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Abstract: Molecular typing has been an important technique to monitor the outbreak of bacterial

infections and the transmission routes of bacterial pathogens. Improvements in the next-generation

sequencing technologies are facilitating rapid and cost-effective molecular diagnosis and genotyping in

identification, characterization, and source tracking of bacterial pathogens. With the advancement of

microbial whole genome sequencing techniques, a large volume of bacterial genome data have been

produced and deposited in public databases, which necessitate the need of a variety of bioinformatics

tools to analyze and interpret these data. This review provided an overview of the whole genome

sequencing-powered typing and source tracking of bacterial pathogens by various cutting-edge

bioinformatics tools. We also discussed the bottleneck in the deployment of this technology in clinical

practice and the future application prospects in bacterial infectious disease management.
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type, ST)RFAE, XFAMFEEHEAT T4 . BRI bk
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i) MLST % ¥ ik 47 K & F7E £k L XF
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typing, cgMLST). 25 H Z 47 5 7 51 45 B
(whole genome multilocus sequence typing,
weMLST) Fl A% /0> 5 [K 41 B A% 1 R 22 25 14 (core
genome single nucleotide polymorphism, cgSNP)
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List of bioinformatics tools used for bacterial genome sequence typing and source tracking

Name Description

Accessibility Link

Gene-by-gene approaches
chewBBACA!"!!  ¢g/wgMLST schema creation and
allele calling using genome

assemblies (FASTA)

Web & Standalone https://chewbbaca.online

https://github.com/B-UMMI/chewBBACA

MentaLiST!'?! cg/wgMLST schema creation and  Standalone https://github.com/WGS-TB/MentaLiST
allele calling using raw sequencing
reads (FASTQ) or genome
assemblies (FASTA)

Genome profiler™ cg/wgMLST schema creation and  Standalone http://sourceforge.net/projects/genomeprofiler

allele calling using genome
assemblies (FASTA)

(F548)
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In silico typing

SeqSero[M]

SeqSero2!'

MOST!®

SalmonellaTypeFinder

SISTR”

SerotypeFinder!'®

Kaptive!'* 2%

ClermonTyping"

pMLST!?

PlasmidFinder??

PLACNETw!*!

oriTfinder®¥

Salmonella serotype prediction Web & Standalone
using raw sequencing reads
(FASTQ) or genome assemblies
(FASTA)

Similar to SeqSero (an updated Web & Standalone
version)

Salmonella serotype prediction and Standalone

MLST allele calling using raw

sequencing reads (FASTQ)

Salmonella serotype prediction and Web & Standalone
MLST allele calling using raw

sequencing reads (FASTQ)

Salmonella serotype prediction and Web & Standalone
cgMLST allele calling using genome

assemblies (FASTA)

E. coli serotype prediction using raw Web & Standalone
sequencing reads (FASTQ) or
genome assemblies (FASTA)
Capsule and lipopolysaccharide Web & Standalone
serotype prediction for Klebsiella
pneumoniae and Acinetobacter
baumannii genome assemblies
(FASTA)

In silico Escherichia genus strain ~ Web & Standalone
phylotyping using genome
assemblies (FASTA)

In silico plasmid multilocus Web & Standalone
sequence typing using genome

assemblies (FASTA)

In silico characterization of plasmid Web & Standalone
replicons from Enterobacteriaceae
using raw sequencing reads (FASTQ)
or genome assemblies (FASTA)

A graph-based tool for plasmid Web & Standalone
reconstruction using raw sequencing
reads (FASTQ)

