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i OE: [FF] L EALBERMOMAENRE ISR EIE T2 BOA M, Ry 42 BEHM
Mf eyt fe R R, B EAREEMDAERGER, LI BEIKGRAK B IR A S LIFH,

FERA, T FaSRIFAUREA S AR TR, (B &) 55 %k 336 CAADKER H 4k, ST
LRAATAMFET, PWARFY AR AN FRHFE, —FMAEREETINFH RG> TR
I, MP R LB EA B ELE CAINF A AR, FIRA CAA)ME T AR A4 3
Zaetreaen. [FHHY KREw gi&mTats . a =X 10 740 14F, FIARRZRESB K
13 CA(I) & #&, KA 4244 ¥.4%(scanning electron microscopy, SEM). i 4t #. 4% (transmission electron
microscopy, TEM)RLEL H T $044 4E ; ) 5T 3 75 i ODgoo 323 B A7t CA(I1)4F 4% . 25 F Illumina NovaSeq
#= Oxford Nanopore ONT M 5--F &, KA &AFEENFHRARKEITAMRE T A AL A LG, F)
A A5 8 F AT RS SR . R ERE, AZEAT CA(I)E L AEI AR AR E ., WERELET
R F AREBFRKYE, AR CAdADMA T A D ZATk e s L aske, [4R] 0B FRF—K
AT CAADE A, 2 16S rRNA J FE R 5 F= 2 K F ) 5 % € % Exiguobacterium acetylicum, 4%
) TC13. B#k TC13 2 R A5 34 EAFE] | N F EkFn | NIRRT AL, K484 3192165 bp
#2167 401 bp; G+C 2 Z 5 3| A 46.62%F= 44.63%; » H| €4 3231 /4= 154 /~ DNA %A 5 5], %
EARF B 6.4 54 A ncRNA. Fh 48R R 3B E Lt R A INA AT S AN ER G R ELBIEE. SN
BORL o B 5 A Ay it A2, TR 5 At CAIDAF A X . AT 4ahia T ZAFE 3 L R R K H
HHEHFRERAMER., (LRI AARELLARANFIEAT E acetylicumTC13 ¢4 AR 44,
FETRAEMAREEFRELE, BATT CAIDF @M X AR, FEE T #HH TCI13 #F CAI)ME T
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Abstract: [Background] Some metal-tolerant microorganisms have been found to reduce the
availability of metals in soil, reduce the transportation and accumulation of metals in plants, and
promote plant growth. With low cost-effectiveness and environmental friendliness, these
microorganisms demonstrate promising prospects for applications in agriculture, industry, and the
environment. [Objective] To isolate and identify high-quality strains tolerant to Cd(II), examine
the morphological characteristics and Cd(II) tolerance of the strains, analyze the molecular genetic
characteristics of the strains at the genomic level, mine their potential functions and Cd(II)
tolerance-related genes, and observe the effects of the strains on wheat seed germination under
cadmium stress. [Methods] Over ten soil samples were collected from phosphate and coal mining
areas in Deyang City, Sichuan Province. A Cd(II)-tolerant strain was isolated in selective culture
media, and its morphological characteristics were observed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The Cd(II) tolerance of the strain was
examined based on the ODggo. Whole-genome sequencing was performed using [llumina NovaSeq
and Oxford Nanopore ONT platforms for identification and genetic function analysis of the strain.
Bioinformatics tools were used for genetic assembly, functional annotation, and mining of genes
related to Cd(II) adaptation. The wheat seed germination rate, the bud and root growth of wheat
seedlings under different treatments were determined to reveal the germination characteristics of
wheat seeds under Cd(II) stress. [Results] One Cd(II)-tolerant strain was isolated, identified as
Exiguobacterium acetylicum and named TC13. The whole-genome sequence assembly of TC13
resulted in one chromosome and one circular plasmid with the lengths of 3 192 165 bp and 167 401 bp
and the G+C content of 46.62% and 44.63%, respectively. The chromosome and circular plasmid
carried 3 231 and 154 DNA coding sequences, and the chromosome contained 54 ncRNAs.
Functional gene database alignment results revealed that multiple genes were involved in biological
processes such as heavy metal transport, efflux, and stress response in the strain, which may be
associated with its cadmium tolerance. In addition, the strain increased the germination rate of
wheat seeds and improved the growth of wheat seedlings under Cd(II) stress. [Conclusion] This study
explored the genome structure of E. acetylicum TC13 by whole-genome sequencing, enriching the
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genetic information of strains of the same species, revealing the Cd(Il) tolerance-related genes and
confirmed the strain TC13 could promot the growth of wheat grain under Cd(Il) stress. The strain
TC13 has potential application prospects in soil remediation and plant growth promotion.

