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different strains, are the keys to unravel the occurrence and dissemination of antimicrobial resistance. However, the accuracy
and efficiency of the traditional techniques, such as polymerase chain reaction and pulsed field gel electrophoresis is
insufficient to underlying the mystery of antimicrobial resistance. Recently, the whole genome sequencing and
high-throughput bioinformatics analysis have been successfully used in antimicrobial resistance studies, helping scientists to
obtain the nature of antimicrobial resistance bacteria quickly, and more precisely to paint the evolutionary relationship among
different strains. Therefore, in this study, we aim to systematically introduce the recent development of whole genome
sequencing analysis, including different methods and corresponding characteristics of library preparation, platform
sequencing, data analysis, and the latest application of the technology in the antimicrobial resistance research. We hope that
this review can provide more comprehensive knowledge about whole genome sequencing and bioinformatic analysis for

antimicrobial resistance research.
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SEEA M FFH AR (Whole genome sequencing,
WGS) 5 Fr 2 A8 J¥ £ R (Next-generation
sequencing, NGS), [Flff4E & A YfE B2 iR
(Bioinformatics analysis) T & ¥ MFR# FAEFE 4
TR 24k fr) E B AR T B

4 PR 0 e 3 AR AN AN A R A B — R 7% 110 i
WHFE, BT RBESERNANE LR
(Metagenomics, %3 41), BIALHEEH MR 77 A
AATEEFRATE DNA {5 B . HHET Sanger il 7
(— R FF), WGS st XA a DNA R Brak 2
A E TR E 1Y, TR A5 BEAL Y 741
Je e WO AR SE B A LR 4] o SR AN [ 7 - 5
X R B A K B 25 5, B0 P 45 R
RFEP4EL 5@ WGS AL AT 3175 107 T 58 5 i1 41
W DNA 5B, WiEF)E (Species). fif 2y A
(Antimicrobial 7T
(Virulence-associated genes) . ¥ #2014 (Mobile
elements) S5 ., i 1] 4 21 4H A 1] (1 5 8 4 A
AT HAE, X T 24 B R 1 0 TR A T e AR
BRI X EH L,
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SR =4S FHE AR (Third-generation sequencing)
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PCR § 14 % £ 25 DNA 43 FHEAT BNy, 34
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B — A0 R 09 O 3 O [R) AR A5 10 B0 s o
WK AR BT, For L AR B X 45 B 18 Rl A ] 2 1)
AT

IAER, B WGS B A TE 4 P it 24 1 43,
PN, B RAE Bz b R B T 3 R F5E
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mer-1-mer-8%19 % DL K ik i 5 M T 25
blaowm-17 V45T T it 24 3 IR 1 % B R, WGS
R BB AT B . Hadziabdic 45129
Kroger 251%° | Porse 25 27VFI ] WGS # A 5 415
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1. 0, Shen %2 wedley 25 WGS $iif
52 BRI THA A3 b, 3RAT T 2 TR A Y
FEA BALRE A S XU R 3 . 25 BTk, WGS H;
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Bioinformatics

DNA sequencing analysis

Fig. 1 Sketchy flowchart of the whole genome sequencing and analysi o381,
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| Fragmented dSI)NA|

| End repair and A-tailing |

l

| Adapter ligation |

I Library ampliﬁcation‘

|

| Library quality in spection

2 DNA XE#HERZE
Fig. 2 Flowchart of DNA library preparation.

T4 FGf# ] DNase I 8{# Fragmentase 2 & P&
%A% (New England Biolabs, Ipswich, MA) ¥
DNA J7 Befb o BARPIRI 0] LK DNA FrBefk
FEPATA R MF AR, (HARR T WP R s 2,

Mg A 2 A DNA | Bedilfi ABGER K .

#r i) i V) s ——I1llumina’'s Nextera tagmentation
(Illumina, San Diego, CA) AU, AU T
NRGIARER, MHRKKS % T DNA SUERH
IR, SR SRR S DNA Y GC kit
MR BT A ERKCR, T GC Fhtmak

=1 DNA EH#ZEIRT &R L

RAHE S, I B R B R B AF

H A EAAER Z Rl /by DNA SO
AR, B N Sy P B AR, A%
T RER R SO BT SR R, JF HA) A DNA &
P EORW AR R, —A~EE W NE
DNA Wl EEBOR, 52 Ly I E R, 15
B 47 B 55 . KAPA Hyper Prep Kit
Illumina® platforms (Kapa Biosystems, Wilmington,
MA) 5 & 75 DNA W)a6 5 2 8 i B0 Tl 523
JC PCR ¥ 15 5¢ il DNA SCERIREE . ARZ IR
PG G P A TR A AR, 7R R AR A g
VEZER, FEMFRATOON Loz F Tz /Y50 & 7
KHER LA IR BT RARI LS (R 1) Ko
B, AR, #kiEH L &k PCR P71 /2 DNA
SCEER R OCHE R AP IR, Horh FE LR 2
W AR A SR A X P AL HEA 76 I LA 4 e A
fraB i SR 1 U 23553 41 Truseq®DNA PCR-free
I KAPA IR0 & T LA E] PCR-free, XA
ASCRE D /D SCIZE AL FE IS R] A B e KRR FBE Ml O IR
DNA MBS, Jk/b> PCR P64k w 2. it
Hb, BEBRAEAL IR 2% 2R & b oA Al b e 2D

