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i ZE: (FRIFRTHEN AT GHRAED BN EMFGEDBRCFRATREZHER, BH
BAEYEAMNE. [8 6] Bacillus sp. ZJS3 BHARZ I F AT H 9 B LT 00— A w2 H AR,
AT S ELEAAR T, PR RRZHRE AsS I T AR & T AR X AR 10
BIRAE R, h AR R TR R AR s IR . [ ik ) 428 £ 45 F 5 85 M) A (single-molecule
real-time sequencing, SMRT)A Illumina M 54X Rt Bacillus sp. ZIS3 Akt AT KB A M 5, *t
HARBATHREBFRAEMEZ EFoN, T4 45T ZF PCR BRI AR u B AR AR % 2K A 3
794, (42 ) Bacillus sp. ZJS3 BHRAEBEA K A 582 Mb, GC A& 4 35.9%, @4 % &K
1A, ik 3/~ CDS #24 5981 4. tRNA 104 4~. sRNA 136 4~. rRNA 42 A~ &3 E 5 57
173 /AR B 13/ 455K 6 1 023481 &E 1 717 Ml 442 A B 160 4. NR. Swiss-Prot.
Pfam. COG. GO #= KEGG %43 & % % 5T 24 Bacillus sp. ZJS3 HARE B 20+ 97.66%. 69.30%.
78.52%. 65.49%. 67.65%F= 43.87%49 A E . %€ F PCR &R AW, arsC AR EMLELEMT
REZH TR, M arsB B AL TREMR TR, (444 ] Bacillus sp. ZJS3 B
AT TR F R @iy E Lk EF AT, tmPmmiet s, RBEY agpZ. arsA. arsB-
arsC F B G5ERNIZAWRER AS I LR AS 8948 1, phoUpstBACS #4512 & P H Ak T
AR AS™, 2 AR B RIRIE AT IR A BT arsB R KK P,
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Genome sequencing and expression of related genes of
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Abstract: [Background] Microbial oxidation of highly toxic As®" in the environment plays an
important role in the biogeochemical cycle of arsenic, which has potential application value. [Objective]
Bacillus sp. ZJS3 has been identified to be tolerant to As®>*, among other heavy metals. This paper aims
to clarify the morphological changes of ZJS3 in response to As” ' stress and the genetic basis for arsenic
response, which is expected to provide basic data for research on As**-tolerant bacteria. [Methods] The
whole genome of ZJS3 was sequenced by single-molecule real-time (SMRT) sequencing and Illumina,
followed by functional annotation and bioinformatics analysis of the genes. Genes related to arsenic
resistance and arsenic metabolism were analyzed by absolute quantitative PCR. [Results] The genome
of ZJS3 was 5.82 Mb, which contained 1 chromosome and 3 plasmids, with GC content of 35.9%,
5 981 coding sequences (CDSs), 104 tRNA genes, 136 sRNA genes, 42 rRNA genes, 173 tandem
repeats, 13 gene islands, 1 023 transporter-coding genes, 1 717 transmembrane protein-coding genes,
and 160 two-component regulatory genes. A total of 97.66%, 69.30%, 78.52%, 65.49%, 67.65%, and
43.87% of the genes in the genome of ZJS3 were annotated in NR, Swiss-Prot, Pfam, COG, GO and
KEGG, respectively. arsC expression was significantly higher in the arsenic treatment group than in the
control group, while the level of arsB was significantly lower in the arsenic treatment group than in the
control group. [Conclusion] Under As™ stress, they block cell division, further influencing cell
morphology. The presence of agpZ, arsA, arsB and arsC in ZJS3 genome indicates that the strain has the
ability of As*" efflux and As’* reduction, and the presence of phoUpstBACS suggests that the strain can

5+ : : 3+
absorb As”'. However, the expression of arsB decreases in response to external As™" stress.

