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Screening and identification of genes associated with streptomycin
resistance in Brucella melitensis

ZHOU Shizhong”', YUAN Yaqin*%, NING Wengqing'?, XUE Tianqi’>, YANG Xiaowen"!, DING Jiabo™!

1 Key Laboratory of Animal Biosafe Risk Prevention and Control (North), Ministry of Agriculture and Rural
Affairs, Institute of Animal Science, Chinese Academy of Agricultural Sciences, Beijing 100193, China

2 Key Laboratory for Avian Preventive Medicine, Ministry of Education, Key Laboratory of Jiangsu Preventive
Veterinary Medicine, College of Veterinary Medicine, Yangzhou University, Yangzhou 225009, Jiangsu, China

3 College of Veterinary Medicine, Shandong Agricultural University, Tai’an 271018, Shandong, China

Abstract: [Background] Brucella spp. are facultative intracellular pathogens causing a
worldwide zoonosis, brucellosis. Streptomycin is the recommended antibiotic for treating
brucellosis, while streptomycin-resistant isolates have been identified in China (according to the
breakpoint recommended by CLSI). [Objective] To screen and identify new genes associated
with streptomycin resistance in Brucella melitensis. [Methods] We employed RNA sequencing
(RNA-seq) to mine new genes associated with streptomycin resistance in B. melitensis.
Homologous recombination and molecular docking were employed to predict and identify the
functions of the relevant genes. [Results] B. melitensis M5 restored its proliferation after 12 h
of culture in the medium supplemented with 2xMIC of streptomycin. The results of RNA-seq
revealed that cell membrane components played a role in the resistance to low-concentration
streptomycin. Under streptomycin stress, the expression of genes involved in the ribosome
pathway was up-regulated [|log2FC|>2.0, P<0.05], while that of genes involved in quorum
sensing and type IV secretion system was down-regulated (|log2FC|>2.0, P<0.05). The MICs of
streptomycin for virB3- and virB5-deleted strains were higher than that for M5, while the MICs
of streptomycin for complemented strains were not significantly different from that for the
wild-type strain. Molecular docking results demonstrated that VirB3 and VirB5 could bind to
streptomycin through hydrogen bond. [Conclusion] Streptomycin mainly affected pathways
related to cell membrane components of B. melitensis. B. melitensis develops resistance to
streptomycin by down-regulating the expression of virB3 and VvirB5 of the type IV secretion
system. This study provides new insights into the research on the antibiotic-resistant strains of
Brucella spp. and offers candidate targets for the development of new agents for treating
brucellosis.

Keywords: Brucella melitensis; streptomycin; type IV secretion system; VirB operon
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SR AT E U AR RED . IR F7 4 3 B A 5)
Y, B, e RESRERG . A
B4 THT e A1 6 X T vl A A it ol A S 10 A iy
R K

W E A AT ™, A TR E e
A GL i 2R 48 P AR RT3 K S i B
Ft HO (https://www.ndcpa.gov.cn/jbkzzx/c 100016/
common/list.html) . I 4F A B8Ok 8 22 i) Hg B %
A& IR AETE 250K 1), T 25 BR 9 A2 AE Il 1
AT B PERME B . R R R R AR AN
(World Health Organization, WHO)#EZ7 )70 i
BIF—L T, A 1986 Al — L HES
HRRETAEETEYAER, FHATHEDY
WRER 30S WAL, 4w & A B A, i
MR AR IEES . BTt & B, &
B e AE TE 5 & R /D I I R EE (minimal
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I, SRy 0 O S A IR B R RN 52 B A
A 5T SR 5% s 20 O A B 5 3R Tt 52 A O 2k
. FEH P [F] 95 B 2H 25 H AR 28 0 A DG L R 9 2
RE, LU A 6 TR T T 24 R 0 i o 4 At L it
AT TR B 25 i A R A e B

1 #R5r%

1.1 #&H

LA A G TR (B. melitensis)E B bk M5, 24
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25922 Fl pgex-18AP Jithi, pBBRIMCS Jiifi H
b [ AR B 2 BE B S B AT S T Bl AR i 4
A ML IR [N VS SN Di VNS (T P
BRI TE P Al B2 B F R R A B s A=
Wy 4 500 38 T A B4 T BN AE W 2 4 0 S
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1.2 FERFIANE
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nn 2 R E ST BE s RNAprotect Bacteria Reagent,
BLANAED AL EDARA R 43S RNA $2 50K
Mg, RIRAEAED AL ABRA ) Ay
MGISEQ-2000RS llJ¥#k i~ . MGISEQ-2000RS
e E PR, IRDIAE R 1 R B A PR
/N ] 3 Premix EXTaq (Probe gPCR) , PrimeScript RT
Reagent Kit, 2xPremix Taq, ¥ HEAYH AL
FOAFRZAH]; ClonExpress MultiS One Step Cloning
Kit, Bt MERE AR PR R R A R A w

AR AL MGISEQ-2000, RHIIAE K%
1B B A PR /] 3 Qubit 4 Fluorometer,
Invitrogen NG NanoDrop, Thermo Scientific
/w5 PCR 7 184%, Bio-Rad 23wl ; HL T HJAY,
BioMerieux Al ; #¢)GE it PCR X, V4% K&
FHEATRA A
1.3 ERE

