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Isolation, identification and whole-genome analysis of Bordetella
bronchiseptica FMDBDb1 from forest musk deer (Moschus

berezovskii)
WU Xi' LI Xiongjie'! YU Dong' WU Xiaoyi' CHENG Jianguo®> LUO Yan'
WANG Yin' YANG Zexiao' YAO Xueping'

1 College of Veterinary Medicine, Sichuan Agricultural University, Chengdu, Sichuan 611130, China
2 Sichuan Institute of Musk Deer Breeding, Dujiangyan, Sichuan 611800, China

Abstract: [Background] Respiratory diseases are common in captive musk deer, some of which are
caused by Bordetella bronchiseptica (Bb). However, the research on Bb from forest musk deer (FMD) is
insufficient. [Objective] To identify a strain of Bb isolated from the nasal mucus of FMD, analyze its
whole-genome sequence and lay a foundation for the prevention and control of related diseases in FMD.
[Methods] The pathogen was purified by culture method and preliminarily identified based on colony
morphology and biochemical properties. Then, drug sensitivity test and mouse pathogenicity test were
carried out to analyze the drug resistance and virulence phenotype. Finally, the whole genome was
sequenced. The genetic relationship among species was evaluated based on average nucleotide identity
(ANI) at the whole genome level. Meanwhile, gene function annotation and phylogenetic analysis were
conducted. [Results] The ANI comparison demonstrated that the pathogen belonged to the classical
Bordetella subspecies. According to the colony morphology and biochemical properties, the pathogen was
identified as Bb and named FMDBbI1. The strain was resistant to lincomycin, rifampicin and most
B-lactam antibiotics, with LDs=8.55x10° CFU. The whole genome of the strain was 5 133 936 bp, and
gene function annotation showed that it had strong metabolic capacity. In the genome, 65 classical
Bordetella virulence factors and the resistance genes targeting pulvomycin and rifampicin were identified.
Meanwhile, 19 insertion sequences and 1 phage region were found as well. The strain showed the
sequence type 33 and the clone complex 6. The phylogenetic tree constructed based on the housekeeping
genes showed that FMDBDb1 had the highest homology with KVNON-570 isolated from Korean shorthair
cat. [Conclusion] The whole genome of Bb isolated from FMD was sequenced and analyzed, which
provided valuable information for the prevention and control of the pathogen infection.

Keywords: forest musk deer, Bordetella bronchiseptica, whole-genome analysis, pathogenicity, drug
resistance
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T8, JEAEH Bliss 138 5 (LDso)
1.6 FEESERENFRFTSH

et 1T 0% 000 5 g A 4 6k PR 40 5 4G 1k (Whole
Genome Shotgun, WGS), H£5HZ1d ks 5 #a a5t
RIZH BN, RS AR, P60
Ilumina NovaSeq, /75X A SR v(Paired-End,
PE)II Y, R A5-MiSeq #l SPAdes Xl 3 5 ¥
AT PR . SRR TAE h B IR R A Rk
F A BR S W] 58 i
1.7 ERASHF

i FH#EZL T H. ANI Calculator (http://enve-omics.
ce.gatech.edu/ani/index), ¥ FMDBb1 5i%JgE HAth
BRI T8 R — 2Pk (Average Nucleotide
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memaster.ca) X HHE Y 19 75 7 JE DR R 24 3 R 2R A 7 F1 EHRBEER
TE ¢ ; ISFinder (https://www-is.biotoul.fr/) i T4 T;'é’;;% EBTiZscth:.:nmi:al test results S
W24 s ARSI JC 2, WA R T A — ‘
(http://phast.wishartlab.com/) F T i3 T 3 K 2H N 1Y T actose B

i W B AR P 81 5 HJ5 PubMLST %48 FE (https:/ Sucrose

pubmlst.org) /1 FMDBb1 AP AIMIE, Jfik rzaSlmse _

HUNCBI Hi9 31 #RAHSCE PR, fH MEGA 6.0 X Nitrate

+
P FET AR B9 R IE R 1T 2 FE R B A 2 Of‘idase +
5Hi. IiF BLAST BHURIA e fH<1x107, —3( E‘:‘e i
rease
P>40%, 15 %E>40%. MR-VP
2 %%Qﬁ’iﬂf W o+ B - B

