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§ FE: [869] LEMAEDTHLTE —F & ERANT e EREIF ST 2R, 12k
i%ﬁﬁgAi%;%éﬁi%%m%mx%% ARG B4R A FE T EMHKRE HAT-1 7%
’%m(Cd)ﬁﬂ$th(amlme AN)# — & 4. fppiaey A st gl [Fx] RAERAS 7%,
A A7 4 K B (ICs) F HHT-1 1& Cd (150 mg/L)F= K B (2 g/L) % — B B A W8 (Cd R E
150 mg/L+ R iR E 2 g/L) 6945 FoA4zAuhl . [4R] £ Cd 2 —Mria T, HHT-1 @ i3385% 4 5 4%
SEOAEEEOARGRE, Rk Cd7 B R RH L. GIKRE Cd 31 & mI N 8 BA SR
K, HHT-1 AR Aotz 840 K AR B 69 R A, wAE B b BAb R 7| A2 49 & @ R A= DNA 4545 ,
Ft = & i A A B A IR 4a I A 89 7 M A (reactive oxygen species, ROS). 4, Cd Mrif it i §
HHT-1 ¥ oA B fedud A X A E 69 Lifl. EREE—Pa T, HHT-1 380F Rk g i A
B o) kA AR F M, F LRGN HES AR Rl miesh. FER AR MmN 6 A
PR R4k, HHT-1 18 4d bR 5 M KGR B K B k7 Rk ROS. £ Cd fe R 24 M F, HHT-1 &
Wk G ey i Augl., A4, HHT-1:8 4 L4 BiE R A Ay dEaLn, A 2084 Cd
Fo R fiX 2 A EM R AL s, mEBT b'ﬂ]ﬁ'élﬂﬁb\%«@:i %ok, BB, HHT-1 @ itid B 0 &
Bl An 25 B H IR & 3R 42 75 PR 4m B A 49 ROS. 12 A i, HHT-1 EiEERA R fed A & ib4e
XARE, TREELERE G, AFEE éﬁm, FEZAMA T, HHT-1 R 8 F Rk Rk
Mefiaan A A B . (48] 23K E HHT-1 & Cd = 5K e 24 W18 6% 4% F i 35 Hu | é*/\7$ Cd
Jihi8 A B — R e A T 9 A AR, (2 5% — Cd AT oMH B AR, 4 i,
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Transcriptional regulation of Enterococcus faecalis HHT-1
against single and combined stress of cadmium and aniline
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TENG Hui'
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Abstract: [Objective] The biological regulatory mechanisms of soil microorganisms in response to
single heavy metals or organic pollutants have been extensively studied, while the biological
mechanisms of microbial responses to combined pollution remain unclear. This study aims to
reveal the biological mechanisms of Enterococcus faecalis HHT-1 in response to single and
combined stress of cadmium (Cd) and aniline (AN) by transcriptomics.[Methods] Transcriptomics
was employed to explore the transcriptional regulation of HHT-1 under single (Cd: 150 mg/L; AN:
2 g/L)) and combined stress (150 mg/L Cd and 2 g/L AN) at half inhibitory concentrations (ICs).
[Results] Under single Cd stress, HHT-1 upregulated the expression of genes encoding metal-
binding proteins and transporters to promote the sequestration or efflux of Cd**. High concentrations
of Cd induced oxidative stress in cells, and HHT-1 upregulated the expression of ribosome-related
genes and nucleotide-related genes to repair the protein damage and DNA damage caused by
oxidative stress, and cleared intracellular reactive oxygen species (ROS) by producing catalase.
Moreover, Cd stress upregulated the expression of genes related to virulence and antibiotic
resistance in HHT-1. Under the single stress of AN, HHT-1 activated the expression of
AN-degrading enzyme genes to reduce its toxicity and upregulated the expression of genes
encoding efflux pumps to excrete AN from the cell. AN also caused intracellular oxidative stress,
and HHT-1 cleared the ROS by upregulating the expression of glutathione synthase genes. Under
the combined stress of Cd and AN, HHT-1 exhibited a complex array of adaptive mechanisms.
Initially, HHT-1 upregulated the expression of genes encoding metal transporters and efflux pumps
to transport Cd and AN out of the cell, thereby mitigating their toxic effects on the cell. At the same
time, HHT-1 cleared intracellular ROS via the dual pathway of catalase and glutathione. In
addition, HHT-1 upregulates the expression of virulence and antibiotic resistance genes under
combined stress, which may enhance its pathogenicity and resistance. It is worth noting that HHT-1
did not significantly upregulate the expression of AN-degrading enzyme-related genes under the
combined stress. [Conclusion] The transcriptional regulation mechanism of E. faecalis HHT-1 in