Keywords: Exiguobacterium sp.;
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transmission electron

microscope; whole genome; functional genes associated with heavy metals

Tl JEK . K A KA R .
it AR 25 AR NE A Kk B 3k A FRR Tl ok 2 40
PRA)IE K T T E AT e, HhEE R
YR AATE IR, KEHES
B G ALK PR iR, PRV R T W
HA MR # " s [R i 4 e AN AT A R
f iy, E L SRR AN RS IR N R R,
B B A5 YK A AR U A (e
R A AL T ESE P, 6 (cadmium,
Cdye HIEP ARt R Z —, -
V) 2 G2 Th AR 75 5 % Al W WSO BRI B K R 4
W, MEEEK Cd FaiBad 0.04 mg/L B, 13
FFPHL A VED BN 205 ) R, B4
BTG RIB AL, Tk BA A i FE
BRFMIBEE B ARNC O E L, MEYRETE 2
PR EE AT pH Y NG A, (R A R B IR Y
PAS 8K 25 FAC AP I AR AR A8, LA I &
Al o TMp FNERITAH S S A TS AR IR .

PHCE , Pid)m A e L b S R AT
TR LT RA Y h & B R, [RIEfE H AE
YA RO ZEAA i (Paenibacillus sp.)BF5E 58
%, B ZE AT B (Bacillus megaterium) H3 F1#T
H 9% 14 (Neorhizobium huautlense) T1-17 BEf%
FRRAROKREAR RAKFRL) Cd S A& 3R
A% Cd Fm®™, phsh, 85U (Pseudomonas
sp.). o 1A B (Klebsiella sp.) FlZS £ 5 i
(Senotrophomonas sp.) s ¥ W 75 F T Hl B AE 4
Ccd R R, H4h, A5FF R (Arthrobacter sp.) il
AT i (Exiguobacterium sp.) & %% I T 12 3 45
(nickel, Ni)F1%%(chromium, Cr)fL &5, {HX}F

R RA R 0N, N, Wang ZEUFSE A
PR {4, 130/ )NFT 7 (Exiguobacterium  aurantiacum)
Q3-11 W FRAR/ N A AHARTEAR PR -3 Cd Ffs
(arsenic, As)FWZ IS 135 vh 4 i B9 T A R
IR HER AR AE K Siripan B RFSY & BN
FF 14 (Exiguobacterium sp.) RB51 )™ Az n] % fit
T IR 5 A1 /> 1 (19 15 W £ 8% (indole-3-acetic  acid,
TAA), TR AR 4 A A T 50 SO P o) 48 1) R
R, LIV (Exiguobacterium acetylicum) [l
g | P EERE ST A I ZE I bR
SEMAFRIEGE, HAME . B9k b ety
AT Ty, T E 4 e U T AR I Cr(V)EA
it 32 1 - RE BRI KRR Cr(VD), {HXT Cd(IDRY
fiif 5% K2 B/ ARaE " B, kiR
PUEIRE T I 5%, AL A MLAM R . Ao
PIUTHE | B B0 S 2K 5 /DNA 852 45119,
R EORREEGEE . SEIMERS.
DA AU W 45 G A2 T Ak Py T s I ML o b
FEAR F 2R, AR, AN, EE
JBT/DNA B S5 WL R o Feak FAR BRI T
LI 11422 52 ik 240 4B 403 1) i AT L) >

Huy, B4 53 ¥k Exiguobacterium sp. 3t [X
HIFHN B, R RICE W ARk | A
Rkl . R ARSI, EEAER
B, X MR AR 2, XIS
AU PRI, A DU )1 A A T
PAX AR B Al SRAL B CA() T Bk , i
1 F14 ¥ 5% (scanning electron microscope, SEM)
F1 1% 5} B 8% (transmission electron microscope,
TEM)WEEHIE S, i 16S rRNA F&[H Fl4 3t
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PR ZEL 000 7 B X6} 58 Jl B R 2 5 , [l B A T 2 B 43
LR NN~ QP8 A TR T TR (%S E /S (= SN Pt 1 1)
A B IEEIE R, IS R Cd(ID)
JoiAE R AN AR A KR SR R R TR PR CA(TD) it 52
REJT, DA IREE A 44t R g (e e v ol

1 MER5r%

1.1 ¥&

2022 4 1 H 11 H T P)NA TR TS PR
LB W 75 X (k960 m, E104°4'66" ,
N31°3122"), RAEHEY 7 X IERER (K 940 m,
E104°6'6", N31°3128")HIKith £ {EH" 7= X ] il
MER (B4 810 m, E104°8'13”, N31°29'29")dk:
Wk 8 A, sraldn4ch QPl-1. QPI-2.
QP1-3, QP1-4, QPS2-1, QPS2-2, TC1 #l TC2.
AR J5 T—80 *CREAKIR vKAE IR A7, FEH

INZZRFRE ER U] A4 RME B2 B A= R %
HOR T, 5 CF22,

1.2 EFHFE

LB AR 323 (g/L): BRE AR 10.0, FEEE
B 5.0, NaCl 10.0, BCH| BRI 15.0 BEAEH

fif CA(ID)ifiik LB W iAREF35E: ik LB ¥
FERUSIN 40 mg/L Cd(ID).

