, 22 215 930 Al
23 822 672 £&JFH(F 3).

SRR G S BT B AT SR, {0 H RE U E
— P X & B A2 57 # 19 )T 9] (unique matched
reads) P17 2ebit 98 . B PPEAL 45 R WoR (R 3),
TR 4H P ¢ 4 DU T 28 5 419 7 371 He 61 (genome
mapped ratio) ¥ 5 T 98.90%, X M 41 1 ik
93.78% LA I ; ME—FLXT reads 5 clean reads 1
{4l (unique matched reads ratio) 7£ i % 21 7 # 1o
98.29%, XtHBRLL AT 92.56%, WAk, FrffE
A Q30 fHA T 95.05%-95.59% Z[7], Q20 -

A

Figure 4 Biodegradation products and degradation pathways of ETH. The compounds highlighted in red in the

figure were identified by UHPLC-MS, while the black compounds remain unidentified.

®3 HmESSEEEBLEER

Table 3 RNA-seq data for reads number in two samples

Sample name Raw reads

Total reads

Genome mapped reads

Unique matched reads Clean Q20 (%) Clean Q30 (%)

ETH-1 21010000 20757944 20530 550 (98.90%)
ETH-2 21886876 21617452 21427 157 (99.12%)
ETH-3 24710790 24411 144 24 152 655 (98.94%)
CK-1 21830080 21596784 20252714 (93.78%)
CK-2 22595202 22215930 20967 813 (94.38%)
CK-3 22595202 23822672 22602 407 (94.88%)

20402 526 (98.29%) 98.46 95.29
21300 369 (98.53%) 98.42 95.14
23 994 068 (98.29%) 98.38 95.05
19 990 568 (92.56%) 98.53 95.42
20 601 989 (92.74%) 98.60 95.58
22 224 140 (93.29%) 98.58 95.59

P4 actamicro@im.ac.cn, 7 010-64807516
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Figure 5 Expression analysis of strain DQ78 under different treatments. A: Venn diagram of DEGs; B: PCA

log, fold change

shows distances between samples from different groups; C: Volcano plot of differentially expressed genes

induced by ETH and succinic acid, respectively.
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MF) fil 4= ¥ 1o 72 (biological process, BP). I
DEGs 3% & %1 GO terms A5 57 1~ ALY
of B, S AR T SHE AR R A T R
(branched-chain amino acid metabolic process). 4fl
I R HE B K M rY 48 ML 52 3 (bacterial-type
flagellum-dependent cell motility) il 57 £ 2 FE iR 4=
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LR terms 1135 = M 8k 45 & (ferric iron binding) .
Y11 il 15 4232 B0 75 P (cytoskeletal motor activity) £l
S Ak I8 J5L [ (oxidoreductase activity) %5 ;  7E 21 Jig
57 T, T AN A #E B I K (bacterial-
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(TAT protein transport complex) F1 I {18 &2 & &
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Figure 6 GO enrichment analysis of DEGs. A: GO enrichment analysis of up-regulated DEGs; B: GO
enrichment analysis of down-regulated DEGs. CC: Cellular compenent; MF: Molecular function; BP: Biological
process.
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Figure 7 KEGG enrichment analysis of DEGs. A: KEGG enrichment analysis of up-regulated DEGs; B: KEGG

enrichment analysis of down-regulated DEGs.
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Figure 8 Expression of detoxification and defense-related genes under ETH stress.

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



1742

QIU Shunda et al. | Acta Microbiologica Sinica, 2026, 66(4)

i 5 AR DIRE
2.5.6 FERBANFFLERAIIEUE

R T B R S A B 0 RTAEE AR RIS
IS N5 ETH KA S o6 m 17 A G fr 46 356 56 1R
54T RT-qPCR 73#r. ik HA 65 555 F 5
P2 B AL 5 F I 5 A I R S AR XU 4 i 3 R
(peg. 1846 peg.1847). AL N TR H 7K fiff () P TR
IK AL P (peg. 5642) . 25 55 5840 SN It S
HeH (peg.1843), LU Kem b A8 AL 38 19 i AR AL
B (peg.5488). @ik, LiRKEHTE ETH
kA R Rk R B B, BEIEZh S—11 % (A
9), HIRBHRGHFAMFERSE 8. Z
BRSSO GIE S T e s s iyl Sk,
E— R ARk DQ78 #£ ETH Wpi s 17
FEEIIEI . a7 AL S A A B R N