Identification of bacterial mobile Web & Standalone
genetic elements using genome

assemblies (FASTA) or GenBank

files

Phylogenetic inference

Gubbins™* 2%

Rapid phylogenetic analysis of large Standalone
samples of recombinant bacterial

whole genome sequences using a

multi-FASTA alignment file

http://denglab.info/SeqSero
https://github.com/denglab/SeqSero

https://github.com/denglab/SeqSero2
http://www.denglab.info/SeqSero2
https://github.com/phe-bioinformatics/MOST

https://cge.cbs.dtu.dk/services/SalmonellaTyp
eFinder

https://1fz.corefacility.ca/sistr-app
https://github.com/phac-nml/SISTR cmd

https://cge.cbs.dtu.dk/services/SerotypeFinder

http://kaptive.holtlab.net
https://github.com/katholt/Kaptive

http://clermontyping.iame-research.center
https://github.com/A-BN/ClermonTyping

https://pubmlst.org/organisms/plasmid-mlst

https://cge.cbs.dtu.dk/services/PlasmidFinder

https://castillo.dicom.unican.es/upload
https://github.com/LuisVielva/PLACNETw

https://bioinfo-mml.sjtu.edu.cn/oriTfinder

https://github.com/sanger-pathogens/gubbins

(GE3)
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RecHMM”

PhyML[P¥

RAxML™®!

IQ-TREEP”

MrBayesD”

BEAST!Y

Snippy[33]

Lyve-SETE%

SNVPhyl**

CSI Phylogeny®

BacWGSTdbl7=¥

Detection of recombinant Standalone
breakpoints and tree-topology
changes in whole-genome sequence
alignments using a multi-FASTA
alignment file

Fast maximum likelihood-based
phylogenetic inference using a
PHYLIP format alignment file
Phylogenetic analyses of large Standalone
datasets under maximum likelihood
using a multi-FASTA alignment file
A fast and effective algorithm to
infer phylogenetic trees by
maximum likelihood using an
alignment file in various common
formats

A variety of phylogenetic and Standalone
evolutionary models based on
Bayesian inference using a NEXUS
format alignment file

A cross-platform program for Standalone
time-measured Bayesian

phylogenetic analysis and

phylodynamic data integration using

an alignment file in various common

formats

A pipeline for rapid variant calling  Standalone
and core genome alignment using

raw sequencing reads (FASTQ) or

genome assemblies (FASTA)

A high-quality SNP pipeline to Standalone
create a phylogeny using raw

sequencing reads (FASTQ)

A pipeline for identifying Standalone

high-quality SNPs and constructing

a phylogenetic tree using raw

sequencing reads (FASTQ)

Identifying variant and inferring Web
phylogenies based on the

concatenated alignment of the
high-quality SNPs using raw

sequencing reads (FASTQ) or

genome assemblies (FASTA)

A one-stop platform for bacterial Web
whole-genome sequence typing and
source tracking using genome

assemblies (FASTA)

Web & Standalone

Web & Standalone

http://biowiki.org/wiki/index.php/Rec_ HMM

http://www.atgc-montpellier.fr/phyml
https://github.com/stephaneguindon/phyml

https://github.com/stamatak/standard-RAxML

http://igtree.cibiv.univie.ac.at

http://www.iqtree.org

http://nbisweden.github.io/MrBayes

https://beast.community

https://github.com/tseemann/snippy

https://github.com/Iskatz/lyve-SET

https://snvphyl.readthedocs.io

https://cge.cbs.dtu.dk/services/CSIPhylogeny

http://bacdb.cn/BacWGSTdb

http://journals.im.ac.cn/actamicrocn
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Procedures for bacterial genome sequence typing and source tracking analysis.