1.3 EERFIFNE

CdCL,'5/2H,0, | ifg A7 s kA AL B i 1y
AR Y DNA $2BGR &, Jbat R
VIR By A BR S 7 o SEM il TEM, H 57237l 5
BEEARAL , B> TG (R AR AW 5 7 UH
WA, B — AR AR A PR A A
14 MEREXKNI BS54

FRAEM 10 g BT +HECT 90 mL JCIE /K
W, 5] 30 min, DL 10 A5 BIOBE BE A 2 TR
KRR BERAT 40 BB 100 uL 107, 107277
W UR AT T4 A it CA(IDFi ik LB -4l |, 32.8 °C
B gR 48 h G HhBUR [RE S M W& 1T 4905, R

FARIZR 7 TC Cd(ID) LB “EA4fifk 3 kL) |,
WAL RUE S 3 10 S L R R BT 75, PRE
i — IR AL R BT 75 60% K B Tl —80 °C
TRAE, TEH
1.5 L% 40 B AY 0 ik

Ve 40 mg/L CA(IT) (A FRZH ) FIs fin 25 14
UG K (CK ZH)HY LB #3554 100 mL, pH
7.35+0.10, 32.8 °C. 150 r/min 2} B1%3% 1.4 4l
fLEtR 24 h, BEPRIUNE ODgoo, 135 FREALHE
ZHAN CK ALAHN A AERTE JIME, 1828 Yo A Y,, if
BAAEM CAADREIME Y (%), WEER 314 i
Cd(I)Be 1 222
Y (%)=Y./Yox 100
29 Y Al CAADEE ST Yo CK 41 ODgo;
Y. AL EEZH ODgooo
1.6 W ERLSHFE

W5y BAS B S AR LR T8 Cd(1D)
LB V4, 32.8 °CIHIEIGFF 72 h, WA HEIRIEIK |
KN Bt hsk . EWAEIEARHE, T Cddl)
LB 5373 32.8 °C, 150 r/min K55% 48 h,
8 000 r/min &5.0> 10 min WCEEHA, B & T4,
WL TR Ak B € A8 AR I 1 o
1.7 FEBENR

32.8 °C. 150 r/min ¥357% 24 h J§ ODgoo N
0.8-1.0 AT CA(ID) R MREFFR M EL 20 mL, “# il
8 000 r/min #.0> 10 min, & E3%; Al 0.1 mol/L pH
7.0 PIBEIRZE MIREVR AR 2 YK, H il 8 000 r/min
B0 10 min, FFE3E; A 4 °CHA T 2.5%%
FEEEW, 4 °C VKA IIE IR, 4 °C. 8 000 r/min
2.0 5 min, 3 E3E; P 0.1 mol/L pH 7.0 1Y
BEIR 2% MR IR VERE &L 3 K, BRIK 15 ming AIA
VYRR R E 2 h, FEERIER, R P
VEBRAE s FHAS RV BE A B (30%-95%) £ TR WU Bt
JKALEE 1 ¥R, 100%ZBEA03E 2 YK, 15 min/iK.
SRIG I CBERG R 1 A5 AT 1R 5 1 g B AN B 1)
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SE I R S IR VS VR 43 AL B A 0.5 h AT T by
15 S T S A S S8 STHCAE F ey b,
S A H A R SEM WS R IR TE 25
1.8 BEHHEEME

FARRTAL R 1.7 —%, BiKAHEE, 2
PIEAALHE 20 min, AR UCR FH N R 1 50 A
B 1. 025 F1 0 %, 430z 1 h, 3h, &
s WAL IR 4ERR 70 °Cit i . W RE T
MUl R, St BRI AES IR XU 50% 2
P VA T 45 YL 5, 10 min, BT R MEIE .
1.9 [E Cd)REEFRERE KB
M ZE

B Ab T A K] (ODgoo i 0.8—1.0)F4 2
PR K B TR BRI R 1% 3R T 100 mL .
pH 7.35+0.10 H&A AR CAADHE (0. 10, 20,
40,50 .60 170 mg/L)H LB AR 37 5L, 32.8 °C,
150 r/min fEIEFEIRFEE, 96 h &M 3 h
FHBEARI %€ ODeooo W 3 MHEK .
1.10 =%k 16S rRNA EEYE

it FIAF ) DNA $2 B0 G G A 780 B2 i
¥k DNA, X Hi# H51% 27F (5'-AGAGTTTGAT
CCTGGCTCAG-3")#1 1492R (5'-CTACGGCTAC
CTTGTTACGA-3)4"## 16S rRNA %:[H, PCR
S W AR 2 (50 pL): i bk DNA 1.0 uL, 10xBuffer
(% 2.5 mmol/L Mg*) 5.0 uL, TaqZA&T#E(S U/uL)
1.0 pL, dNTPs (10 mmol/L) 1.0 pL, k. Fif
51#1(10 pmol/L)4% 1.5 pL, ddH,0 39.0 pL. PCR
JZ 264 s 95 °C 5 min; 95°C30s, 58°C 30s,
72 °C 1 min, 35 {KAEFR; 72 °C 7 min, 55 1 500 bp
LA 16S TRNA LK K B2, F 1%3 R HHBE I
HLJK K& PCR 774, PCR 779 i AL 50 3R A 9y
A B2 /LR 432wl — A0 (U 51 4
A 27F/1492R), ] ContigExpress Hf % 2%
A B8 WERRER Y, AR NCBI %045 £ (blast.ncbi.
nlm.nih.gov)iE17 741 ELXT o