R Z2KIRe LN, JLE 25 ETH pY & 5 ha
T R
3 W

Xt B IR R —Fh T Z N AT
W25 T ISR L, B2 E R g5
KRS AR A EY . Hit, FFEER.
WF ﬂ’ -E¥H

5

(O8] o W D
o o o (=
T T T

Experssion level

[\
o

Gene name

El9 RT-qPCRZERIGIE
Validation of RT-qPCR results. ***
indicates that the P-value<0.001.

Figure 9

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

R RS AS B Tl A O B i R AT EE S
ARG R FHME— B IR T %, LA ETH /BN HAw
K, MGG AR P 2 EE S alifl,
AT 1 AR EA =R A R T R R I T DQTS;
ZRARTE 28 CCHYIE BIGFRIRE T 120557 40 h,
RIAT S Xt BETH (58 4 A g . B M il &
(Pseudomonas)VE Ry —Fh i =2 [CBATEFF R, 7E A
RO Tz, HAA R B PRI IE N M S
i ZREE . %R A Winslow 45 # 7 {1% A 14
B I T 1980 4E 3K (I PRAu v ar 44 50 ) 1EX
BN LIRS, B8 24 TR R 18 7T [ i 2
We2sT5 5. Biln, Zhu 205 BB AR CA-1
Al SE AR AR AR, Tun ZER I K TR ARE
S B AR PRI T X R X2 R P R R
MR AR RE T o RSB R VR M IR R AR B AR
BEIRE, HFEM BETH ARF5T rT AN & 8 D RE R Ak
ZH. ETHAE R EMIE Y, & HEG R
By rhfal4ac Az el AR AR A TS Y XU
HIEFRTTAALOI LG S T L F SN 5 A 1
SrFALE, e T O RIS, B EE N IF]
FT5 YA BRI R ARV S LS, R
AR E SR B X

AN TR B 55 37 25 1F £ 52 AR B AR R TR T
MM RAREE  ERA R, Wb
A K IE I A RE TR A R TS Y Rk, A
W5 RGP T R DQT78 FEANIRIIFA] | ik EE A&
pH &M F A K S rERE, M6 T G R
ff IR

T A= 0 ) I e AR P R R TR R TR TR 4
AP o R I S A S R R ) 2 3K 5 B A i
AN TR A IR A5 427281 AR AR 5 3 e ok B 3 7R A
ETH 4P 214 F Rk DQ78 By sk 40 43 vt Lt
KM, A 3380 4 DEGs, HiH 1609 PFEA
L V77T AR TR ST R B, X
45 DEGs A IBAIE P RSS . — SRR A IS
MAHOGHEN, W AR . EALIR)E . b
REWHE . Btk XIAELT & A A R
FHREE ) — I F IR G W A EL A
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KEE, GO A B . BORBEIEL A L K
e 3 PR A5 O R i A A 2 IR R Bk DQ78 3
WS ETF AL SR Eahkatk . JEEEE
A A R AN R A A S £ Akl
B, ISR RAELTFEA AN, W T —4
1o AR A ETH K X ETH Jip 38 A9 2 - Ny 2%
CES

fE ETH JiB 5F T, Wtk DQ78 Jizh 1 —
R BCA VR VAL VAN R 5 g A = R 1
I VAT DA K B A 58 G G 1 A R il B AR AL
Hh, AR BILEE 31) $E B 21 2 i B o S vk
W EPE . X IR R, AR AT R A A
B A A Sh R S RS ETH A58, XISk
SN AN B A T R G I B ST BT R
JEN - )32 2 AR ML, T 32 3 I 1 ST
H1 15 355 98 %5 B F- FInDC 456, 14k, Gupta
SEBU L I WA 3RS e ) 0 43 F % i AL 2
HRYEYEE MEE R ST, HENE
ETH 8 F, ®tk DQ78 n] fEidE 1 i 3% FIhDC
ik, JHSMEE A BB SR SN, T A B
ENFBaLIT R EEH R ETH WM
XA, X —Fa b RE I AN BT AR b 5 w1
Jiipan, ] AR HE S Y A A R S
B, WIS SR SO A R el . PR,
B ARG MBS AR N AT A I AR R, @
A RETERUE W e 2 o b B LA A ST RE
RV Ao e SR e SR Y a 6-5 AR () BIR IR