Keywords: As’* stress; arsenic-resistant bacteria; genome sequencing; arsenic resistance gene; arsenic
metabolism gene

o T AR ERAE A R TE 3, H
& 15 e R PR 0N 28 f B e ™ R ) U 2
—UA REGIR, A TR, o
WL EARIRAS 2 AR AS™, T AS’ I EEPEHE

AR ALY . A IR SR Z IS G
TERPRR T, THRIES AiEfE S0, W
FRER A= A T R S F EE R IR
DNA, W] AR AR AR L Eom ) B R B,

A RAF 2P, AR ER AT 5 R 1 T S R
BRUBFIEZE 4, o AT AR D W ER 1 AL “A 2 U

N TR R EAE T AL, MAEmEs
PEAL T 2 T4 R B TR 2R ALY R
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Z 55t 1) A 0 b TR 2 A0 B %) A DG 5 DL 4
KPP AR DR AL R
HATE ars BT, 1945 arsRBC B¢ arsRDABC
FEIA s A 55 B LAk (ArsM) . 1L (AioAB .
ArxAB). I8 JE (ArsC)Fl AL iE J5 (ArrAB)P1
WEHET, BFEEC AN G R AR %
MEA ars BINT, H) 204 KBRS
(horizontal gene transfer, HGT)Z:EJ%D]O A
=% QBRI R RN 5 22 FCPHAME TR A 2 B 2 Ak
3 —Fh K ASSIRIE R ASTTHIE R (arsC),
— e ASTHEH B (arsB)P) . ars BRI T AT LIRS
AN S 2 i 4 3, (HAN PR
fiE g, A PR, FE b AE )y ik
ARERR, ik, As™ RS TR 2:BRkEH &
BBl W Fe s, ¥ Herminiimonas arsenicoxydans
ULPAs1 T Tap MR RHE—2L, %W
Mok As™EAR B R/ B 2R 5 [ e AR Y
As R Y B 4 Jm b T A s R 2 5
TR, MEEYEm A YA G A R
BHEEAER, WL R R B AR R
TR BB A R A AR, BAABTER LY
MBS . BFFE 3 BT & I URR 28 Y ) 3 L 1R
WA, IR IB A RS A B TR T A
A=) BABRE, flan, —RdBEESRIK arsR IR
JAT B HL I A B R R i &2 5-60 £502) 3T 4k
FE KA S 2H 2 R e dF N2 SR A EER AT
A ) R P A PR [P, 3k B Al K vy T
AR B S, EXE H. arsenicoxydans
H Thiomonas sp. 3As FIEH], I AIEFEZS
Sy E e B H AR A B r Rk, HEE
FAFIREAACH SRR, A Y Y 2 R
FRAE . 3k S0 5 S AL A 3 . B A1 . DNA &85 .
Wi B R A B R i 2, e E A&
R ARAT X SO R G 5 T TR A
XoF ffi Bk R A T A G B A

FAT S50 % A TR BEAS B — Mk Bacillus sp.
ZJS3, WX Z R &R A2, Fale
FERERE T, WAREA LR B, drEa
A REL 86 AT PR A i T 85 PRORE RS ) K APIR
43 TR VAR 2 I B 5 AR A 5P it L Bacillus sp.
ZJS3 HMRRER AsRALK A>T, XA ELA U R
ERMO, R T XHZ R R IES TR A T f, ABESE
K H Ilumina HiSeq Fl1 PacBio RS 11 .43~}
M ARXY Bacillus sp. ZJS3 WK T T 3R H
HWy , FXF HAEARSZ Al P38 FOap 38 254 A
AT NG I R T T 2 1 A A, AR
5% Bacillus sp. ZJS3 X} As™ Mt 3 (3845 5Ll

WL

1.1 ##

Bacillus sp. ZIS3 AT G RFAE DR # Y
AR B A A = A AR

LB 153732 BOCHR[9TRE 1

Wizard®J& K 241 DNA 4lifkik 5] £, Promega
/Al E.ZN.A.® Mag-Bind Soil DNA 7 &,
Omega /s 1] ; NEXTflex Rapid DNA-Seq Kit,
Bioo Scientific 23 H]; Agencourt AMPure XP
beads, Beckman /23 7] ; AceQ qPCR SYBR" Green
Master Mix, 5t iaMEREA IR I A BR 23wl .