L1 AEEERANF

20 T B DR ZH 0 e e b R R AR MR
A PR FISR 4 2 I 41 B (whole genome
shotgun, WGS)#ilig, H|H A/ =AU 77
AR, FF Illumina NovaSeq/Oxford Nanopore
ONT - 15 X A SR FEA T I e« 3 ek 75
Yo IR 4T B reads (KK <50 bp) R
JE N, {#iFH] UniCycler. Flye #ffxt =C8da 34T
4%, W AP EdEE A pilon FAEXT=AR
contig &5 R ATRIE, RETEIFH . RH
GeneMarkS X {4E4 72 R il - FH Rfam 3
HOXBRAFAE GRS RNA 5, RH] CGView £
RN 58 A o 2 FE N 451 i NCBI Al IMG/M
(Integrated Microbial Genomes & Microbiomes,
https://img jgi.doe.gov/) 3 HIHEA TR L REFI o
112 E#RX N EFFRE KRS

B FAR PR A B — Y5 R0 T 100 mL LB
B dEdh, 32.8°C. 150 t/min 5% 72 h, %
8 000 r/min #.0> 10 min, 7 ¥, JCR/KEE
WRTEVE 2 W, MRS .05 B, fA
K BB K 2 ODgoo=1.0, RAFFP 7 TH B
VEPER i . o R TRPRLE TG IR A=
KLH, B 4 MR, TR R 35 kr
MF, 3 CK (LB TR/ 2 h ), K8
TK53%).Cd 4420 mg/L CA(I)IARIER 2 h 5,
20 mg/L CA(DEHEFR) . CdB 4L(FhF HAE W
iR 2 h J5, 20 mg/L CA(IDR53%). B 4 (Fh 75
RWEE 2 h 5, REFOKER), R 3R, K
It 6 d, MEKZFEMRE, FHRKANMI . &
AR (Yo )= ZFLE AR FRL B 8100,

2 HZRE5OM

2.1 i CA(ID)ZAE BY 97 2 i 1% A% B4 IiE
SRS 10 ANaifbE R, Al R
QP1-3-10 . QP1-4-9 ., QP1-4-13 ., QP1-4-16 .
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24912-120, 24912, QPS1-2-1, QPS1-2-4, TC1-2
M TC13, WHR#HAT LB WIAERFR[CK Fl Cd(IT)
40 mg/L] 48 h, FRAF 10 BR MK A= K76 J1 Fit
MBEEE(FE 1), ik —rRi CdADH
PR(TC13), HAKIWEI . W CdIDFEES) B2 5
FHA AR, XL TIR S 5T 5 0 .
2.2 A[E CAIDKREXTE TC13 £ RIS
WIhs CAADRE 25128 0. 10, 20, 40, 50,
60 1170 mg/L B, 553% 96 h, [E] & 3 hilll &2 ODgoo
R TC13 A K& 1), W 1 Hk
L, BN CAADf kR TC13 A K23k, 4
Y B EREK, 16 0-50 mg/L CAANEET,
Pk TC13 A K ARk #—3, ODgoo 2 PRSI

*1 AREEHI CAANFRIER

Table 1 Performance of cadmium resistance in
different strains
Wikas b3 HERKIET it % FiE 77
Strain No. Manage Growth vitality Cd(II) resistance
(ODg00) capability (%)

QP1-3-10 CK 0.95+0.13 /

Cd(Il)  0.27+£0.032C  28.40+0.60c
QP1-4-9 CK 1.14+0.03 /

Cd(II) 0.29+0.048C 25.07+3.66¢
QP1-4-13 CK 0.92+0.11 /

Cd(1D) 0.28+0.031C 28.09+4.30c¢
QPI-4-16 CK 0.89+0.13 /

Cd(Il)  0.27+0.044C  30.3142.13c
24912-120 CK 1.35+0.09 /

Cd(Il)  0.11£0.005D  7.93+0.15d
24912 CK 1.06+0.12 /

Cd(Il)  0.12+£0.002D  11.52+1.51d
QPS1-2-1 CK 1.38+0.14 /

Cd(Il)  0.16£0.009D  11.81+0.59d
QPS1-2-4 CK 0.86+0.11 /

Cd(1D) 0.24+0.013C 26.37+2.85¢
TC1-2 CK 0.81+0.10 /

Cdd1n) 0.43+0.064B 52.51+1.80a
TC13 CK 1.76+0.30 /

Cd(11) 0.85+0.016A  48.30+1.12ab

AR RNG FREACSR B3 E 22 57 (P<0.05)

The different capital letters and lowercase letters represent
significant differences (P<0.05); “/” represent undetermined.

=4 ~ Cd(I1) 0 mg/L
20} -« Cd(11) 10 mg/L
~ Cd(IT) 20 mg/L
gl5f ~ Cd(IT) 40 mg/L
s ~ Cd(IT) 50 mg/L

« Cd(IT) 60 mg/L

05t - Cd(II) 70 mg/L

................