FEAG N B AR S, AR S LS A
WAL A DR AR G SE R, H i SUn SRl 2 R
I8 48 Tl i R R K i it ek PR B 3 v R 3k, AT 4l
1AL ETH RYZEIAR IR IAL | % A 2 B IR IR 4 4
Kok, HAEMES) ETH 900100, 3221
PRRRTE PR A G PO RIS, RS HE )G 38X ETH 1Y
(5Bl sl i) STE vy A=y 4 3 i A7 N b |
5. Ak, FInDC 5 6 20 2% iy A% O IR 454
T 5 it O B TG 56 DN 1 R S MR R R R AIE . WTAE R
JEEAt ETH V5 Y4 E B B AR e A

TR KRR, O TR G AR g rh

ZA RS B B, SR RUI AN . S
NG, SHLACE . WOEEE . KRR . WOR B
KR AT A B N o X S il S DR 5 il 3 (A
F e EE, ms HGE R F IR . B
R A% A 55 0 JR 42 1 e ETH, A4 iz oA
Mg, CAMERM, k5L N 7E 7 & AL
B B mEAEH . fln, Qiu FPHNE
I, AE T XEAS [R] 2 30 05 KAk A W B 288U 4 g
WE L, IS5 205 E RS YNfHA
fb, s, 3E. 2% MU A7 7E B 5 1R
fe T AHTR N 2% 07 A AL B WD R AR . it
A, L 2R T A R 0 2 H S A FH AT R A
KRR REACAEY, AR, IRk
PP it ol Y 2250 1) i 2 AT 5 A 3 B B
AR T FIEAA G YL A EEE L. K
fift il BE A% B 52 24 W0 IS o0 ffe R 1 B0 431
T A 32 55 5 £k B 400 %) ok fige A AR T, 7 T oF
FFEACE WG YT, R B RE A 1L Y R IR
W 2SR AL, AR BRI A O A s LAt TR
FEY, WG E TR A R O s B P DO
SR, HEEL =5 Z M e esE O, e 5
LAY AR AT AR 9T o Bk 45
fifg S R Y B RS, B ERIER T
TIGACS PR AL = B 3, i — DA e
T P E A HE ETH RS 5

MEHW, XT ETH AWM A B
WA DL SCER R E , L EARRE MRS . OCEE D) fig
i} D) GE PR AR EAT B = 2R GE B B S HE
SR, YT ETH 5oRMAEZE M s AL, 3
R ERREY, AR SR
Jie ) C LR R AT A B . e, U
EOIEEN) | =030 WG | =03 o 57 N = S
iAo B Ak S A R B L R BR GRS, B
BRI BRI AT RS IR RS B, AEER
PRI E AR R AL TR, T ORI AR A B
Pl AFRFEEREH], A 4B 7R — 1% (catechol) |
J5i JL 2% B2 (protocatechuic acid) 5§ H .0 A% 15 o (1]
PRUs 5, i o o i) A 3 e 27 s %o A7 FF 2R
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R — R, BT E ARk . K
MEFTHY, ERAEYFESRE ., FRET
SERARAAME A A B A HE , ST ETH =544
o A TR 07 6 L AR S BT A AT S AR = 1 S 5
PRt T B IS S BAELE, H KR
KA ETH M D) RBRRESRAL T 47 ) i 2K N2 1w
. WPk DQ78 AT fgiE o <O R S —IF
W —"H fe BB — 0o A6 i 2006 s vy 52
ETH myFEME, HACHHHESE 5 & M0 A 4 8 %
fEALTI = FEW G o SR A AR sk A i 52
AHE, w2 R O A A A i
W ZFh DI RE R E ETH B i FEVEH, A
fi#t BT ETH A= MR DL S Al 12 S 2 Y 3%