Tablel Characteristicsof DNA library preparation kit

DNA library Post- Post- Adaoter Post- PCR amplication
preparation Company DNA (ng) Index ligation A-tailing ligation I :tri)on ligation & post-ligation
kit cleanup cleanup g cleanup cleanup
e New England
NEBNext® . b 500  Sanger V V V V V V V
NEBNext®  New England
Ultra™ Biolabs® 500 Sanger a v v v
SureSelectXT Agilent 500  Sanger N \ Y N N N \
Truse®Nano Illuming® 5008100 S29%& v N N N N
Ilumina
Turseg®DNA @ Sanger&
o IHumina 500 \umina \ b y \ \
KAPA
KAPA Hyper Biosystems 500  Sanger a \ \ c
KAPA KAPA
HyperPlus'  Biosystems 500&20 Sanger Y N N c

a end repair & A-tailing are performed in the same reaction system; b: size selection after end repair; c: the PCR amplification
step is selective.
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WP BRI 2 ), HWEERM NS By Bt , A RETEI
LR EIEITICALR 2% DNA  SCEE IR 8 50CR
(EPNEOEA=

HAT, —ARREEANF AR RG]z
AR A, AR SO R S, R
PacBio /A F] il Oxford Nanopore Technology /3 7l £
H— & 415 & (SMRThell Barcoded Adapter
Prep Kit., SMRTbell Damage Repair Kit-SPv3,
Rapid Barcoding Kit. Rapid Sequencing Kit .
Ligation Sequencing Kit,1D”2 Sequencing Kit &),
PacBio 7\ wl #E i 5 & i 2 o R 2 B
DNA FBcfb . Rumfgid | Bkl e . S5 R Beali
b A5 R G EESEE , 1 Oxford Nanopore
Technology 2 m Y5 & i PR AR SE A i Ak . XoF
T Wi b %) & (Rapid Barcoding Kit/Rapid
Sequencing Kit) 1 7 H T AF i 2 3= B A 45 g U] A1
sk iERE, X T Ligation Sequencing Kit 1 1D"2
Sequencing Kit X il & &, K T/ERREE
SALFE R E r Befl . Rl A . HESk L Wik
W AHER T AR SR A7 SO &, =
AR S i) e K R e AU JC 7R PCR 473
SCPET 5 MBI B AR#CT PacBio 22 F], Oxford
Nanopore Technology 2\ w]#E it A9l & 508 1 A
BoAbmr ik, HICT X SCPE#EATAiA, FERFH /D,
1 4 F} Rapid Barcoding Kit/Rapid Sequencing
Kit il & Iy SCPEAX AT 28 10 min,

2 WF¥e

Huimig Eay e LW AW )7 & F 2 H
[llumina (San Diego). ThermoFisher (Waltham) .
PacBio (Pacific Biosciences) #1 Oxford Nanopore
Technology T % 19— Z51F- 5 41 Miseq. Hiseq.
X Ten. lon, PacBio RSII . PacBio Sequel DL X
MinlON 5, A[FSE & B0 8RR EE
Humina P77~ & 3 2538 o 32 O [A] 68,2 S bR
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0 B AT 2% B A% R 1 R A B e 4 1Y T 5 2
BT ThermoFisher Il 7 5 35 B0l A2 S 14
S TR I — AT IR pH (B A i 28 T 4 5
1B 1791 25 150 PacBio I 7 F- 5 19258
TGN FE AR FNIAR 2 R Goxt B 1 Bl P B
SRR BB E SO S TR, IR ORI E S
AL ¥ 5145 959, Oxford Nanopore Technology
Wy~ 5 B3 5 K PR 43 R 2R o A oK AL 2R
P14 L A 5 g e 9 4 SR O A e o
SEg i 151 N P71 o 1= Al e N [ /A =R D 2
VB B F F A RN E R B AR
250, ArAR A BRI S R RIS A T A
(% 2).

3 AEHE

F—2%EK (Reads) ) DNA 15 B K166 T
FASTQ A& U SCHRH, FF38 40 23 PRz 0R ot I
)75 (Raw reads) BF%ALHE K B H Bt (Contig
5 Node), REFAA LI F 5 a] L)
B MERAGE L, Hl T AT ARTE
MK R, W@ m A X AEEr L
P — KR K W B 9 Ok iy DF 4, A
IS BOL Ay 5 P 5 I 2 424 (Gap)
MAGERE . = ARMF R B 3 E s, v
DAAHEE S P 50 BT R, e LA RE 515 3] 56 5 iy 5
RIZH A5 B o X T R/NBORL (/T 10 kb), Pacbio
S £ 18 ST AR R IR 2 T 25 5 6 22w 1304 e 1
X A /N TR P AT R T 2 R I A A 1 S Y
Fr BRI B35 BfEz T Ak 3 e R A B
FRZ WAL IR, R X TSR AL A% B 4 K
X, B 2808 F a4 285 (Command
line) 5% it &y (Terminal ) fUi%iztr, A5
BefEo BBk, R AR AR AT S HE AT R AR ) 2 )
RERRME T, (HHFAEATA SR = RE M R 2 H 5 5t
A%
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*2 FREMNFEAHMBEXSY
Table2 Parametersof different sequencing platforms