A1 B 17 S A R332 522 SOk 1011
il REBEREFRIL , ZEAT [RBUIR IR AL TSN 0.22 pm
DB I D AR TR S T RE VAR, (S B SR I b
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1.4 {F5MEFEHE MIC ERIEN

Z25 CHR[101ESL R TT 1%, FIHT 96 FLF-Af
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BRFR A BIPERS B
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DNA, £ X558 R A A& [ AL rpsL 4
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Table 1

Primers for amplification of virB operon genes

5| %) % X Primer name

J¥%1 Sequence (5'—3")

virB1-f
VirBl-r
VirB2-f
VirB2-r
virB3-f
VirB3-r
virB4-f
VirB4-r
VirB5-f
VirB5-r
VirB6-f
VirB6-r
virB7-f
VirB7-r
VirB8-f
VirB8-r
VirB9-f
VirB9-r
virB10-f
VirB10-r
VirB11-f
virBl1-r

gecgcetetagaactagtggatcc ATGGTGCCATTCCTTGTCCTC
gggaacaaaagetgggtaccTTAGAAAACAACTACGCCGTCCG
cgctctagaactagtggatccATGAAAACCGCTTCCCCCAGCAAG
ccctcactaaagggaacaaaagetgggtaccTTACCTAAGCAGGTAAGAGG
ccgetctagaactagtggatcc ATGACAACGGCACCACAGG
ctaaagggaacaaaagctgggtacCT TATGATTCTCTTTTGCGCTTTGTGAAGGC
cgctctagaactagtggatcc ATGGGCGCTCAATCCAAATACGCG
ctcactaaagggaacaaaagctgggtaccTCACCTTCCTGTTGATTTGG
ctctagaactagtggatccATGAAGAAGATAATTCTCAGCTTCGCATTCGCCC
caaaagctgggtaccTTAATAGGCGGCTTCCAGTGCTTTCG
gccgcetetagaactagtggatccATGGTTAATCCTGTAATCTTTGAGTTC
ggaacaaaagctgggtaccCTAATCCCTGTTGAACTGGCC
getctagaactagtggatcc ATGAAAAAGGTAATCCTTGCTTTTGTCGCC
gggaacaaaagetgggtaccTTAGTCCTCGTAAGTGTCAACG
gecgctctagaactagtggatcc ATGTTTGGACGCAAACAATCTCC
ggaacaaaagctgggtaccTCATTGCACCACTCCCATTTCTGG
gcegetctagaactagtggatccATGAAAAGATTCCTGCTTGCG
caaaagectgggtaccTCATTGCAGGTTCTCCCCGGGCGATTTG
ccgctctagaactagtggatcc ATGACACAGGAAAACATTCCGG
ctaaagggaacaaaagctgggtaccTCACTTCGGTTTGACATCATACACAC
cggccgctctagaactagtggatcc ATGTCAAACCGAAGTGA
ggaacaaaagctgggtaccTCATTGCGCCTTCTCACTGTGTTG
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REFHEREARERIFS, NG TR A BR8]

Uppercase letters represent sequences derived from the parental strain, and lowercase letters represent sequences derived from

the plasmid.

454, FIFH MOE (2019)2RA 2 Bob i {1k 25 A
ik JE, RSN ST, RS
BN, R A RE AR B AR R S B
FARM S A R
1.10 #HIESGit

FIH Excel 2010)% ¥zt 150125 4811, F)
1 GraphPad Prism 5 fl R £l A0 & -, FIH
Jalview #4774 HLXF, FIA] SPSS Statistics 23
STEE A 722 R 580, P<0.05 B 22 5% B 3% .

2 ZR5M

21 FMHEREMZPERERESE
R HG BRI 1 R M5 52 R MIC

i, 2554 0.5 pg/mL, 1M Clinical & Laboratory
Standards Institute (CISL) (M45)PE77 i) 41 & [X
R E T 2537 45 MIC (E KT 8 pug/mL.
M, AW  MIC {8 H R 3K 2 i 25 7K 5F
IR R 1 ug/mL 2xMIC)HEAT 5 S Bk
Bh % Kt s 2 Ty o

A RRRER I ZE SR LB, TR RE M5 7E 1 pg/mL
MIEER 2R R T AR B RN IR T 9212,
253 W25 (P<0.001) (& 1A). Bl it 55 £ 1
Br SR BN R B ]S bR MSrpsL R [K 747
REB rpsL FEHRAE (K 1B). DL LahHk,
SN QT B AR B0 RN 9828 (1 25440 T T 52
R R
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WT+SM
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ns

0 12 24 36 48 60
Time (h)
B 10 20 30 40 50
f | f
Ohoa acc asaccagc a caalgc ci@cac c nagcgcaataa
12h a acc aaaccagc a caalgec cicac c aagcpgcaataa
24ha acec aaaccafgec a canalgccEc@cac c c aagcgcaataa
36h a acc aaaccagc a caalge clglcac c c angcgcaataa
48 h a ace aaaccagece a caagc cilcac c@cec aagcgcaataa
60h a acc aaaccalgece a caalgece clfcac c ¢ anajgciglcaaltiasa
Consensus
ATGCCTACCGTAAACCAGCTTATCCGCAAGCCGCGCACTGCGCCOGGTGAAGCGCAATAA
Occupancy

1 AMEEHEFEKR M5 HEKIFMR rpsL EETZEM A A REHESTIWT 16 KRR
FRZEARE, WT+SM HE N 1 ng/mL 5E5E A RRF IS SR EA . ns: P>0.05, *: P<0.05, **.