BEWR IR . TLIRAE T )T RS = XA
7y 6XEER RSO, LT R
ARRA W il PCRAY, Jbat R AT A Y Fk
AR FE; HIKIL, Major Science A r]; ¢
9t 5t PCRAY, JR MRS EWH ARG R
] 3 9%¢ 4%, Turner Bio Systems %3 ) ; NanoDrop
2000 B SR AM LT, Gene 24T
G-tubes, Covaris A Al
1.2 7%
1.2.1 FHHRBIES

=80 °C vKFEHUE SRAE R AP TR A, &
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TUK b RAL 5 W 50 pL #5F 3 LB [ 455 57 5L
o, 30°C Kig% 24 h JE BRECR T Y%, #5703 LB
RS FEE KSR 2-3 K5, T LB ik
B3 T 30 °C. 200 r/min 5178 F 5535 24 h,
1E 4 °C 24 F 7 000 r/min B5.0> 5 min PR,
FAFRPRA) DNA $EHC B As™ % B 4 0 mg/L
1180 mg/LPINA LB Wi $5 373, K57 Bacillus
sp. ZIS3 Btk F T J5 £ 5 PCR 4347 -
1.2.2 E# DNA 2B

iz 1 Wizard“JE K 20 DNA 4lifk a5 & B
FHRBCE N 4] DNA, Zifbiy 5L N4 DNA R H
9 WAL HEAT 58 B L Bacillus sp. ZJS3 1% #k DNA
PEBURE A 125 ng/ul, DNA Bl 12.5 pg,
OD160/OD1gg N 1.9, OD16o/ODy3o N 2.2, AT
J& 22/ Tllumina # 2 Fll PacBio RS II ¥4 1-5K
A o
1.2.3 Illumina 3 FEE F0 F

B ZE /D 1 pg FF 4 DNA, Flf G-tubes F
1734 DNA R Befb, K DNA AT DI 2y
400 bp 1Y F B, BEAEHEEEE 45 0E Fr BoR /N A,
&4 300-500 bp [ MR A R B, A
NEXTflex Rapid DNA-Seq Kit #4173 EHI 45 .
il 4 {9 SCEAE Tlumina HiSeq X Ten {44+ b 47
X I 7 (2% 150 bp)o
1.2.4 PacBio RS Il B4 F 328 7

B 15 pg R ZH DNA, FH G-tubes #f3&
[FZH DNA AbH %25 10 kb W BE, RIGHE
PacBio Ui FBHEAT H Bralith, KumthF, Wik
43 SMRT bell 7423k o A5 2 1430 7 5C
JFEF 0.45 f5 A F A Agencourt AMPure XP beads
AT 3 Ralifk, SRIEHE SO BB ok, 4
A B [HE B E B T fL (zero-mode waveguides,
ZMW) TR R A, A3 s a7
B A 1B TE X S 23 kR R R 1Y O I B R

W, BA B B 2R o — A kopge, H
1 o BRI G IN R SR A T S B A
1.25 EFEHEE. EEMNESFR

F A PacBio RS II #l Illumina “F & 4 il A%
BT B 0. I o drifE Bifg
EHAEYH 1-Sanger = F- f (www.i-sanger.com)
AT o AR I R B (raw data) LA fastq A%
KAEAE, R T 05 S0 AU s, XTI s
s TR Y], KBRIF L. & N
P A1 A e R o i A B J5 A B2 A /INAY reads, 453
A clean data, A Canu!'' % HGAP #
PF#EFT PacBio A4, ¥ reads 4%
contigs. FRJF WG IE, 1H3] 588 M YL
TRFBURL L4 . 55 AL Nlumina P03 4504
XL RATICIE , IF I AR PR 2 A e
WA . A Glimmer 2% 55 R 2H A B 4 S
41 (coding sequence, CDS)HEAT U, I Al
% GeneMark!" x4 w5 , A} tRNAscan-SE!!
YEAT tRNA Fil , A Barrnap (https://github.com/
tseemann/barrnap) #f 17 rRNA T W . F| F
BLASTpDiamond, HMMER %5341 He %} T. .,
iz [l NR, Swiss-Prot, Pfam, GO, COG., KEGG
B PEXT B 2 () CDS AT hEE I RE . AR
Bacillus sp. ZIS3 FEP A (1 Y G AFN 3 4~ JFkr)
(1 NCBI AU i % 535 CP094455-CP094458.,
1.2.6 #EHiB THXERRZEDH

BHZH DNA H4RBU™ M %I E.ZN.AY
Mag-Bind Soil DNA iR &6 FiktT. I8k
JH SYBR Green Jehik A7 AL AH DG B 1Y
real-time PCR 46%) & i 5000 . FLE0EH: 7N
HAEBRIIR IR ASHMERE N (arsB) Il As™
WFIEH (arsC), BIWIILFH 1o HEPRAE S S bR
HEMZ, DL AR T PCR Y1, 4ifk
PCR F=¥)J5 Fil pMD18-T vecter %42, #1052
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*1 MAEEXERSY