Note: +: Positive; —: Negative

2.1 FMDBb1 E#RRIE Y F RIBUAFAE .
IV BE T R | g, o K2 BERBLR

Table 2 The results of antibiotic sensitivity tests

B, RWIEFENEE 1A); ERIUEHRE L Jorzen LA WMEEERE SR

TE RO G R BV, BB R (& 1B), Antibiotic Drug names fighibition (zone) Results
[V . s ot e . category iameters (mm
MR YLK, ] DLZL e P B R ) /N B-lactam Piperacillin___ 36 S
(K 10) antibiotics Ampicillin 6 R
BRI S R (R DR, X WA 5 b Amoxicillin 6 R
Cefradine 6 R
. > . BEIR Wis Ll . pEh A
3@ 9 Z:F:/Z-E HZS 9 Hlﬁl{}?ﬁﬁﬁ&m ’ ﬁﬂﬁ%ﬁ&m A ﬂ’f’t Ceftriaxone 20 1
fifg . MWREAEATS FHYE ; MR-VP I RATE, WYEIEAR Aztreonam 6 R
A ALAS RIRF G S MU FAF 12 A S RAALE Imipenem 25 S
e p A Tetracycline Tetracycline 31 S
22 B . . N Amphenicols Florfenicol 31 S
ﬂn%% 2 Pow ’ %@Uﬁgﬁéﬁ%%% ’ }i**%‘f Aminoglycosides Amikacin 29 S
El%%'f . WA //l\i#& B—V\]@ﬁ’ﬁﬂﬁ%’éé’i%(mfﬁ?ﬁﬁ Tobramycin 25 S
MR ) . 2R EE R Y (R R B Gendamycin 30 S
N - T, 4 Strept in 13 I
Fo TR, AR Mk W2 Y U, N N
B o . Lincosamide Lincomycin 6 R
XEUH‘EI%?% N %IJ }E'ﬂilz‘*ngﬂ B‘Ij\] MH&;@%%(%* Quinolones Norfloxacin 26 S
PAAR . Bl s AR . Sk E | A il ) 24 Levofloxacin 31 s
Ciprofloxacin 30 S
Rifamycin Rifampicin 6 R

e S: BUS; I R MHES
Note: S: Sensitive; I: Intermediary; R: Resistance

2.3 FDMBb1 E#k*/NRBIBUF

| HEEELBAEEREWN). ZRIERE®B) L IREALTESS 3x10° CFU/mML AT RS
MEERSSEZRABHERERO) 4 JUNRAE2 h N BIZEARIR, 6 hZcAy BT 40

Figure 1 The colony morphology of isolated bacteria on PNINION = . 2 N :
blood agar medium (A) and McConkey medium (B) and HIERHE, EARECECRR, 10-12 h NARfsET. X

the result of Gram staining microscopy (C) RN RIS AETG o SR IR 2 /R, B) e
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PERE G B FE S L) FASTA JEa_EA% 2 Genome %145
i, 555 WAGZ00000000.

2 FDMBDb1 E#R RSN R A Al B HE 528 45 R (40%)
Figure 2 HE staining of strain FDMBb1 infected mice
lung tissues (40x%)

M A: XTREZ; B. SEIGH

Note: A: The control group; B: The experimental group

100
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— [ |
g ;
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Figure 3 Survival curve of challenged mice within 7 d
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GrOIE 472 AF0 430 Ao [IEE, 5316 AEFAHIE
B3| KEGG Hhfgsrkh, 9 M—Zsr 2K B 5k
A RMER RS, 20964, &880
39.4%, FHIPNE Brite 2RI 54 A
Mip R E ARG ERE, 926 1, &
17.4%. F34b, A 147 DE R B2 RRAE AR B
B FEE BN Brite B0 o
262 BHEATFIR
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B SORE I FAT TR B R IEYERE ) R A
W2 4 224K 1ML 5E K (Filamentous Hemagglutinin,
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ANI (%)

FMDBbI (WAGZ00000000) ...-. A
Bordetella bronchiseptica (CP014013.2) ..... 95
Bordetella parapertussis (HE965803.1) .....
Bordetella pertussis (BX470248.1) .-... - 90
Bordetella hinzii (CP012076.1) .--. ...-