Reads length The number of Runtime

Company Sequencing platform (bp) flow cell/Run (h)? Output
I1lumina HiSeg X Ten 2x150% 2 <72 110 Gb
I1lumina NovaSeq 6000 2x150% 2 40 1.2-14Tb
I1lumina NextSeq 2x50& 2x752 1 29 20-120 Gb
I1lumina MiSeq 2x300% 1 56 0.3-15 Gb
ThermoFisher lon PGM™ 42188: 1° giz 10M—1 Gb
ThermoFisher lon S5™ 42188: 1° 1%552 0.6-15 Gb
ThermoFisher lon S5™XL 200&400° 1° 244 06-15Gb
PacBio PacBio RSII (P6-C4) >2x10%2 16¢ 57.4 8-16 Gb?
PacBio PacBio Sequel system >2x10*8 16¢ 574.2  80-160 Gb*
Oxford Nanopore Technology Oxford Nanopore MinlON Mk (1D) >882 000° 1 71.8 10-20 Gb
Oxford Nanopore Technology Oxford Nanopore MinlON Mk (2D) >882 000" 1 71.8 10-20 Gb

3Manufacture’s data. ° Previously reported data. ¢ The number of chip/run. ® The number of SMRT cells. € lon 314™Chip v2 or

lon 314™Chip v2 BC. " lon 510Chip. ¢ For 16 SMRT cells.

Xt AR PR (Short reads) Y45
i R PR R R TPEA & & (de Bruijn
Graph, DBG) FiEIF &AM, MHizE vk ik I
%) o] BB D 2 > A [] e P 471 ] A o 5 WP AR S 4 L
PRI , X S BCE R A B R AR DRE
A AR RHERR . R X AN R, AR
FEA bk — 2 S bR R 91 43 /N P A
RIS k-mers, BJSBFRARE] k-1 mers (1] 3), Jfid
SRR E T (Eulerian walk) #5551 k-1 mers
PRI REREAS, MATIHE P9 DF ik, w4 X
W R DL

Velvet &—# LT DBG Hikm:, T
J¥ (denovo) B ALEDHE™ . AR velveth
Al velvetg A4, fii#E T k-mer ik, J5
HHT kemer FESIINEIEHEH . VelvetOptimizer &
—A™ Perl {14 fi Simon Gladman #il Torsten Seemann
ik, AFSHEM AN (http://www.vichioin
formatics.com/software.velvetoptimiser.shtml) . 8
i k-mers #l DBG 53L& M, Velvet Al ndf
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Bew AT O R BRI AT RETE

SPAdes thJ&—# LT DBG 5k & 1id A
F LA 1 & FI RO B DF B
Bl PLT 4402008 1) 4 I iR A
LR E R 2 R BN R 2) il k-mer F
DBG W)y ik A7 At 3) My EEe xS iy 2H 2 &
ettt 4) 1SRN PHET IR A R A R G5
52 RO I JE R B R A 25 5. BuAh, K
PRI T — Pl A A X ok 9 1 1 g 140

‘ Original sequence ATCGATCG |

ATC TCG CGA GAT ATC TCG ‘

|

ATTCTCCGCGGA......

!

| de Bruijn Graph AT—> 1C>TC > CG—> CG>GA......

| k-mers (k=3)

| k-1 mers

3 DBGE# 5 kmestiBar=E
Fig. 3 Simple schematic diagram of DBG algorithm
and k-mers.
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IDBA-UD [AlFf /23 F DBG Sk E X itk
SN DFEE T 2 B RS A Pt AR 4 51
I 7GR B2 (Depth) > gk i AR 3G 5 91 0 e IR
AR, AR5 38 Ao A 1 TC 0T 91 F) 2 24 Sf ik /) o
S 5 i R IRI S (Gap), 1 i i A i U vk nl LA
WD TR R AP S s R 1 k-mers B E S {E
B Al TRy Higftar & 2R A, H
S LA, HEAEBRMETT A HER

RAY {KIH&—# kT DBG Hikmfy, A
HARP IR Z A AE T RO R R 2 3, XA AR VL
XHE—FER T R (Seeds) Jf-il o 7
XL PR G FE S EA T RE I SRR A S
B A &1L (Heuristics) ¢ fm 475 (Commands)
e, BAERF 559008 LESEHE L. XD
FE R S BEAE R, (R R, K 3
G T IUR R I F S BEEE3 0 B & B RE R

T =AM PSR S, PHET RS RAET
Overlap Layout Consensus (OLC) #.#:5 DBG %
BB = RIF AR K reads, S ECH L 2L
BEMLAS DR A5 5, BT L = AR 1 )i iR reads A4k
EHEMN T A, MiEJaZm R, =AMy EE R
TELHBEFi s XF reads #EA TR IE o 43 — AR e 45 2R
1) 2 2 P I P AR e 45 SR — AR e 45 2R
WA BE, B PacBioToCAY | Lscl®¥4: i
T3P 53 R 0 AT 3 2k = AR 4t SR v i e Ty 4
P P 4 AT & E , 4 HGAP (Hierarchical
genome-assembly process) 7 /)N 5 [K 21 {4 4% 1 A