Table 1 Primers for arsenic metabolism related genes

ity 2 BERAFR 51K e/l

Encoded protein Gene name Primer name Primer sequence (5'—3")

AR ER AP HE arsB darsBIF GGTGTGGAACATCGTCTGGAACTGCACGTAC
Arsenite transporter darsB1R CAGGCCGTACACCACCAGAGTACATACGTCC
AR R34 I Sk arsC amlt-42-F TCGCGTAATACGCTGGAGAT

Arsenate reductase amlt-376-R ACTTTCTCGCCGTCTTCCTT

YIS BB TR M PCR 973, AR H iy
BRI R A AR A5, A0SR 4R HL 2%
e BE R U AR AT, R I S5 8 TR A AT
TyBokiAl$E . ) NanoDrop 2000 #E {257
S FETHIN R R A MR B2 FNZRRE , AR i Bk 45 D1
#(copies/pL)=6.02x 10 xDNA #¢ i (ng/uLx10"%)/
(DNA 1K x660) 22045 21 Tk % D15k, K Bk
W] ddH,0 #4710 £ R IR, B MEAR
#d 3 I PCR WA F : 2xAceQ gPCR SYBR"
Green Master Mix 10 uL, 5[% F/R (10 mmol/L)
& 1 uL, #&tk DNA 1 uL, #4lisk 7 uL, PCR
464 95 °C 5 min; 95°C 15s, 60°C30s,
40 MER . WEERIE, Lh Logi B B )5
1) SR 15 DB R AR bR XL ) C B AR B
bR . THREAALELETE arsB F arsC
FEH R FRIE T,

2 BERXR504

2.1 B#k Bacillus sp. ZJS3 IR FEHE K
e

YRR Bacillus sp. ZJS3 #£47 T Illumina Fl
PacBio RS II H53FSEH Y, JEF GC-depth
F1 K-mer 51 2% 43 A7 % FEIE R 20 21 2% i = 847 T
AL, K-mer (B0 17, MFIREE N 208, 45HR %R
B, AR | AN YR 3 Aok, St
L0 K/NA 5.82 Mb, HiHr e fA /A 5.28 Mb
(R 2). KA GC &1 H 35.9%, CDS Hah

5981 />, tRNA 104 >, sRNA 136 ~F1 rRNA
42 45 BEREE TS 173 4, HEEE 13 14,
FomdEr 10234, BIRER 1717 4, XA
WL 160 1~ 2).
2.2 E ¥k Bacillus sp. ZJS3 & F A+ 5
i1k NR., Swiss-Prot, Pfam, COG. GO
1 KEGG #5408 e 13 %%, Bacillus sp. ZJS3 FAk I
[AZH 5 981 14~ coding sequence (CDS)H', NR %X
Y E T IR 5 8414, (5 ik 97.66% ; Swiss-Prot
BARERTTERE 4 1454, 5 LN 69.30%; Pfam
R PEVT R 4 696 4>, fTHN 78.52%; COG
BRI TERE 3 917 4, AL 65.49%; GO
WAE RS 4 046 4, diHY 67.65%;5 KEGG
BASERT TR 2 624 4, i 43.87%.

COG Bl ErITERRY 3 917 DR,
1096 MEEFTIREART, 370 AFEDR: RS 2 AR
32 51Ri%f (amino acid transport and metabolism),
307 N3 K73 5 31 4% 5% (transcription), 264 /~3&
R B 2 oML B %% 32 5 ALl (inorganic ion
transport and metabolism), 230 /™3& [K 73 B¢ 21| ik
KA A Wiz fi AR5 (carbohydrate transport and
metabolism), 224 >3 [K] 73 B 21) 41 e e /s /4
H: W) 2 A= (cell wall/membrane/envelope biogenesis),
210 A FEFEREIE N . FELIAMEE (replication,
recombination and repair), 195 >3 Kl 14 B 2| #H
V| AR ZE R 5 42 ) & A= (translation, ribosomal
structure and biogenesis), 192 /3 [H 1 B2 5E
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2 Bacillus sp. ZJS3 EHRER B L FFKITER