0 12 24 36 48 60 72 84 96
Time (h)

1 AR CAADKE TE# TC13 B4 KERZ
Figure 1 Growth curve of strain TC13 at different
Cd(IT) concentrations.

KIG T N R ;2448 h A Ffalb K,
48 h AW ik B KAE ; 78 60 mg/L CA(ID)ik i
T, EARKHRES, 70 mg/L CA(IN)5E £ B
MRAAC, femiit CA(I¥ EEE R 60-70 mg/L,
B R B i CA(ID)YE FE7E 0-40 mg/L; fi Cd(ID)
W T, AR BN AE R B TR, =
T RE AR A, RIHAR Cddnik
JE 2R 2B AN
2.3 Bk TC13 MBS

PR TC13 TRV B0k 5 A 1 s i) Y B
WIS, KREREIAG, B, %
B (B 2A-20); WERETE, A&, RKiab
IR, NGIEW, TR, HEBHT
T TR AR 2 4 €5 (8] 2D)
2.4 BE¥k TC13 ) SEM X524

RGBT T LI L B R & TC13 Bk
OB, MR, KNG
(5-8) umx(9-20) um, 2PN B Bk
ALHE, RS BT R, A0AE = (R S A
KRARGE, AR TC BRI R &,
7R LB B HEE (A 3).
2.5 E# TC13 B TEM MELER

BT R TR DU T Z e Rk, B
BN FfLRE | LS M AR BT AT A R
244 500-800 nm, i 25 0T BA S, A
A5 (Kl 4).
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2 E#RTCI3EREME  A: §iJf24h B: FiJR 720 C: Hijf 7d.D: AEWRHETHRIGIEE
Figure 2 Colony morphology of the strain TC13. A: Culture for 24 h. B: Culture for 72 h. C: Culture for 7 d.
D: Morphology after vacuum freeze-drying.

."'3 A’
2 e
) J A

. 3 | 1.00 pm
SU8100 3.0kVRE.000k e

3 MR TC13 WFEMHERER A HORMEHCY 5000%. B: JAAEECH 30 000%
Figure 3 The scanning electron microscopic results of the strain TC13. A: Magnification of 5 000x.
B: Magnification of 30 000x.

4 B TC13 BIBSTREMWRLER  A: HOKMHECH 12 000x. B: HAAEECH 25 000%
Figure 4 The transmission electron microscope results of the strain TC13. A: Magnification of 12 000x.
B: Magnification of 25 000x%.
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2.6 BEHRTCI3HY16S rRNAERFLELER

B PHEAS PR bR TC13 f 16S rRNA JE[H]
J¥3 FA& 2 NCBI 4 b AT tbxt, L8y
TN B & h SR T AL 99.66%,
KUIEHR TC13 5 OMM/NMTF(E. acetylicum)
16S rRNA JEHFHIEG R FI, WIALHIBTE
¥k TC13 M3/ )M (Exiguobacterium sp.)
2.7 ERTC1I3 £ERFAEKXER

R i — 20 M5 E TR AR T MR R KP4 s L )
RE, XTHE#E TC13 M7 RN Y . Bbk 4k
PRIZ] = A0 F MR R, kR TC13 1 g
JE K EE N 1362 218 927 bp, G+C & HE 46.5%. JF
ANPFHEISAL S 1 SRR 1 AN B0k, Jetafimn
ORIV RIR 3192 165 bp Fl 167 401 bp, G+C
TR BN 46.62%F1 44.63%. R F 4 5
R e SV B e e 45 SR o, bk TC13 4
@RFI ORI R E. acetylicum, ¥ #IFH{BLEE XK
T 98.7%, HMZE M40 E. acetylicum
TC13. FERZH 17 3 385 4 coding sequences
(CDSs)H1 150 M~ Egwth RNA, #f% 3 341 4~
MZEE M. CDSs #oriis]— 2 ohaedk, Jk
Zif RNA £ 5 27 4~ rRNA | 69 > tRNA Fll 54 4~
ncRNA (% 2), JEH A B E Eon, Ye Ao sk
YRR F 4L, F—4> CDS FrJE iR E A
#% (clusters of orthologous groups of proteins,
COG). CDS. tRNA & rRNA 7EFEH4] F¥H
A A7 B (L S)
2.8 E#k TC13 EFEEINBE R
2.8.1 COG HIBEFR

COG #MRIjae—ImT LI Ry 25 25, g3
H4psE M ¥4 COG Kl I b & B 91 ik
e, B R R EIRE— COG 432, Al
AR IIREM . EdR TC13 B9 (o i F ks
1E COG FUd e 4345 3] 2 734 A0 77 A1)
REREDNTTRE, 2353 CDS fY 84.62%F1 50.00%.