P<0.01,
Figure 1

#¥%, P<0.001), B: rpsL JEFE A S G

Growth characteristics and variations in the rpsL gene of the M5 strain under normal conditions

and in medium supplemented with added streptomycin. A: Growth curves of the strains in different media.
WT represents the wild-type strain cultured in Brucella broth, and WT+SM represents the WT strain cultured
in Brucella broth supplemented with 1 pg/mL streptomycin. ns: P>0.05, *: P<0.05, **: P<0.01, ***: P<0.001.
B: Consensus sequence analysis of the rpsL gene by sequencing.

22 FHAHEKREMAEEMKDE
RARERSEMIZPINEEER
FesRAAMFRM, 1 pg/mL SRR T, &
PR M5 F7AE 98 MR B F k22 S 3kik, Horp 23 4>
R FRIEB B EM LW, 75 MR RRE R E
PR IR 2A), qPCR AN B 73k 5 A AR X 2R ik
i, RS AT a5 R T 5 (8 2B). GO Mk
SPREERFM, WEVE B F RN T
Tjfg(molecular function, MF) (& 2C), BEMET
A3 K] 32 2 T R b A ) 3 72 (biological  process,
BP) (I#12D). % i & 2= Rk i 5L 34T KEGG

pathway 43Hr, 25K, FREEAFES Y
1% B 1K (ribosome) Fl1 24 it J& -t(RNA 4= 91 & B
(aminoacyl-tRNA biosynthesis)i& 42 (&l 2E), T
FEN T2 S HHFAR )Y (quorum  sensing) Fl4H T
71 Z 4 (bacterial secretion system)ig 2 (& 2F).
R AP o3 B, 45 2xMIC fE8 R,
IVEL - R LI Rk Y N, Ho
VirB1, virB3, virB4 Fll virB5 3k [K i) £k 5
FEAk. DL ES5IRERN, s R RS
T TR 20 R RS 2H B o000 B AR DG i, LTV
G RGAERE R R 2 B R AR E AR
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23 FMHHERRIVESWDARAZNZ
tEEZNMER
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2 WERFUHTERENMT A ZREBENKNE; B: qPCR ERGMIENYFRER; C: P&
Pk ERELE GO iRE/s; D: BETE TR GO ThEEsr2k; E: B &Yk LKL KEGG pathway I
AEsr3S; F: BEMETIHIEN KEGG pathway JIRE/r2E .

Figure 2 Transcriptome analysis under streptomycin conditions. A: Volcano plot of differentially expressed
genes; B: Quantitative gene expression analysis by qPCR; C: GO functional classification of significantly
upregulated genes; D: GO functional classification of significantly downregulated genes; E: KEGG pathway

functional classification of significantly upregulated genes; F: KEGG pathway functional classification of
significantly downregulated genes.

ST RW, VirB3 Rl VirBS ERE 3 b
WLt R A G o BRI VirB3 3 20 17

Ile, 104 fii Tyr i1 22 {3 Lys LA 25 4 (F 3C ‘
3D); 15 VirB5 #1100 201 £ GIn, 142 f T EPRIGHGE. AHTERIHEIIHT 1983-2020 4

)
Asp LIS L4 (6] 3B F13F) L ot gy, A& IR QU U i 254, K
W E AT AR S 4E A TV AN R b VieB3 M E RIEXEEEE R | POREE R FIBK R A AT 2
M VirBS B A EREN, EmAHERE B8 2.7% (95% CI, 0.015-0.049) . 2.3% (95%
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Figure 3 VirB3 and VirB5 proteins play important roles in streptomycin tolerance of B. melitensis. A:
Growth characteristics of wild-type and deletion strains. B: MIC value of streptomycin for WT and deletion
strains in vitro. WT indicates wild-type strain, AvirB3 represents the virB3 gene deletion strain, AvirB5
represents the virB5 gene deletion strain, CvirB3 represents the virB3 gene complement strain, and CvirB5
represents the virB5 gene complement strain. C: Molecular docking prediction model of the VirB3 protein
with the streptomycin binding site. The red box indicates the predicted binding region between streptomycin
and VirB3 protein. D: 2D model of the amino acid residues at the streptomycin binding site in the VirB3

protein. E: Molecular docking prediction model of the VirB5 protein with the streptomycin binding site. The
red box indicates the predicted binding region between streptomycin and the VirB5 protein. F: 2D model of

the amino acid residues at the streptomycin binding site in the VirB5 protein.
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