# 3 AREFIIHERGRF SR
Table3 Featuresof different assembly softwares

A FEIRIFY, HGAP 46 xd = 1Rl ¥ ¥ 4
Fie Bt — o W AT A e HE Y, ke R AR iy P
GIVER T 1750, SR )5 R — A8 th B Ty
GRS IE A P I B R 152, BRI S B« " 7 471
P70,

H1F MinlON 77 1) & J i 5 Pacbio, Fir L
KT MinlON il 7y F 4 i 4 2 B 2 8O 7
PacBio 41 % {4 i Lt - & e i o s 2 W) o 3
FHE, Hlin Canu* i unicycler 84

Canu J& % N H o F I PFEm kit , |
Celera Assembler 4Lk, ik = AM)7 £
AT A B REPFEN . Canu BYEEALIE TR A0 E
B MPHEA L A5 — PP EE T tf-idf A MinHash
FA) 3 T B R g DA K — ol A0 3T B ) SCE A
B R T Canu B AT ALEE 3 NITE .
reads ¢ IF . reads & BY Fl ¥ 51 44 & (Unitig
construction), Unitig #5177 25 i B a8 W & Jq %
BC A TERG A K B, TERRA B Berh, 55—
By — a7 S E S8 E (Read and
overlap database). 1) % 1F BB 5 2 R Afi i e A Y
reads, A= IEHGN reads Ak R IE Y fefd
FP AN ESHE; 2) BETP B 2SR R AT
YIESHPES X, MNEFIHET, RECETF
HERFEMIF R T ; 3) R B ik tT
BRIy A0 R 5, SRS & T 8 N R
overlap H /7 ¥l (Best overlap graph, BOG), %
fiy A g 5 T

Software Hardware Calculation Assembly

Source of input data Types of software

requirements  speed quality
Velvet!*! Low Medium  Low [lumina Command-line
SPAdes ¥ Low Low Medium Illumina, lon Torrent, PacBio, Oxford Nanopore Command-line
IDBA-UD*! Low Low Medium Illumina Command-line
RAY 42 Low Fast Low 454, 11lumina, lon Torrent Command-line
HGAP“E High Medium  High PacBio Command-line/Webpage
Canul4” Low Low High PacBio, Oxford Nanopore Command-line
Unicycler!® Low Low High I1lumina, PacBio, Oxford Nanopore Command-line

&: 010-64807509
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Unicycler Je&¥ — A7 4 R 5 = AP A
MR ZS AR, A U IR . SeHE LY
S, A reads HEATPHESSREN . Lk
BT SR)E, il reads i reads 1%
FEDHE T R B RLUF 7588 1) SPAdes
(v3.6.2 or later) #J#d de Bruijn BIEFEF 4, K5
Wi Unicycler ARG L, P contigs 2545t
Ui (Dead ends) %X, MRS AL AR BLIA ; 2) 4%
DY PR EE AN contigs k45 570 (Greedy) ik HE
contigs [ ZHM:; 3) il SPAdes 3154 reads
] ) E R P 8], AT 4 456 P 91 4 5% DT contigs %
EH s 4) WK reads 52 HHE DL contigs E4T L
Xf, Al LL3RAS B D1 contigs 2 [H] A4k R4, I
FHEA¥E D1 contigs X reads #4787 1F ; 5) i B
P21 contig Z [H i EE 37 A AT (5 B, AR AT
{53454 contigs MY AEHES K 6) JE
T B R P4, ¥ contigs AT PR RIS K
contigs; 7) iid4d contigs Xf K FAHEFT HEXT,
LAV GRS C . /N 91 47 A i e