Table 2  Statistics of genome analysis of Bacillus
sp. ZJS3 strain

B AW 5o ir Gt
Genomic bioinformatics analysis Statistic content
Ye o A% Chromosome number 1

JEHRLEC Plasmid number 3
FEH 4] K/ Genome size 5822 498 bp
GC & & GC content 35.9%
CDS #(#ir CDS number 5981
tRNA %4 tRNA number 104
sRNA %{i# sRNA number 136
rRNA %= rRNA number 42

16S rRNA 14

23S rRNA 14

5S rRNA 14

H Ik § &2 3% Tandem repeats number 173

FLH %0 Gene island number 13

B W B K%L Prophage number 1
CRISPR-Cas %{ CRISPR-Cas number 37

# J1 A 7%k Virulent factor number 570

P R 25 7 ] 5 325
Antibiotic resistance gene number

97 -1 =5 AR AR FH R 983
Pathogen host interactions gene number
FmER 1023
Transport protein number

e B2 14 1717
Transmembrane protein number

XL 53-8 47 i R 160

Two-component regulatory gene number

5 A FIE% 5 (transcription), 161 4~3E R v B &)
5 5 ¥ FHLil (signal transduction mechanisms),
126 A~ FE PR B 21 5 B % iz 5 AC i (coenzyme
transport and metabolism) , HAB LI GEE B UL 1,

GO B PERTFERAY 4 046 MNIEHH, 1744 4
FEH 5 HE W) # (biological process)FZR, 2 075 4~
FH 540920 53 (cellular component)fH &, 3 051 />
LR 5 43T I € (molecular function)tH &, 44
AR H B S R P /DNA - B AR AH ¢ 2

122 4>, B5 G E A OCHE IR 86 1>, HHREAKAH G
LR 81 A, BHIFAICILRA 66 1, BEIRHHGE 5
S RGMEIELE 514, MoK A R
FHGEE 50 >, R S4AHOCHE A 47 4>, 1
TFIE A EIE R 39 A, Toth70 78 siAH L A
39 1>, DNA HZAHCHER 31 4>, 4ifREAHA
FHREER 30 A, A MR AT 15 AHCEE N 29 4
(K1 2). ZHHfLZH srmsadirt, A 2H B0 43 AH G 2
1420 4>, HAMILIE 2. 73F e, ATP
SEGMKEEE 419 4>, DNA Z54HHCH
395 A, IKAREEEPEAH G 234 4, &R
FLEAHRIER 203 4>, FEREREGE M AH I
167 4™, e sk 16 PE/F 51 5 557 DNA 2564
KEL 148 A, B BRI 35 (TG P A OGS
131 4>, ATP & MEAHCEEA 131 4>, kG
PEAHSCHE DN 98 />, TMEE IS PEAHOCHEA 98 4,
N- Tk BE TG PR AH OCFE R 90 A, Ak ik 5t il
TEPEASCHE A 83 A, HY 6 B8 it M AH DG KR ]
76 1>, BEE LA MR 76 1 (E 2),

KEGG £t nl iR 2 624 ANFEH
203 NIEH ST B DG, 2 096 L S A
PAHDG, 220 DI St (5 AL FRARDE, 322 4
LN 5 B (R B AL AR (& 3).
2.3 E# Bacillus sp. ZJS3 fER BB &4
THXERMRIESH

%t Bacillus sp. ZJS3 HRRTE As™ I EE N
0 mg/L 1 180 mg/L 254~ F 30 °C. 200 r/min
Kigt 24 h 5, XPHSRPEREL SNHESE A (arsB)FI
IR B S B ] (ars ) AT T € & PCR LAy
Br, e 2N CAR LK 4, 4% i PCR 45
RFW, WAPRRER SMIEIER arsB FEA b H 2514
T [(7.1120.69)x10° copy/g] & # Ik F xF & 41
[(1.80+0.45)x10* copy/g]; MHERERIE JSIED arsC
TE T AL B4 F T [(3.77£1.05)x107 copy/g] i &
i T BRA[(8.46+2.17)x10° copy/g].
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Figure 4 Quantitative analysis of related genes of Bacillus sp. ZJS3 strain under As>" stress. A, B represent
arsB gene standard curve and amplification curve, respectively. C, D represent arsC gene standard curve and

amplification curve, respectively.
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