AT oL R A T SR 2 5 B O b A
VIR T ETH B4 FREfpLE . FEREfR =9
i S E R, AR Z R TR R 5 Y
Ferk, MR Y RS HESS A AT .
P2, P3 ¥k FEAIR T M e 500 A 3 - o K T 0k
(UHPLC-MS) AN T FR , A AE i 3 i =
Xof R[] T A A RS R A 20 B, 00 20 4 iy G DA o4
=S T TR, M= gt
PR U3 ("H-NMR/PC-NMR) (I 5 M i IE ;. 55— )7
T, XTI B/ NG Al AT A AL B 5 A
P i D B I T BEX 58 JoE 1, o i X4y H )
S AR R B 22 S a0 ) P4 PS5, EGTHI
PR AR e 0 . S5 201 R A A 7
ROBAH 35 X i h AR AT R 1 & 5, 456
1= 7 R BTE (HRMS) 5 4% % 0 1 56 45 MG
Wi s P PCARCRYNT  SE IR R 5
5, dBEEmOTR AR PR, 2P
B 58 B PRI AR I UEAR R, A% AR SRR R
(YL WA 5 HOR BRI B RS A B SO

ABE I 3o 5 S S B e T — e A
B CEESEIH, W peg. 1846, peg.1847 . peg.1850,
{5 bR B A TR R A R BRTE I R e, R
FIE 36 AT D] g [ R ) 8 [l e 55 S 0 1 4 B TE A
KB TERE i 0y BRI AR, XA AL 7Y
RIS EE R . ik —HORRER, )5

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

2 T AW 2R 1] CRISPR-Cas9 & [ 4 8 4 A A4 8
KSR AL BE, 2R 7E w1 E PR B R 40
() JE ity b EATHE Y BRAR 2 AE o (EAR T8 IR 2,
AT 5 S 0ot e 35 PR R A7 S U Bk s, HUAE
AT ETH K H A (AR 2 2 80 1 5 28 Ay 4
R CBHRE AR R, FET LRgs R, JREms
Vg S BT AR DG B I AR S B D1 S
ARG HAE ETH B2 b g BARER, M
1M 5835 ETH 15> R AL HI AR AL

AW LR AR DQ78 X%, 7E ETH
A W I i A S T S S, (HA A AE
(I JRIBR . ABFITLE R A . —J2HHAN T ETH &
fEFIE B A5 1, 8 T A e s 4 5 S O
TS FERRIAA—IF R —E R B —
B G ACIIAE SR, I IEH T 225D Re gL A
PRI R R E R T R PR ML,
RINE Rt FInDC WM B2, Se g
PERLBEH I 2 kLT Re . DT EEST T <
T3 N - JV 0 R AN - e B R A 1) I () 0 A R 8%
SR, I SEAAEAE AT T AN, I AR figt 7= 4
Be= B LR UE . OCHE IR R IR N T e R &
SO . BTN ARIB RS . BhAh, ZBRF R
i A2 B . 3 R 4 e B AR T B LA B A7 56 E A
B, HAE TR H 532 HUE i dr 7 w4
T I 5 kAR

4 &

AHIFSE TR 5 e 0 8 43 25 11 B A ETH 5
R A e ST R DQTS, M MR AR
(Pseudomonas sp.). Wtk DQ78 UL ETH iy M —
WRIE A . S KB 55144 pH 8.0, ETH
WAV E 1-4 mmol/L . R 28 °C, FEfFRATIA
100%. i RNA-seq %% 200 &8, 1& ETH
A g, 6 3380 4 DEGs, 1609 4>
YEFEERAN L 771 AR A, GO, KEGG &
LR, ZRENFEEETIHFERLE
Y. REE AR . i3 Sh i A0 R AR Ak R S S
SRim B, M T PR AR L A R
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