4 BEIH M

) PR B e 50 AT AR AR A R T 2R B
XA 2V S, LU L AR R
KAV ER . 1) iR FJE (Species); 2) I
HEHS T 245 L (Antimicrobial resistance genes,
ARGs). # Ji[HF (Virulence-associated genes,
VAGs) L) K4fi AFF41 (Insert sequence, |S) 1%
M4 3) B F R (Incomplete types, Inc
types) KA 4) AWM £ N 8T 5 o A
(Multi-locus sequence type, MLST) 4. Jy15 3|14
PROVIXEEAE B, 305 2 DR L 00 5 ) 505 06 %
it S TR (0 R0 5 4 I e R EA T EE X, SR
X AR S, AR N B R AT D A 5K
R4 A 11257 (Web-based tools) Flfy 4257l
(Command-line).
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W T2 R T HL AT SR B Sy B P S m A
] 5 A B VR R8T o XF T 4l TR B JE 4 R U
KmerFinder J&— /MRIFAY T H, G L a4
WA b FE PR P41 (Contigs) HFR#7 9's, T
TSRS (Raw reads) M7 % k2 19087, H.
% 1. H.E 7 Center for Genomic Epidemiology
(CGE, https://cge.cbs.dtu. dk/services/KmerFinder/)
W BRI Z MM i TR
J& NCBI (National Center for Biotechnology
Information) #& fit 1Y [t %F T. . BLAST (Basic
Local Alignment Search Tool, https://blast.nchi.
nim.nih.gov/Blast.cgi). % T.E.HH NCBI #ft, 0]
/0 NCBI iy rEdE 1, BABATNER,
{EL figp R 235 TR I 75 5 3 % 25 i S ORI 285 R ™ 4
i 106 I 255 A L T SR AT, A S5
7 — 3 )7 Rapid Annotation using Subsystem
Technology (RAST, http://rast.nmpdr.org) ¥ g%
P E R R ARG R, Al FSEW i E AR H
SR (R REDRT [ e B0 R HERR A BT T B It
VN YT EZTE S N A N S e N i A2 i D ) |
PR3 43 B A5 R AR 1 55 D7 T AT 23 il i CGE
W 3t Y ResFinder™ |
PlasmidFinder® 1 MLST®4: 1" H5g a2 0 i
A Iy (P BE i 7 B o3 A TR Bk A — 4>
SE 45 B AL B o M i R (Bacterial Analysis
Pipelineg)™, (H 2476 T Ky 8 i iE A4, 1
i VirulenceFinder (% £k 4% i AU A 2= Wi 47 14
Listeria, 4% (5% 45 BR# Staphylococcus aureus,
K7 ¥ Escherichia coli Fl/i%ERE Enterococcus
P EHE P

TEA A2 RIAY T. 2 )71, PathoScope 1f UL HL
FE 38 3o 5 e SR 6 ) 4 AT 1 A S T A i X A7)
PEATPFBE L1000 TR 2 T SR N A
P BRSSO T, W O R kT
HESE S B BF5E L Clinical PathoScope 1% 1.

VirulenceFinder™™®
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SR AEE 7 e AR A 4 A 1 i A 1R ) BRI, T A
25 min P\ ZF @ i FE S R 2 EOR R, HLTE
%] 3k 94.7%1%%, PROKKA J&— #ctess i BR 5
WA P LR A5 S 3, 0 mT L) 5k
AL N AR L A S BB AT 4 A% B HL R
SRR K-12 B 5 R BT 6 min,

H v s % 0] 35 99.63%, It~ — 01 i 56 2% B
PROKKA e Hil il 3% [ i $ic it E AT RAST!™, 78
Stoesser 2% vang Z MBS, FH S
X} blanpm & K E AL, FEXF H T AE B Bk dE A7 1
Feo babh, FEMPZGAEN . 5. Bk 2R A
o3 BT, — PR B A B SRST2
(Short read sequencing typing) A i 4 J5i 4f 4 )%
X AT AT J 4 1) B I 0 A T b e T 5 9 A5 B
1 1 45 108 SRST2 i 4 f TR 24 22 DA $c s
ARDB!™ | % 1 [ T ¥4 VFDBUOLL K4 T4
TR % PUbMLST (https://pubmlst.org/databases.
shtml) o B F 3B 0T R AS [6) 5080 128 58 B i 24 1
(4 Z2 B0 3 R AE 30T, DT 68 Bl Ay 40 B st 245 42k
BF5E b S A 2 BB =2 — . (54 Shen 45139
Wang 25 0M7E A B BT o (20 B T 265 2 1) 4%
TWATHE . T2 R AR 42 55) i
TN AT TR E o 8 IR B
*® 4,

5 SNP 47 R #t b &

PRIGH RN S (BEAKRHE) 5, E—2
R A F PR Z B SMBEE R CEZ& L R), X T
S 15 AFAE 50 R AT K 32 ) T A T PR 1) R R R TR
AEEEME L, 3R M MLST Al /ERH
PR ) S IR PR g — A AR b, (EL R X R O vk KB
XFTRAREY 7 A HE R AT R R 5y, TERE A B
BB R BRI AT AR A Xk At R i
B A R T A B R PR R 2 A
nucleotide polymorphism, SNP) (15 ¥ ik 471t

(Single
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Wo ANFEBEAERGHE . BAEM S A 5
K225, (HEEAHT L0 AU R 484 HoXF
TR 2R 5

CSI Phylogeny j&—3X7E CGE M ufi b #] Jf]
HETSH KN SNP /) T 5., HA m RS
e IR A= (U S CNC I S o 1 @ S ;|
Burrows-Wheeler Aligner (BWA) 4 Hir 731525
2 7 A\ AT 6 e kB P s A S R U
SNPs, JFfr[fi#r SNP & & 7E A 751 P HfETE
T2l i FastTree S E g i B IRV

NDtree J&: % — 275 CGE M3l I al FAY T H. ,
B AP RS R 51 A i k-mers J5 55 R AT 1
XF, AR AT R RE SNP YR . XL
BB i —ANERE (Matrix) SCPEFEf ] Phylip
(http://evol ution.geneti cs.washington.edw/phylip.html) 1
FAAWARE R FEE R . (1S — PR R
BARSFRENSHIRE, TS A IR
FHESE O

kSNP3 J&— 3K Al Al 2 2% )37 91 A5 it
Z SRS TR, Sk R A k-mer 43
B £ HfEKr SNPs Jf3d F AT M 8 40 14 - KSNP3 7]
TEPEXTAZ L SNPs HEAT40HT, A S 6%
OAIAERZ L SNPs {5 B Y3 Newick 4% Uy fif
2y (Parsimony) . 2B#%#: (Neighbor-joining) #
e KBRS B9 SO . Wilson 28 ) iz 8 2
il T ke VR R A AR T A i 2 4
Fem i RGERER, BiE 1T 2 1 0 O 5 5t
fetricl™,