>4 actamicro@im.ac.cn, 7 010-64807516



REM F | ek, 2025, 65(3)

1091

response to the combined stress of Cd and AN is a combination of the transcriptional regulation

mechanisms observed under single Cd stress and single AN stress, and it is more similar to the
mechanism observed under single Cd stress. HHT-1 mainly responds to the combined stress of Cd

and AN by enhancing cell wall synthesis, Cd*" efflux, DNA repair, and ROS scavenging. Genes
associated with efflux pumps and glutathione under AN stress continue to be expressed under the
combined stress. Both single Cd stress and combined stress of Cd and AN may increase the

potential pathogenicity and drug resistance of HHT-1.

Keywords: Enterococcus faecalis; transcriptomics; cadmium; aniline; combined pollution

5 BK B & (Enterococcus) & —2 ) 12 53 i T
SE/SZST I DN NI T Ry s Rl (A 652 37 S I AN
WAER A T 2 FEZE I BR A (E. faecalis)F R A ER R
(E. faecium)", FAEREE—FRAFBURE, 7TEA
PR IR T i 25 5 5 R G R, i bR
R DN . DRSS EAER, H
T ek BA BRI 251, JF H AWK
SIS AL AR T 25 3L D), (AR B 2 A
VRSl e Ul sz 3 )3z S st

[ B A CE T T ARSI RN, k)™
ZAATET 2R HARIR ST b, a0 134 . JKAR
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NaCl. pH 9.6 B4 T 4K, FFHRTLIFE 60 °C
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R TE R X R T T W R AR AR 1
e VA 7 I A e PR A B A A
REAIPL, BeAh, BFIT K BLEAEE H i i BR B T LA
A HLIE Y™, I, DR AEE ek
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e HLHIA AN TE 4 . ABIFGE LA 85 H L3
FIZEIAER B HHT-1 /E WP 58X 42, % B RE RS I
Z R B Cd FIURREIIE o 82 i 2 2E 4R R 3
FER T HHT-1 B %5 Cd FIE i B — K 52 4 Fipa
P A2 ARG o T A X Se AL A5 B T T
FIVEAL i 25 S8 P 7S [R) A58 v (9 A= S VR F RN
e, R B IAEE 405 Yt R A A
Az 75 RS —— BV 2% 0 B0 M DL B i 24 3 i
L4k

1A

1.1 FERFIFLEE

JREE 1R R ARSI, OXOID A7) 5 54
LM (NaCl), A TAY) TR(EE)BRG AR &
AEFR(CACL) (FHJE>99%) FIA R (L1 FE>99%), |
1§22 i MRAEALRH A A PR AF] 5 cDNA 0354 5%
i 7 &, ThermoFisher Scientific 2> ; RNA 42
His57) TRIzol Reagent, Invitrogen /A F] .

HLUKAL, Agilent 23 7] 5 FEPII Y Tlumina
NovaSeq 6000, Illumina 2 H] ; NanoDrop 2000
IEEETE, Invitrogen /A H]
1.2 EHRHEEMER

520 B K 3% W BR B (Enterococcus faecalis)
HHT-1 ph R R 27 b 5 il A= 40 27 AT BA DA v 4
A T ARAOE R A T A 5 il (43°49 N,
125°23 " E) A T oK M 2 13 (0-20 cm) 43 25 46
53], ZBRE HHT-1 53556 LB 5557
H(gL): BREANR 100, BEEZERY 50, &
L84 10.05 JF7E 30 °C . 150 r/min M £2 JK
B
1.3 SRR EFIKE HHT-1 B3
HIFRE R R E TR 7

ZWOCHR 2110077 1%, # € 3R HHT-1
G300 EE TRV BE () Cd R, Jf e
240 0 Y £ P i (ODgoo) » B AR W) S AT )
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Jo e FE A B0 T B A 1) B R A 2 5 e
(ICs0)o 4 Jita A 9 2 B4 410 ) 23 580 4 28 =X (1)
B
A Wy R =5 AL TR (1) A el /%o PR
HI Y E)*100% 1)