Figure 1

11 EFENEEFIINFRERSSESHIE

10 3 I 41 2 67 55 41 43 B (cgMLST) J&
&5 MLST 2 BT Z 8 BB X, B — cgMLST
T WAL X 45 2 W R B B TR AR Y 4 TR 4
JPH 5 H cgMLST 43 # 7 Zib47 text, $e4t
Iy R SRS R, LA SE BN T 1 A 4 Y
W AL A 2 A0 5 5153 B (wgMLST) il
H AT FAE cgMLST B9, 2R 3 4% 1 4 s
A AZ O L 4H (core genome) I [t 2k A 41
(accessory genome)o HI Tt )im 2 N 41 0 15 AT bk
O PR iSSP I A7 v G- <)
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FlvoN & B AR S A R DR 4, ROV TR SO R LR
PR IR, T 07 250 3L R ) wgMLST 7] LL$2
fEH cgMLST B 7 BE5 (Bl A W9 ER M,
HT wgMLST H1 cgMLST F440 25 B+ 434
L, PIE M AIEE S LG22 5, FIH
wgMLST H B/ vk R 48 & & L RET, 7l HE
S B FIEELL . IR ST KT e B A it
TR AF S, S EO A DX B B 5 B A%
TRESHEFEFEMEN, N TIHELH RS
KREKFR, MZ, cgMLST HIgHE % T4
PRI PR ] SR 2% 06 R R 43 7
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HAG, M alisl Genome profiler!™
MentaLiSTU2Hl chewBBACA! 45 I 5 T H.#4
A AP AR cgMLST 2 IF k7
38, AT DU RS L 3K/ Ridom SeqSphere+
(http://www.cgmlst.org/ncs) $2& fit ) &8 43 4 Fh
cgMLST AU R(HEIEH 21 M), %K
PR AATE ] cgMLST 73 8407 S AT 4L
Pt o34 o AE— I R S B A TR AN [ 3 5 1 1Y
s, wF9E & F A PFGE #l Ridom
SeqSphere+ - 5 LA fili 52 56 BF A8 cgMLST
Jr X} 40 BRI 2 s B A i T8 8 . cgMLST
IrAr g R, [Fl— PFGE 2881 31 #%)& T [A]
— PFGE B fiti R 7o d (AT 5 A 3 #Ror @A
[} PFGE T4 i) 43 BS AR TE B T — A~ R (B K A5 Ar
K2 $%50<147), PFGE 5 cgMLST 43725 5
HABEN—E, HH cgMLST REF 415X
43Il — PFGE 28R Ay B #k 11

R FE 200 B 2 DR AL 9 0 1 804 TR vk A
P 5 [ (strain-specific gene), 74 & 41 W f) PCR
SN ZR AT RS 2 R i 24 B R B ) s
TP e, AT 8015 29 1 Al Bsf ] 5 BiiAs .
H Al E A E N S22 Bz R S it & i £
T PCR J W A4 7 6 46 22 F it 24 6ifd = AN sl 1
T 71 e ST10M™ | H 4 G Akt 24 4> v €04 4
BRIE vk B Ak CC3981 | BT IR i 24 i &
FOE AR BT ST258/ST11 554/
B ) vw B AR AE N I Z2 I DR R LR D TR ) A 3
SO TGS Y BRI s, E
B 3 AR (1) RN TR] B 5 R AR S R A
SUVEAT HEXF AT, 0 1 BT S T 1 T AR 48 1 1Y)
FRMEE G (2) BT ARERMERERN T
PCR 514, Jff&8h NCBI Primer BLAST % 1. H.
WAL B e HARE S 5 (3) I FH 22 il R T k5 6
YA TR 3600 UF X B SRR A BRGNS RE . AR
ERVERIE | AR (AR ELRE St  BhF il R

B AT B PN R A T A

HE 4 B DR A N P 5 4R s RT3
SR R ME 7 0 B YT S RI R AW &R
SRS YIRS WA, Mg 82
HEomtEt R hE\E L 02Kk, cfF TR
W U0 TT TR 4 6 R A 0 s B B 2H 3 S Y R I
HF 45 O Fl H Bt 56 k8 228 $ 4 22 i
A He o, DT T 00 i % 8, 4 SeqSero!™! (5
ZERA SeqSero2!™y, FEE A T AT & 1Y
MOST T.H., FI SRST T HAr 454107
Bl , IF45G MLST SpRIZER, LARUIAR R I
AU FE S R K 2E TF R TR T H
SalmonellaTypeFinder, iz17 SeqSero Fiilll il i&
RIFENL A SRST2 i MLST 43I, RALEE
PR A BT A 5 S T v 1) R v A
SISTR NI JZ454 cgMLST 4370 5 s U v 1] bR
RIS R, HAER R ATE 94.6%!" . KiniRd
AR ABTE(O0) . MR (K) . #E BP0 (H)
A B U (F) 2 3 i 3 7Y 45 8 A4 2 Y O
fEB7, 2015 4E, Joensen % GIHEL T K
P A T 4 5 DR 2 28040 0 L I 37 AR 3 R ) A £k
S #T T H. SerotypeFinder, i% . B3 F4EE O #iT
JRFER (wzx . wzy, wzm Fl wz)fl H PrHSE A
(fliC. flkA. flIA. fImA I flnA)/¥- 5 (153 5L J5 1
5L G0 2R 45 R B N s,
TEZE 1T H. ClermonTyping K K7 IR % B 41 43
N A, Bl, B2, C, D, EMlF LA EZEMLRF
(phylogroups), ML L E PCR Jiik
it K 3% A B UEA T A 43 Y Kaptive Web J&
— TP S It A vE FE AT K (G i 5 24
O fL S (It g ZHE O PLsHMTEL T H. M
F EAR ARG R AR A P4, ATAEL N s R
BRI M4l B, 2020 4F FB A 1Y)
Kaptive Web 3 fill 1 X i & AN 2y FF 127 3 5 22
(capsular polysaccharide, KL)FIJg 7N Z 0>
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(lipooligosaccharide outer core, OCL)FJiHH,
WOTRIET 92 AT Rt 51z iy 2 2 5
B BB R (K A ) A 12 DMMZ A G Y
FEAFEOC fiml), X AL B 51 53 B E— iy
KL 5 OCL %i 5",