Roary /& —@r AR T H, AP il 4
HHRIZ BLK 4 (Pan-genome) H' SNPs 15 .
TN AT TR PHE T, Bl
FIF A5 B A AT R MR 6 250K 1 [R)— A0 3] g
G S CO-HIT T HEHCHE TS, 5
Je i BLASTP T H 6 i A T ik o 9 25 1 e 4 gk
RN, i Markov cluster algorithm
(MCL) Z3:U"V 3 R IR 2 55 5 CD-HIT S i
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Table4 Features, advantages and disadvantages of various analysis software

Application Software i?‘?gfz:g ; Type dc;ellnput Advantage Disadvantage
Assembly  Velvetl!® Commands Raw Suitable for high coverage, shortread ~ Small N50 contig size; ignore
sequences  data sets; automatic parameterization;  potential correct low coverage
detailed guidelines sequences; hard to use; large
memory usage
SPAded™*¥  Commands Raw Suitable for multiple platform data; L ong-time operation
sequences  small memory requirement; large N50
contig size; quality control; option to
merge contigs from other assemblers;
plasmids can be assembled; detailed
guidelines
IDBA-UD  Commands Raw Suitable for single-cell sequencingor  Hard to use; no guidelines
sequences  metagenomic sequencing technologies
with uneven sequencing depths; small
memory requirement; longer contigs
with high accuracy;
RAY 42 Commands Raw Suitable for multiple platform data; high Small N50 contig size; poor
sequences  accuracy; automatic parameterization;  performance with lower-quality
detailed guidelines reads
Species K-merFinder Webpage  Raw No bioinformatics skills required; easy Method must be set properly
identification sequences,  to use; easy to read; possible to detect
contigs contamination
PathoScope® Commands Raw Able to detect contamination; quality ~ Some bacteria may be missing
sequences  control; complete workflow; from metagenomic sample;
detailed guidelines coverage requires more than
20% to distinguish similar
strain; long-time operation
NCBI BLAST Webpage  Contigs Have largest database; many available  Hard to read; blast knowledge
tools; is necessary
Gene Prokkal® Commands Contigs Short-time operation; fivetoolscanbe  Annotations will be reduced for
annotation run in the same workflow; detailed incompl ete sequence; suitable
guidelines only for single-cell sequencing
RAST Webpage  Contigs KEGG connection; easy to read Long-time operation; data must
be uploaded to a data server;
Character Center for Webpage  Raw Easy to use; easy to read L ong-time operation; some
analysis Genomic sequences, databases are incomplete
Epidemiology contigs
SRST 2% Commands Raw Able to Combine with other databases; L ong-time operation; the
sequences  High accuracy; detailed guidelines database needs to be localized
PubMLST Webpage Raw All databases can be downloaded; new Hard to find correct data; need
sequences, typesof ST can be generated by users  to share data
contigs

B P A5 IE MR AR . kA 1 000 #k B A%
FEVD T H Salmonella typhimurium J% 41 4 43 #r
TEHR CPU AL Risfr T 43 h, JFH
2R IE 3k 5] T 10006070 PR B

o

m Ak, B 2 TR B e i,
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el FE v Z AR AR RIT 2556, 878 T 2 Hilif
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Pan-Seq /& 73— HLER P4 [A172 L DK 20 25 5 1)
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A, AdE 34414 Novel region finder (NRF) .,
Core and accessory genome finder (CAGF) #i
Locus selector (LS, NRF T EL{8 f§ MUMmer(®
S50 P 4 (B Y 22 507 25 CAGF @k MUMmer
alignment 3 26 22 S A7 5 S U 200 46 Bz
FER A, PR R 2 53 i R 5 e Ty 4
FiRxE, @i BLASTn AR 4 A%
O FFHMAEEHE A, mZG8 LS T A A
J751) [8] AS ] 55 (K ) SNIPs,, L6pez-Camacho 25 A F]
FHAZIRA 53 e 3 1t 8 5 B A1 P81 A 58 A E A M 4
iy N2 S ) PR i 2 ke A, e T A R kR
JE IR 2 & 0 H BN o B v R4 T
(A

Lyve-SET J& fix it %71 it 18 19 3 T = % )7 4
SNP (1= it SNP 23047 T H. . 1% T Hl i 741
/NERRB R (Coverage) 7 Bl — Btk , I&
FrAR L 7R 5 ) 40 B B SNPs, [] B AT 16 45
PEHEBRFFIR W B (& (Phage-specific regions) i
#4 X3, (Repeat regions) I3 SNPs f i
P T A