1.4 ZERFPKE HHT-1 0 M8 fRK R 8 —
RE&B LR

ST ILUEE 4 AT, REAS A P A
3ANEE, HEAMEE. (1) X H(CK), 7F LB
BFREE I A LK s (2) fa A H(Cd),
B — 2 RFUY CACL BERUIMA LB K573k rh, i
R Cd W JE A 150 mg/L; (3) ARH s — fpaa 4k
HH(AN), B —E RFRR BRI AR LB 1557
Sl R AR E N 2 g/L; (4) Cd FIZEIE R
A B A FE(Mix), B — 2 AR R CACL FIR K
FEROIMA S LB 8535 56 i 28 Cd FIoR vk Ji 4y
Bk 150 mg/L 1 2 g/L P45 A BRI 85 371
R KA ERE HHT-1 % 1% (3P
AR R S A RN FALBEAY LB K 35 3 0 4 T
H, BT 30°C, 150 v/min BFEIR PSR . 1RG0
TR0 KR (CK AL BEZH ODgoo {5 4 0.482;
Cd ZEFEZH ODgoo {7 0.241; AN A3 ZH ODggo
5} 0.241; Mix A4 ODgy f A 0.096), ¥
&AL FLH L 10 000 r/min &0 5 min, 43515 5]
PR, BT -80 CCUKARTRAE, T RNA $#2HL,
1.5 RNA ZBUFnZE{L

i FH RNA $5H ] AR it A P2 LR RNA,
I ZBRILF 4] DNA, X FT 0 RNA $E47 9
JEE RIS BRI, SR FH B MR I L VKRS RNA
SEREPE, WA RIN . @& & A9 RNA FEAS
(ODag/ODag=1.8-22, ODss/OD»3>2.0, RIN=6.5,
28S:18S>1.0, BiE>10 pg) A T A HEM ¥ % .
RNA Rl 54% 5, HBCS pug UG RNA, % 8 FR
HE B AE F M b 0 O k& B RNAL flEH
Fragmentation Buffer ¥ mRNA FEHLFT B 0l A
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Bt F M8 Nlumina MR AEZETT cDNA Gk, K
wdE A . A BRIE VN 0 RISk . i e
200-300 bp ) ¢cDNA Hiz B, Fifij i Phusion
DNA R A H(NEB A F))i{T PCR §3%, PCR Y
BAPRZR (50 pL): 2xPCR WHRWK, 1E. KI5IY
(M 10 pmol/L) 4% 2.5 uL, DNA # 4% 50 ng,
M98 ddH,0 % 50 pL., PCR #" #8551 98 °CHii
A5 30 s; 98 °CAE M 10 s, 54 °CiB k 30 s,
72 °CHEAf 45 s, JL 15 ANFEIR 5 72 °C 4E
10 min. i1t TBS380 & )7, i FHTFF 5 1t
Py . DL ot # i b BAE R BRA
GBS
1.6 EREERTRIESHFINGES

| H reads per kilobase per million mapped
reads (RPKM)iL TR FE R A&, DL SL e
R B H B] B 25 R ik Ak I (differentially
expressed genes, DEGs), RPKM ¥:HEA &0 BR AL
PR B R e 2 S 6 366 PR ek R A s
THAAS B A FE P 8 1 0] B T BN R A
o [A) A R TR 22 5 o 22 S B DR AR O S s 1
|log, fold change|>1 H %1% & Bl # (false discovery
rate, FDR)<0.05, i i 5 [H A% {4 B4 ¢ (gene
ontology, GO) 1 5T A KL K N EE PR 20 /5 B4 1 8ctia

Ji£ (Kyoto encyclopedia of genes and genomes,

#*1 RT-qPCRIGIEEE K545

KEGG)#E A7 7B M Fn i 2 e 2 W, W e
SEILFW KA T ae R has AR, R
Mr &I BRI HHT-1 16 Cd FIAS fi o — K52 & Ty
TE T e R AL
1.7 SERTRYEE PCR (RT-qPCR)IGIE
FEEIIE RNA-seq SEIRZEH, L 10 A
% R FRIKFEH AT RT-qPCR 2047, FEH 44k K
SIYFHI W 1, BUS pg B RNA ffi ] cDNA ¥
i ) BB AR A 09 RNA 7 55 i cDNA, A
BVETNE, 4% 20 uL AR R WIS 1Y) . BEARIHEAT
RT-qPCR Z3#fr, LA 16S rRNA JERE RN Z, R
FH 2788 i B A A R[] 3 ) mRNA ik
AL, FREIFE R AR XS 287K

2 BRS04

2.1 ZEFEKE HHT-1 Sk pg s —
RE&ENEFRIZERSH

T S 41 W) 3 B 43 43 M7 (principal component
analysis, PCA)fE M LR I sz 4% 40 2 (8] i) Bk
Pk 22 A N REAR 22 8] AR S B KN 4
WoR, FHA 1 (PCADS FEBAT 2 (PCA2)A] 43
) A T o R R 3R Gk BR 22 B 1Y 92.35% Al
4.87%, PCA1 Fl PCA2 JL[RIfi I T K 22 1)