Jo R 2 — Tl 40 T e €5 A A 1) 2 1 B R
DNA 77, WA A4 DNA 8 24 i
B, WA g5 T 35 AR AR A 0 R DR (A TS
2GRN 5 RE S RN 2 ), AL 1 AT A% sh gt L T (i
AP IR EF-), AT 5 | et 4 i [] 5
JERIVR A, 48 o A B SR R A T 2R AR
s FORL AL A% AR | AT 43 35 PR (conjugative
plasmid) . AJ#%%% ik (mobilizable plasmid) FlA
A %5 %% JFi ki (non-mobilizable plasmid)®?!, T
DNA 72428 PCR 4 J5uhr 52 il 10 Y, AR5
HLAY AN FH 25 (incompatibility, Inc), 434 FIA
FIB. FIC. HI1, HI2. IncA. IncC. IncN. Incl,
IncP 5 IncX %5 AN AH % HE (incompatibility
group)®”, PlasmidFinder R K5 5 47 42 i 13k
PIFUCECXT N Inc 43 %Y, 3 FHF W4T B R 40 A
AR A3 o 22 B TR A% Bk 43 B9 . pMLST #] 42
(L YA A VA= 5 1 e U [ S s R
PLACNETw A T2 FI) ] 42 5 DX 21 0 e 52 B
aTORL, I 5 O P R SR A T LY
AP AR T 52 B R ETE AL oriTfinder f&
— AT PR R TR HE A Y ori T AL 5t B . T4CP
Fl T4SS SFHAFMITIFAEL TR, @ity
MrA P EARR AR 2L N AT 5], ¥ oriT M
T4SS S5 45 K47 v ¥4k oY, PLSDB
S BURLT A R I, R AL A
NCBI GenBank {fi 4 b 460 2% 21 1) T A 4 £87 it
RF A, @S5 P EAAF S T Mash 5%
BLASTn HUXt, FOAbtizz i i i 2R 45 06 2 fe il
1 SR B
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12 ETERFREZSHNREESES
IR

TEARAT 20 1 2 R 20 1) ) it B, A T4
F i) B AT [ R R R B R G R T K
o, AT A AT 20 R ) Ak P s B R AR 2l &R
Sk EEE. EAMEERNAS, EHFMREM
A A R R gk 22—,
A = P S0 S, PRk (] 5 e 20
(homologous recombination)F- 4, 75— Kk 4 7E
A (R B 2z 8] 1) B 40 38 H 25 5 ) BT I ik R B
FEAH SRS, B KRR
(horizontal gene transfer)**). [m] 5 & 41 55 14 %F F
TR A AP BE A A A AL A B X, H[R]E
WEATHELANTE A R A Y B CR, IR
GiRE T HERRE . P, FEE R T Y 4 A
SRR T, T S 2 B [ 5 2 A A R
Wi, A {# A Gubbins® *95 RecHMM" % % Jf:
BRI 2 5 | A B R 2 A 5