Bordetella trematum (LT546645.1) ..--. -.. ®
Bordetella holmesii (CP007494.1) .----- -.
Bordetella avium (AM167904.1) --...- N
Bordetella petrii (AM902716.1) .--.-.-.
75

o\ S CI 1‘\, N
@9‘% SG‘Q“ e\"’\ﬁ:’ {\ \‘;3 A ()N
oﬂc (0¥

A
A o & & &
‘ \\0 \\0‘ g\\’a
e\\ e&‘e A

o @e, 20

R\C
e
T

4 FDMBb1 5i KT HE B R E#ET ANI Lbxt

Figure 4 ANI results among FMDBb1 and representative strains of Bordetella
e 355 N HIZR RN NCBI % 5% 5

Note: The NCBI accession number of the strain is shown in brackets

%3 FMDBbl ERERBFHFTNET
Table 3 Virulence factors in strain FMDBb1 genome

ke BT AHSCHE
Function Virulence factors Related genes
Adherence Fimbriae fimA, fimB, fimC, fimD, fimX, fim2
Pertactin prn
Filamentous hemagglutinin fhaB, fhaC
Tracheal colonization factor tefA*
Endotoxin Lipopolysaccharide (LPS) bplA, bplB, bplC, bplD, bplE, bplF, bplG, bplH, bpll, bpIL
Secretion system  Ptl type IV secretion system ptlA, ptlC, ptID, ptlE, ptlF, ptiG, ptiH

Type III secretion system (T3SS)  bscF, bscE, bscD, berD, berHI, berH2, berd, bscl, bscl, bscK, bscL, bscN,
bscO, bscP, bscQ, bscR, bscS, bscT, bscU, bscW, bscC

TTSS secreted proteins bopB, bopC, bopD, bopN, bsp22
Serum resistance  BrkAB system brkA*, brkB
Toxin Pertussis toxin (PT) pxA, ptxB, ptxC, ptxE
Dermonecrotic toxin (DNT) dnt
Adenylate cyclase cyaE, cyaD, cyaB, cyad, cyaC

* fREEA

Note: *: Pseudogene
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2,63 THAERE TR

7E FMDBb1 B kR A3 R 41 o & BiAT 2 At 24
BN, HAUE 2 AR PR, 5
SRR FIETAEE, Hag K250 2 5
RIVERE R Z 25T 25 AN HEE . S5 5R IL3k 4.
2.64 HAFT

W 5 s, FMDBb1 E#kIL AT 19 NE T
6 IS FIEM IS JofF, FF H X2 IS Juihryike 4
5, REE5A H K RFFEA G, Hiu i1
T H % A E R 1S1663 L HA 54, HAeRk
1) IS LA H Y RE 11
2.6.5 HIMEE K

W5k PHAST Fiill, FMDBb1 3 [ 2 {2
KRR —DBEFEK XS AETE, LT Contig3 1
370 428-388 089 bp &b, Gl 5 R, XK
Jy 17.6 kb, fu5 124 CDS, GC &N 67.8%,
R % A 5 e T A 6 1) B P B 2 AR A S
A A . T2 X B2 (53 L 4532 X B 2
FUATAZ I ZATIR P S BE, LA bp BT
INF 70, FEBECHIZRIEA TR

% 4 FMDBb1 FE KA 255 &
Table 4 Prediction of antibiotic resistance gene in strain
FMDBb1

[GESE-SEES T 245 ik R
Resistant gene category Resistant gene
Anti-pulvomycin EF-Tu
Anti-rifampicin rpoB

Efflux pump conferring
antibiotic resistance

adeF, acrB, mdtB, ceoB, oprM,
AxyY, MexB, MexD, mexI, mexW,
mexN, MuxB, MuxC, smeB, smeE

| BD
b ¢

a

&5 FMDBbI1 FHFERHEITENFTI
Table S Insert sequences in strain FMDBb1

Family = Name Origin Number
1S110 1S1663 Bordetella pertussis 5
1S3 ISXac4 Xanthomonas axonopodis 1
Tn3 ISAzs17  Azospirillum sp. 1
ISShesll  Shewanella sp. 1
IS1182  ISThspl6  Thiomonas sp. 1
ISL3 1S1001 Bordetella parapertussis 1
ISRtal Ralstonia taiwanensis 1
ISRsol5  Ralstonia solanacearum 1
ISThspl4  Thiomonas sp. 1
ISBmal Burkholderia mallei 1
1S481 1S481v2  Bordetella pertussis 1
1S481v1 Bordetella pertussis 1
18481 Bordetella pertussis 1
ISBcen26  Burkholderia cenocepacia 1
ISCte4 Comamonas testosteroni 1

27 FHRBMRZAESR

HET PubMLST e e, IR HIEA 7 MER
M, 3HE adk. fumC. glyA. tyrB. icd. pepA.
pgm. HRH4E 7 MOLSRISENSEA, 1595 FMDBbI
RIGIPHIRTN ST33, R A ASAIN CCé6.