Table 1  Gene selection and primer design for RT-qPCR
Gene name Forward primer (5'—3’) Reverse primer (5'—3’) References
thiE GCAAATACGGATCCTGCT GTTGGCGTTGTGAGGAGA [22]
nankE CAACAACTGCATACGCTC TGGAAGGCCCAGATTATG [22]
recA TGAAACTAGGTGATGGTA CTTAGGATAACCGCCTAC [23]
secE TTCGGACGCATCTGGCTG TGAATGCCACGAACACCA [24]
recO CGCATCGTGATCCTGCTC AGACGATGTCCAGCGACC [24]
efp CGCAGCGAGTACCAGTAC CTGGTTCTCGAGCATGAA [24]
GAPDH CATGACAATTCGGCATCG ATGTTCTGGGCAGCACCT [24]
rpoB TGTCCGCATTGATCGCAC TCAAGCGTATTTCGCAGG [25]
rpmE TCGATCGACTGACCATCG GTCTAGCATCCTGACTAC [25]
murC GTCATCGATCGATCCTAC CTATCGAGCTATCGATTG [25]
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97.22% (& 1), £ALBEEY 3 A W2 T 5 B0 0
RER B, RPEREEETEE. WA, K15
YL b B RO S IR RS CK A, H Cd
AL EEFT Mix A0 (Cd ARG & A i) i 55 4
BEOMAEVT, AW HHT-1 W %) Cd A Mix 36 B
A AF X T P B ST

475 |log, fold change|>11 H. FDR<0.05
B M = R RB IR, R E 2 iR,
16 Cd b3, A 1179 4 L A 428 4>
TIEEE (F 2A); 7E AN ZbFRZ, 34 463 4
PSR AT 600 AT E LA (K] 2B); 7E Mix 4k
BPRA, AT 1173 A LIRFERFN 411 A FEEER
(" 20).

W A5 b PR 2R B 22 S 3ROk R R AT 5 R A
(Venn diagram) /] #4653 4. K1 2D, 2E JE/R T
BAEPR 25 S FGA L H M E M ES LR, 7

o
)
LS
~ 025} ‘
X
~
3 | | @AN
It CK2 oCd
2 ool — . _CK3®cki ] eMix
g AN3 ‘ eCK
AN
\
—0.25} ®AN2 |
—0.6 —0.4 —0.2 0.0

PCA1 (92.35%)

Bl HHT-1NCIMEFZE—RE S MEREER
KEEBDSH(PCA). CKAXIRLL; CdhyHf—
CAAbBE; AN HL—IR AR B Mix Oy CAMIR I
BAbH
Figure 1  Principal component analysis of the
transcriptional level response of HHT-1 to single and
combined stress of Cd and AN. CK represents the
control treatment; Cd represents the single Cd
treatment; AN represents the single AN treatment;

Mix represents the combined treatment of Cd and AN.
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AN, Cd F1 Mix =FHETR, 235047 118, 161,
149 MRESPE BJREER, ol b4 A 25 57 R
R 25.49% . 13.66%. 12.70% (/& 2D). [Flf,
orA 289, 38, 25 HrStE NI AE AN,
Cd F1 Mix Zb 3 i 8L, 54 BT 9 5 Y
48.17% . 8.88%. 6.10% (/€] 2E).
2.2 FEFTkE HHT-1 e kR s —
REEMENERKREER GO B&
Sth

Ry it — 2 N X 2 2 S R GR BE I I R E 2R
Yieoee, AL )22 R RIRFEHTE GO
(gene ontology) ¥4l FE#EAT T i M= 2 3 #r o
GO ‘& /AT AR A1 25 D] ) e 5 DR R 3 B 7= 4 43
K43 T ) fE (molecular function, MF) . A= 41 2
(biological process, BP) #1 4i Y 4 43 (cellular
composition, CC) 3 226

Cd A HZH ARG 31 4> GO LhRelERe, Hrp
IR EES] 26 4~ GO terms, | LR 4
#) 51 GO terms, AN ZFHZHILEF] 61 4> GO
ek, BMEERE %P 13 4 GO terms.
Mix 4bBRZHHARAG 55 4> GO ThRETERE, L idk
A& 2 41 4~ GO terms, N EIEF &£ 2] 14
I~ GO terms (3 2).