#* 2 HF TC13 £ EFERI—RIFE
Table 2 General characterization of the whole
genome of strain TC13

Features Chromosome Plasmid 1

Size (bp) 3192 165 167 401
G+C content (%) 46.62 44.63
tRNA 69 0
rRNA 27 0
ncRNA 54 0
Total number of CDSs 3231 154
CDSs with NR number 3198 143
assignments

CDSs with COG number 2734 77
assignments

CDSs with GO assignments 2271 64
CDSs with KEGG pathway 1 656 40
CDSs with TCDB assignments 637 24

TR R TR 6): B 785 MRFINEEILH ,
EESEMOCIE AR B) T I 2R, 55 207 15
R FERR W i FIACH . Bk Ak & Wi is i
R TCHLE TRz s G . 20 RE Rk
JERIAEYIG L R 557 AL S R A B
FER R, Al3kAs 187, 178, 173, 163 Al
139 4>, HIERE R TC13 1E4% 8 A Py ETE hl
Al BE R A B R IA , [RIE B A AIL ] R
70 4, FUE TC13 X HUHLIM LR85 h3h ]
REEA —EW T,
2.8.2 KEGG HIEETR

EHYiBIE KEGG ortholog (KO) MK
Pathway {1 B £ 2R ] KEGG 19 KAAS Hshfk
HRBRARS SN, Hk TC13 A YL a4 5ok 4
A 1656 F1 40 LR 7E KEGG $ds & b gk v
T AR B (B 7)o TR e 0 1A 0 SR 1)
DReE BRI I 22 5 o R i 32 2
S TEARZGES 5O, affsfes e
. ES L M A AR, HOR R Ak
IKACE WA . Z IR RR A QI M B ik i 1
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Figure 6 Classification statistics of strain TC13 of the COG.

2.8.3 E#k TC13 it CAUDMEXEREER

PRk TC13 7€ CAIDMLI . HMHEFNZE & S5 4H
KEF RN PRRI TR, Wit E
i HE [l (czed) . Min(11)4% 32 14 2 i 5 5] (zupt) |
Zn(11) %32 1A 25 5 55 K (mntabe F1 mnth) ; 1} 24 2%
J§i 4 24 (the resistance-nodulation-division)# %
% . ATP 454 (the ATP-binding cassette) % jik .
% Zj M5 R A HE(multidrug and toxin extrusion)
Fiti . /NL 21 25 (small multidrug resistance)Z
WA B P B K K (major facilitator
superfamily) A R RE . A, 7EJL ik
kL EYSAEAE Cd R G0 B9 /MHESE F 4t 3 ]

(cada. cadc), T 5 CA(IT)4h5 4 W /i i &b 20
A5 IO JERCAE 56 2 5 32 DR o o % B (3R 3)
2.9 Ek TC13 X/ hNEFFREA & KB RIR N
SE R, NFERERLE R R R KA AT
25 (K 8A). ANFEHET, ki kRN
72.3%-86.7% (&l 8B), Cd AbFH4H B % T HiAth
AbFRZH , B AbFHZH . CAB AbIHZH B Toxf B AL
FRAL ; FPRLZE AR A A5 A IR 22 RIAF A B 2
2 5 (E 8C), AN[AALHE T FERL 2F K AR K 4 3
Ak B, Ik CK 4 B Ab3H2H 20 i) K
P IP 2 25 P B 2 = T CdB AR B4 RN Cd b3
4, [FEF CdB AbHRZH K3 25 T Cd Ab 34 .
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Figure 7 Annotated diagram of the KEGG function of the strain TC13.

3 Wik

Exiguobacterium sp.J&—~ & & 2R 1LY
e, FTLANSF T EFY) . BB 4TS
YR X Bl o ok, ARHFSERY E. acetylicum
TC13 WAEAMIRFRE PR . Hzgid AL
AR PR, 155 1 ADYL a1 IR

JRi RN, FENZHR/INA 3.35 Mb, G+C &
H46.62%, L7 3 385 ML, 4w 3 341 4
T 25 1 o NCBI (https://www.ncbi.nlm.nih.gov/
datasets/taxonomy/33986/) 2 1) & BE 53 RGN
FF EAL 262 ZEHAEE, 46 complete
genome , scaffold Fll contig, H:H' E. acetylicum %
R4 7 4, BRI/ E 3.1-3.4 Mb, G+C &t
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=3 B TC13 M CaADHEXRERE TR

Table 3  Annotation of genes associated with Cd(II) resistance of strain TC13

5k EAEP A hg

Gene Protein family Function

czcd P-type ATPase Cd(II) uptake proteins, cadmium, cobalt and zinc/H(+)-K(+) antiporter
mnta ABC family Cd(II) uptake protein, metal ABC transporter substrate-binding protein
mntb ABC family

mntc ABC family

mnth ABC family

zupt ZIP family Cd(II) uptake protein

glutathione Cd(II) binding proteins

zura ABC family Cd(II) binding proteins, metal ABC transporter ATP-binding protein
cada P-type ATPase Cd(1I) efflux proteins, probable cadmium-transporting ATPase

cadc ArsR/SmtB family Cd(II) efflux proteins, metalloregulator ArsR/SmtB family transcription factor
czer Response regulator transcription factor of CzcD