BETREZSHERGERE RXRZ P A
Armadeg. H¥EFhE, HhZgoikRNA
HLH R 22 A5 VE (cgSNP) T 2 — Al S T 4%
S SNP M RFE R BT KRR I, FEAH
2 PR — Bl R A A A S X 4 A
(assembly-based), 73 5h—Fh 2 B H A F 32 B
8443 H7 (read-based) . ¥ 4H 25 J5 He X 43 M 2 K
S 2 0 7 9 5 2 2 B 20 AT R 4347
T A 25 5 SNP 3 s 5 T B BSR4 T 2% g o
DAl 2H 2H 2% Y ok B2, T R i O e X T (dn
Bowtie2 B BWA) H H#oR I F7 52 Bt 5 275 Wbk A%
BT X, 2R E S XA
T PRAFE B 2 A B A B

1% U JE TR 2 BT R 22 A 1k 43 A i FH T A0
FORGRREIE R 1% RIRIEH N RER T
KR TEWHTE Z R0 B0 B 54 09 i v =[]
MIFRGOC R, PGS NS % B 24 B 154
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HRNEEL, XA cgSNP FRMSAE SEBR N A A 4k
22— FET TS I X 75 ik s AR T
Br TWEAER AT, JF H AT AR I 21 225 7 51
ANFETER) SNP 7 i o H7EBA A AR 115 O
T, BSH AR X 7k mT §E 4 T2 SNP
PRI A A R R T (BRI B B, A
LM Pr THATHE T cgSNP 438, #ilin:. CSI
Phylogeny R4 HEAEZE T H., I HFT AL R
W 5504 (FASTA B¢ FASTQ 4% X)) il 2 % LK 21
JEHI(FASTA #0)ENA[B F Ak, EH G
FE 2 1) 40 T 5 ER] 2 43 780 5 0 DA 2 808 3 A
73 BacWGSTdb #fit cgSNP Fl cgMLST 7 M
SITEMREE S C R P A GRS
AT RR 0 3 R 41 7 31 (FASTA #5 3X), REETE
3-5 min PSSR I T SRR MR R & O R A
R WA T REARG R, IR AR RS B
PEBA TRRY RS L B R(E 2), M S22 5

Infrastructure

[‘?vr‘mj - | , g/ ,
PubMLST/ S
Tools

Concatenate SNPs

a ot Uploa cgMLST MSTree

(&BLAST)

virulence gene

A AR DR 40 28 5 3 R P78 Snippy T AT SZER
M B4 5 B A L FASTA #8320 cgSNP
P 51 SCAF B — R 8043 515, Lyve-SETPY Al
SNVPhylP Y JF 6 T H B Al 13T cgSNP JF
S A TR PR ] 2R 58 K B 2 R

R4k F MR ] LU T @ A E 4
it or e i), B R4S Lyve-SETPY,
SNVPhyl**1 PhyMLP** | RAxML[??1,
IQ-TREEPY | BEASTPHl MrBayes®"45 T H.
R E L AT R R B W53 SR NG5 1)
FRAE, JF OCHR R R 25 Y | 3 125 I 1) Ml A
PRAS RIS B, WIRA A [F) TR AR =2 ] B 2R 4% G
FIFHEN AL R p 42 ST 2 . HAETTERSE
KB 5T BT SRR T SR A B T AR Rt
B, EEONRAE: R ARPISRIE (maximum
likelihood, ML)5 Ul iy 37 # Wr ¥ (bayesian
inference, BI). T HARMRILEMWRFE LT X

Browse

2 AEEREAHSESHEEZEESTEE BacWGSTdb BT ERED

Figure 2 Overview of the content and function modules of BacWGSTdb. ‘Infrastructure’ lists the public
database and tools integrated in BacWGSTdb. ‘Browse’ functions to visualize and compare the genetic
relationships among isolates deposited in BacWGSTdb. ‘Tools’ functions for whole genome sequence typing
and source tracking based on user uploaded sequence (s). ‘Species’ represents 20 bacterial species currently

supported by BacWGSTdb.
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