M R I R M R SR AN 6 T
N, SHAWRFEEFMAR, & H 2% KR
FVENE H 02 B B RSB Rk 7 i
1 HL 5 S8 WO 3 R R R & R
P, REEBEWMREMN, MBS B FMDBbI
552018 42435 Tl = 5 B 19 KVNON-570 Btk
FRG KRR

: DD |
D ;

371k 372k 373k 374 k 375k 376 k 377k 378k 379 k 38bk 381 k 382k 383 k 384 k 385k 386 k 387 k 388 k

Ir a < g4
f‘( < c<—|

5 FMDBb1 B #kAY BTIE B AL E R B E A TR

f
C ]

Figure 5 The prophage view and phage elements annotated of strain FMDBb1
T a: W& b BEWE; o HAth; d HMOWREARER; o Kimil; f BXEA

Note: a: Attachment site; b: Integrase; c: Others; d: Other phage-like proteins; e: Terminal enzyme; f: Hypothetical protein
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Organism (GenBank accession No.)
Bordetella bronchiseptica (CAKS00000000)
Bordetella bronchiseptica (CP049918.1)
Bordetella bronchiseptica (WAGZ00000000)
Bordetella bronchiseptica (AP014582.1)
Bordetella bronchiseptica (CP020650.1)
Bordetella bronchiseptica (CP014013.2)
Bordetella bronchiseptica (BX470250.1)
26 Bordetella bronchiseptica (NRDH00000000)
Bordetella bronchiseptica (CP020651.1)
Bordetella parapertussis (HE965803.1)
Bordetella pertussis (BX470248.1)
Bordetella pertussis (HE965805.1)
Bordetella bronchiseptica (CP024175.1)
Bordetella bronchiseptica (HE965807.1)
Bordetella bronchiseptica (JGWG00000000)
Bordetella bronchiseptica (CP020818.1)
Bordetella bronchiseptica (RKIP00000000)
Bordetella bronchiseptica (CP018761.1)
Bordetella parapertussis (AP019378.1)
Bordetella bronchiseptica (JGWK00000000)
100 Bordetella bronchiseptica (JGWH00000000)
Bordetella bronchiseptica (CP024173.1)

99 Bordetella bronchiseptica (CM002881.1)

98|  Bordetella bronchiseptica (QVOG00000000)

344 Bordetella bronchiseptica (UFTS00000000)
Bordetella holmesii (CP007494.1)
Bordetella avium (AM167904.1)

100

64

Elo KERHEMETERERMEMRZLEN

Strain Host Country Year ST
1289 Monkey USA UN 32
KVNON-570 Cat South Korea 2018 36
AFMDBbI Forest musk deer China 2019 33
S$798 Pig Japan 1988 6
E001 Human USA 1956 11
FDAARGOS 176 Rabbit USA 1994 12
RB50 Rabbit USA UN 12
SHO1 Pig China 2014 7
D755 Human USA 1999 7
Bpp5 Sheep New Zealand UN 16
Tohama I Human Japan 1954 1
18323 Human USA 1946 24
A345 Human USA 1995 21
MO149 Human USA UN 15
00-P-2730 Human USA 2000 34
F709 Turkey USA 1983 35
FDAARGOS 543 Human USA UN 66
A310 Human USA 1985 8
Bpp01 Human Japan 2002 19
3E44 Rabbit USA UN 10
00-P-2796 Human USA 2001 27
D987 Human USA 1968 27
ATCC 10580 Dog USA 1966 31
KACC 11941 Dog UN UN 31
NCTC452 Dog UN 1920 31
ATCC 51541 Human USA 1983 80
197N Turkey USA 1980s 76

Figure 6 Phylogenetic tree of Bordetella based on housekeeping genes

TE: A AFTFS# 00 FDMBbI E#k; UN: RAlL ST: JFFIZEAL 3308 EMEEFEFIR Bootstrap 1 1 B5 . ARIZHAA

FATA B AT

Note: A: The FDMBDbI1 strain isolated in this study; UN: Unknown; ST: Sequence type. The number on each node represents the
confidence value of the bootstrap test. Each species were marked in different colors

3 W54
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