zZnua ABC family Zinc uptake system ATP-binding protein

yiso MATE efflux family Uncharacterized transporter

dinf MATE efflux family DNA damage-inducible protein

mepa MATE efflux family Multidrug export protein

yfmo MEFS family Multidrug efflux protein

bit MEFS family Multidrug resistance protein

bmr MEFS family Multidrug resistance protein

swrc RND efflux family Acriflavin resistance protein

gdnc SMR efflux family Multidrug resistance protein

gdnd SMR efflux family Multidrug resistance protein

46.5%47.0%, 17 3215-3 553 NIEA, gRit
3 147-3 433 -HEE [ B TC13 5 E. acetylicum
HEFREHA RN, GHC &, FEHE AR5
FEDBC RIS AR o 7 3 PRI T A B ik
TC13 5 E. acetylicum LA B4 L &
AW R IMBERTE 2.3 R IE A FAE
5 Selvakumar 25X E. acetylicum 1P A4fiiA4H
L, FIEEE 1P HAT ZF ARt GG mime
Wil TAA R E L R (&R IR =R,
EME W TC13 SUFAFAEAHRITIRE . TE bR
TC13 LR R 2 Kikte, £UHHk
TC13 A REA AL FEAS 1E—Fh 2 i das . Horp
— kTR S VR ZF AT DSM. 2266 AR5
YIZSIE N R A RSE R AR 78%,
A AR L L EARE g AR IR S HEARE S

T I 28 0 3 1 g A% 3 (K] (ertn L crtne FiT ertnb)
TR G R RE ARSI (psy) . WEELH:
FE BRI 5 A 1 G i B [ (ertg) S 128 SAM A
P R B2 il i % i AT (nodis) B AT, 1H #E T0 TA7
Pk TCI3 BB MUEMLLER; 7 —4ciliia i 5
= B RIERE S =4 (2R,38,3'S)-2 R HF R A
LR FEARRIE Ry 53%2Y, R HAA
TRAF I, H EAEII PR R TC13 ATRE A AT &K -
TR IR RN AR MR, Wik
TC13 P& IR AR, SRR AR
W ) A PR R A B S A ARAAE , R FL
R (IS N RREEZE, X, A
FHUR, BEE G, POTEE IR RN, AR
RAAEGRIL, AR E, BB ERE, [F
Bf & B #k TC13 5 Exiguobacterium sibiricum
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Figure 8 Effect of strain TC13 on germination and growth of wheat grains under cadmium stress. A:
Growth of grains under different treatments. B: The germination rate of seed under different treatments. C:
The length of bud and root under different treatments. The different lowercase letters represent significant

differences (P<0.05).

—REAEAE PN A1 -SR] spola, 1%
FEH AT ZEAUAT R R 100 240K, JREYS
ZEAUFT R Bmar 25 [ EIAHRIME R 72.46% %, 55
A, Gt = f 8 LR spoOm., spovs, DA
WiE spoOa 11l R fk BRI S R Kinb 152 g 7 45
Rl F- 550K SpoOf L AArE, 1H R & B B 27 fl AT
PR 1 2 MR 9\ - 5L [H] (spol 1a il spollg), fH
FEAE = BN T Gt I [Hl (spol 11 e), F I 4 0 A
Pk TC13 HAe etk

SEM il TEM WK, WH TC13 5
E. acetylicum strain SO1 FEULAHLL, 4RI M Fa AT
K, RMEFNHES), (HER TC13 M T Witk

SO1 HEWLEE 3 4 R 1 ORLZE & , A AR S01 &
TG, X B TR AR A —3, FE
HRERIL, WPk TC13 e i B A R g sl %
K528 B ] (flgg. flge. figb. figl. flgk. flir. flig.
flip. fliz. fliy. flim, flil. flii. flig. flif. flie,
flis, flid F1 fliw), FEHPREE TC13 & —#R L ATHE
ErTLLA B EERE, 1AE SEM R AR MELH|
B, X A2, SN M T (Exiguobacterium
chirighucha) RW2 [l 43 12 35 R 4] 73 B 9 Tl
B — 58 B YR AR W) G R (B fih, fl
0 fig JERERIT), ERILI B, Xk
VI i TR AR AL A R & AR TE URAB T K
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ik TC13 % 60 mg/L ¥ELLFAY CdINA
— 2 I 52, SR T 200 R A P i
230 I 22 K, RZ 808 50-300 mg/L (CdCL),
T2 TR A FCHF i (Kl ebsiella pneumoni ae) i 15 i 57 ¢
JERITE 2 000 mg/L, iX Al RESHIREEIE AR ST LA
TS a2 Ay S0 i i 200 T ) 5 DR 4 3
W — RV Z S PRt RN, 5
HAb TR A, 76 E. acetylicum B[ 41
AR T gt ir Z RIRE AR, JF BT
RESELSBEAOPIEA L, RETEREAMFAE
CA(ID) WA K in AR SRR FE I, 4GS B R %
iz H(czed) . Zn(1DE% iz 1K (zupt) il Mn(11) 5412
& (mntabe, mnth)FRIBFER, X EEFE iz IR PEIE
SERT ARG Mn(IT) . Zo(ID)HAT ARk 244 5
[ Cd(Il), BURARFES MR Mn(IDF Zn(IDHEA
AR, A E R Zo() 5 7 #8 e iA HE R
znua L s R T czor WAFAE, 1M R Sk
Zn(ID) 5 i #% ZnuABC BTN Zn(ID)AH5% B LA D
> CAD R, H czer AT RLAL i A Cd(TD)
G5, RAFESEMEE D cdanry i, i
BAR KIS M IK(GSH) & 8 IE N, (H & Bl
T A H A B o I RS R RS i
RGEBEMAN, HEWE TC13 6874 GSH,
HAAA M BRI S cdangss, 4k
Cd-(SG), AW LAsk /L CA)HI 2 B pER, s
BEARGHRE R CAADIMEE 1 2 ok &
i, HAWR G E (Listeria) . 4 % 2R 14 &
(Saphylococcus)Z& 1Ll , E. acetylicum 4t {44 F1 i
B LI SE ) cad SMIER S, L cada
F1 cadc 4H %, , cada F1 cadc 437! &y P-type ATPase
- ArsR/SmtB ST 1 B ) 42 i s i 2 I8 1
ArsR/SmtB  Z 4 @ [t A TE G JR A HE . #%
EEE . R4 E R R IA T R
FE/EAP, Btk TC13 H1 5 RND., MATE.
SMR il MFS ZI5A K & 1 2 i 25 5 HEEE