Harvest J&—3E: T O ALK 241 SNP 751 43
BT B3, RT PR i BB ok ) 422 00 BE PR 2H 1 SNIPs
TR I SR, R E A CE Gingr AT 8IS
PRI B . BT R S % P, W]
FENLIEBESH P4, AER A TR PR ) 22 Sk Ky
AT AE W HERR 8. Shen 455 TR F I R G &
BT, GG FIREGAY DI o b, R BUORIE T
HrE 30 AT 287 ¥k mer-1-positive Escherichia
coli MF/r&EHEA 4 A BMIER, H 443%
2 58 15y G AR A

FREC SNPs {55 85 AT 32 AN [7] () 5330 0T B v
(] By A0 G 2R A AR, o DL (Bayesian)
g R BRI i I s, BT T 4R 4
DA 293 B s A B, (R X T R R
FEA TG EAE T i Z 09 BRI, A —
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BRI Holt 25 7E 2013 4F I FHZER A Xof ik Fi Hi
K RINERBNRELTHAT T 007, iR IsATE
BrE FREA D B SR A T — Rl R Y | o
R g

Randomized Axelerated Maximum Likelihood
(RAXML) J& — 3 D fie KB SR 15 Ry SE Al 1) 2 Ak
R L R e e i — A Y Ak
B, SR 2l JLAE MR AL VR 22 I 15 28T A 2R
2 A IS Y BE AR AS BR8240 OC R 15 21
PRI 45 E E A A 2 e R Ak
AP BRI SNP 4l iy , w025 ] GTRCAT (GTR,
General time-reversible) % %Y 5@ 2 7% il 4y 2 “-m
GTRCAT" A HESEALA , {H S AR/ T 50 i,
AHERF A HIZAR R, A 2 T R A S
FIRG KRB, BN Casali 45 F FHZ A 58 %
T 1 035 RN 25 45 AT I RGERK T 400,
T 24 2 AT R A B i AR v T e A

FastTree & ) — 3K T KB AR i 7T & By 4K
U3, @it 4 A B B g A I R . 1) A
A b Y HE A B A A PN T S S
2) W) b AL R Y A R A 5 A 4R Y R
Heor 0I5 B Wy /b 5 3) J o 0y 4SS Y A B e R
BEAR R (CAT); 4) #F ARy a] {7 B 75 38 ot
Shimodaira-Hasegawa (SH) ik, [RlFES AL F
RAXML #ff, FastTree fEALIAZTTRRFN SNP %L
Yo P L5 B B GTR+CAT B Rl 3 4 iy 4
“-gtr K S AR RS HE o A E R 2 A
B RE KB EE", MRS ERS
o 0y kA A — i BIPE

M TR ARREIRYE, MrBayes N2 FEF Dlnt
W S Bt By — A, R Markov
chain Monte Carlo (MCMC) 53, A& LR
SR ER L, e R

HEARAR 18 SO f i TR & NEXUS Fil Newick
¥, HFZEIEH P SE (GUI, Graphical User
Interface) fIEF Ll FigTree (http://tree.bio.ed.
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ac.uk/softwareffigtree/) . MEGA® | Archaeopteryx!™®
DA ) BT 0 g T . i TOL M4 44y ] b kAL v it
FERTRRAL A 50T o M 3 TR 2 BE X 31 A B it Ak
AL B R LR 5,

6 it

W 200 TR T 24 1R ) R 4™ E, AR S0
TR 24 T % A L 28 A T A S 24 1 M 47 55 AR S b
FERAFHBOR M 2, IO X LT Al 0 B i
A GV e S B I SRR o (EASORTE
HOP iR JiS A RTIIDE & 5 N BT -0 15 2
AN W B B R, DN 2 R R T R
B ZHEAMETEREMBEART B, fIRGES
A7 SER R AER, R AE R SR BT PR Rz
i A

®5 EFRBHBRSTTREURELRIGEZRGS S

BrT DNA 2SR ERY 225058, SO R
XTI FFES R B a2 B2, AR DNA 3C
A HER R AT AN TR B AR AR B
i DNA (75 3 M Tk e ok s A i 22
XFRERD GC & i Y R UF AR AL D . A A YRAY Y
&, HETEAWZ 0w S Rifld A s LAk
fd DNA SO, K 7 A7y, [
P> TN TARAEAL AR A I A R LR IR 2 o
S, R SCPER L IR T4 L B PCR AR L
L U il B 0 A A5 X ek 2 SR g o e A R
BB AN ], L ] A S A T S A e TR 2

D

P

H AT R IFE S8 2 H 1Humina 23 A
WRJLECES, REBAR, EEHE” & EXIL
PO EAHEWEAULE, I H P25 5 A m

Table5 Characteristics of comparative genomics tools and phylogenetic tree softwares

The type . . Format
Software of software Software features Analysismethod  Type of input data of outrutile
csl . . -
Phylogeny Webpage Extract .hlgh qgallty SNPs after Reference-based Original sequence,
1472 comparison with reference sequences assembled sequence

Create k-mers of reads and map them to
areference sequence; detection of the
number of SNPs through a single model

NDtree 1.2I"2  Webpage

kSNPs!™  Commands

analyses
Roary [7® Commands SNPs analyses for Pan genome
Pan-Seq™  Commands Pan genome analysis tools; available for