Cd b FRZA AR B s AR B T 4R )
F L1 (cellular macromolecule metabolic process) .
FE K 3 ik (gene expression), RNA & i (RNA
modification), tRNA f& fii tRNA modification) .
B R A2 A W 4 % (ribonucleoprotein
X+ A8 o
(macromolecule metabolic process). 4 il K77+
£ A AL i B (cellular macromolecule
biosynthetic process); i 73 & H TR
#E H & A W) (ribonucleoprotein complex)., B4
(ribosome) . ZHffu)Fi(cytosol); - FIIREH E L T
RNA %% & (RNA binding). #% K 1 45 ¥ 15 43

complex assembly),
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Figure 2 Analysis of DEGs in HHT-1 under single and combined stress of Cd and AN. A: Volcano plot of
differentially expressed genes under Cd stress; B: Volcano plot of differentially expressed genes under AN stress;

C: Volcano plot of differentially expressed genes under combined Cd and AN stress; D: Venn diagram of

upregulated differentially expressed genes in AN, Cd and Mix treatments; E: Venn diagram of down regulated

differentially expressed genes in AN, Cd and Mix treatments.

#*2 Cd. ANFIMix=HMLEETGOREEE
e

Table 2 The enrichment quantity of GO pathway in
Cd, AN and Mix treatment groups

Item Upregulated GO terms  Downregulated of GO terms

BP CC MF Al BP CC MF Al
Cd 18 5 3 26 4 0 1 5
AN 6 1 6 13 32 13 3 48
Mix 29 9 3 41 7 4 3 14

(structural constituent of ribosome) (& 3A),

AN b3, AR R E AR B T RERA:
W13 %) i )7 (response to abiotic stimulus) ., 4y
g 5t A% i (cellular lipid metabolic process). Hg 5t
R FE (lipid metabolic process). JgHiAH)& i
(lipid biosynthetic process); 4H il ZH 43 L T
ATP [ifi & 4 1K (ATPase complex); 4+ FIaEH I
VA T ¥ A7 1R 45 4 (nucleotide binding) . #% 1 iR B
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iR 2% 4 (nucleoside phosphate binding) . # 4 i 4%
4 (protein binding), /N3 454 (small molecule
binding) (& 3B).

Mix ZbFRZErh, At A b B T Ao
F AL i o #2 (cellular macromolecule metabolic
process). il il K 7+ £ W) & A i F2 (cellular
macromolecule biosynthetic process). K4 F4H W)

4 il ok 2 (macromolecule biosynthetic process).

F [ 3 3K (gene expression). AK A W) & Wl ad 2
(peptide biosynthetic process); 4 il 4153 & 4E
T A B 45 # 4f fd #F (non-membrane-bounded
organelle) . 2 fifd P 3 155 45 #4) 41 ifg % (intracellular
non-membrane-bounded organelle), 1% H &
(ribosome) . #ZHHAL 11 4 5 ) (ribonucleoprotein
complex) ., #ZME{R Y FE (ribosomal subunit); 43F
TR h s BT OB IR By 45 4 Bl 43 (structural
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o Ribonucleoprotein complex assembly P value @) Lipid metabolic process P value
O Ribonucleoprotein complex: &) Linid bi heti
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C Mix upregulated
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RNA binding . e 50
Ribosomal small subunit assembly ® 75
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5, Peptide metabolic process «
- Peptide biosynthetic process
o Organonitrogen compound biosynthetic process . P value
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gene expression 0.010
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0.55 0.65 0.75
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= === O Al > AS —] N N
E3 HHT-1MREZCIFMEERE—RESHER BAZERREZEFRGOEE M. A: CdiHa T BiHERE

KIERGOE 4T B: RMEMIA T FiZERRIBIENGOR T C: CAMRIEE S Ha T EizER
FILFEH GOR LT
Figure 3 GO enrichment analysis of upregulated DEGS in HHT-1 in response to single and combined stress of
Cd and AN. A: GO enrichment analysis of upregulated DEGS in response to Cd stress; B: GO enrichment
analysis of upregulated DEGS in response to AN stress; C: GO enrichment analysis of upregulated DEGS in
response to Cd stress the combined stress of Cd and AN.
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Figure 4 KEGG enrichment analysis of DEGs in HHT-1 in response to single and combined stress of Cd and
AN. A: KEGG enrichment analysis of DEGs in response to Cd stress; B: KEGG enrichment analysis of DEGs in
response to AN stress; C: KEGG enrichment analysis of DEGs in response to the combined stress of Cd and AN.
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Figure 5 Analysis of the expression of key genes in HHT-1 under single and combined stress of Cd and AN.

A: Cell wall synthesis-related genes; B: Ribosome synthesis-related genes; C: ABC transporter-related genes.
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Figure 6 Analysis of the mechanism of HHT-1 antagonizing ROS.
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Figure 7 Analysis of the expression of pathogenic genes and drug-resistant genes in HHT-1.
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Figure 8 Validation of DEGs using RT-qPCR.
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