PRI R, HEDTE AR TC13 DIARALR 7 =X
1R CAAD A FEE, DA X Cd(ID)#EEME .

FAN, BERE TC13 He R B & IO 1 8 3
hrca. ctsr T 17A7E 2 2558 8 By I AEARHL -
hrca i fth (1) 8 42 A ¥ 4 ¥ T 9 GrpE-DnaK-
Dnal-GroelS #Lii], DnaK i#it5 Dnal Fil GrpE
S A SIILEBYIRE s ctsr dat By T R T
T CtsR-McsaB-ClpC-RadR-YacY HLHT,
SN 2 E R NER 222t 7 ¢ i A P i i
i /NI AEAR SR R hsp33., HoAth#4
BB E AN htpg K 3 R ECE AR
cspa.cspd Fl cspla L7775 . #i ¥k TC13 5 Cd(II)
s, A0 N R R OB LR hrea, ctsr
B FARERNRRIFZ S EARTE .
LIRS, B IR F AR, R BR R
AR A] R AE M 40 LS I s A BT, Tl R
Pl Rt R B bR TC13 7R 7E 4
A AL Pk AL T (SOD) . 1 S fb & il (CAT) ., i
A ALY (POD) YA DG LY, A 45 8 A Ak B
b il 3 [H] (soday) . I 35 2 S A0 0 i G B S I
(perr. spx), LAKesy 33z perr P 1) ke 3 i 41
Ak &4 i IV 3 (ahpe Fi1 ahpf)., SOD 74t A1k
N S Se s A, ] CAT . POD —RIE bR A
BN H AL, PRIAMACPL AL T, £5 B
W, HEM AR TC13 i CAADBLEI =22 F A
S IRIMER G W CdAD e, 5k
W24 TR ESF Bif 7™ A2 WS N, 38 Inxss Cd(IT)
Ry it 52 14 o

S N R R 2 A ELAR B TR AR TC13 X Cd(1T)
HA M 20, 78S bR /N KPR & 52
¥, 45 R FEWIE R TC13 XF CAAD i T Fek: i
K. RZFMAREKHE R GRHIEN, X5
Selvakumar 25 E. acetylicum 1P [H&#E . %%
BRFEIE L BE /N AR R AR — 3, R UTTE bR
TC13 HAsimt CdqnFett:, Fpr B EER.
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AHIFFE N U )1 48 5 BH T Kt & 2245 Y ™
X 53 B4 A% — Kk 4@ R Mk E. acetylicum TC13,
Wil SEM. TEM W%g, KBEHK TC13 2&—Hk
P g L R PH AN TR, (HIRAMERE SR RSk
AMEIS . S 20 AR F PR,
BE) 1 AYEE AR TR, HHE
HAR/NHN 3.35 Mb, GH+C &N 46.62%, 17
3385 NN, Zwbd 3 341 DTN, [FN
¥k TC13 7E 50 mg/L CAIDHEE TR, 53R A8
N 2 AR TC13 4 3L R4 20 Hr 345 Cd(In)
W, HMHE. Z5A . IR SR R A O Y g
DR RS, M RR TC13 W ad /> Cdanm i
P& EIMERGEEN . SRR a5,
(] Fsf 2 Bt 7 £ S 0L, S8 RE CA(In) i 52
Pk [ & BLE M CAADIA T B/ AR
RIMKHEAMREER, HI, #bk TC13 25
BIZHIN 7 325 T E. acetylicum 3t 4 B % , 3
FLATTE CAQYRE: 4 [R] Bs Xof /N2 R Ay A 4 34
AR AR, BB AR 4 R A8 2 st TS
Y A EAEY) i 5T ER A AT R A S TR
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