Lyve-SET ¥ Commands Extract high quality SNPs after

Harvest®  Commands large number of strains and construct a
phylogenetic tree

RAXML ) Commands Maxwpum |Ike||f.100.d phylogenetlc tree;
long-time operation; high accuracy
Approximately maximum likelihood

FastTree!”  Commands phylogenetic tree; fast but slightly less
accurate

MrBayes™  Commands Bayesian-base phylogenetic tree; model

Obtain SNPs between strains by k-mers

core or additional genomes respectively.

comparison with reference sequences
Rapidly extract core genome SNPs from

definition is complex and difficult to use

Statistical method ~ Original sequence  Newick
Original sequence, Newick, MSA
Non-reference-based — 9 e S0 ' (Multiple-sequence
assembled sequence .
alignment)
FASTA, TXT,
Pan genome Assembled sequence CSV, Rtab

Pan genome Assembled sequence TXT, FASTA

Reterebad e Newiok VCF |
Core genome Assembled sequence ;:(AMS;-/StYeCe:F
mmng:j PHYLIPor FASTA Newick
mgmgg; PHYLIPor FASTA  Newick
Bayesian-based NEXUS NEXUS

http://journals.im.ac.cn/cjbcn
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R ARRT AR, R R B O R
AN P HEFE R B IX -5 o A ThermoFisher
28w TE R B LA 7 & R P 3 A EIR K
AL, (HIEARXT Y™ e R TARZ, XXt
TR ORI YA B BT TS, H
i, AR EAR B 3K AE 300-600 bp Z[7],
X T8 O AT B AR R dE LA B — e
PIZEA S X RE RGO , — AR H R ——~PacBio
FABILUE MinloN 7 /B F K (OF
¥j>10 kb) EAFEMRAHLS, REUEM L ik —
A e AR e 3B 30 A4 [ 5, AT LA 3 40 B 1Y) 56 3
FER A S RO SE B o AR T 134 A A (] B B
BEE R R AR TR, ELIN e TR BE A0 a8
AN, PR Re A & AR 0y B s AT RO
WA a2+l % . HAT Pilon 8
R AT ) ACBOE X = AR AT DR A5 R 1 KL
HEPY ) SR, 78 PacBio - & A% B AR
TR T, DA AR, B8 MinlON
B A RS AR XTI —2E, {2 Nanopore il ¥ £ A ik
S TFHIH B, ZBAR B E S WA B 2= 5 bt
W k. BEr, CAANDHRFEIEN
MinlON ~F-& JF it 25PE it 5, Li SRz
FPHR G5 G AW 7 BORAAURAT T BTk o8 5
JF 500 it HE AR 41 ISCRL FEVD 1 B R #Y
JRORE S R SEAT T AR5, Ludden 4571 A A kE
FYB AR UE B 175 7K v 5 Bk 2 e i 245 2 PR Jooher
A RELEAN [F) 20 18 2 ) Se 48, Sy #RI5 vh i 2 4 I 1
TEHLH A BT SR T — P A58 07 8k,

BAR B ATV Z DAL BRI X WGS £
PEdEAT 438, 9140 BioNumerics (Applied Maths,
Biomérieux) ., CLC Genomic Workbench (Qiagen)
il SeqSphere (Ridom) 45, X SE {45 AT 58 £
Pl A5 B2 o0 b, PN 43 DF 2 . SNPs $2
B R i A ) g 5, (FL A A A 5 S B i S
A BRI AL Ak &, B EATREA
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R R P S, o b A AR R A P AT
DAFS B L & T g A e AT ey Shee, BEAR T
FFEWIM . BAh, ASChAA T OBILHET
P DTN T H W & T AR A M CGE
Wty FETF IR 2 9 R S AR T B R R A
FEHACREMWK, Bl THE TS, i
DR B R A A RE M . 5 R T HOR A 2,
AT FEN G T kS R BI R, X et
B GR o, KREZEET E A Linux .
Ubuntu, Mac OS X %8RG5 T iztr, DHm]
7E Window R4 Nizfr, KRR 1 X L3 7
EWE B2 s N S i o o3 e
TR PO I X R G R EOR A s, A
e Ve 5 6 RS S8 B, FLJG AT AR 1 DB
VESLIE, 25 TCAIME B8 S B N O T
TR 2 R

7 RZ

S DA Py 5 AR JE R KR Bl e HAR Y
K&, WORMAESD 1 AR 25 Ve B SE RE A, T
LR 245 5 DR ) R B TS 245 1k DR ) A2 4R AL
TS 24 el 15 24 5 DR A4 32 A 20 B LA R 240 e it 245 1P )
IR PR 28 20 M 45 7 TR B 1 2 G E AR
$:TOne Health” Y #LG:, 25 PEAEN | i 53
355 2 1) AH ELAZ AR O S0 15 2 S — 20 IR ALK
UEHE, T WGS £ T2 i i £ Hh HC e 20 1R T 24
PERESE R Ty, Al SR O A A R, IRRE
SN ARRZAF N i N TSI 25 PR T Be
—o A B SOERE . WG B
MR AR TR 4, RERS 1L B 2RISR
XFIREAA A T, AR I A A i
2y 1V
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