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Invention of dideoxy chain terminator
sequencing by Fred Sanger?®

First human mitochondrial
genome sequence'*®

Mycoplasma becomes first
bacterial genus that has completely
sequenced genomes from two
different species [M_?enimlfum

and M. pneumoniae)’

First complete genome sequences
obtained of free-living bacteria:
H. influenzae® and M. genitalium'**

First genome sequence
from M. tuberculosis®

First genome sequences
from E. coli and B. subtilis™#

Genome sequence from
R. prowazekii reveals
reductive evolution®

H. pylori becomes | | Evide
the first species gene

nce for lateral
transfer between

with sequenced Archaea and bacteria
genomes from | | from genome sequence
two isolates!’ of T. maritima®

Meningococcal genome sequence
kick-starts reverse vaccinology

E. coli genome sequences
reveal extensive
horizontal gene transfer™

Genome
I sequence of
M. leprae

documents

Genome sequencing of multiple
strains of B. anthracis to provide
markers for forensic epidemiology*™®

Genome sequences of two
strains from one species
(5. aureus) in a single
publication®*

bacterial
pseudogenes
and reductive
evolution*®

Genome sequence of mimivirus
blurs distinctions between
bacteria and viruses®’

Genome sequencing of uncultivable T. whifp?ei
leads to design of axenic growth medium®

Bacterial metagenomics
survey of Sargasso sea yields
>1 million new genes®

Whale-genome sequencing identifies
target of new drug against M. tuberculosis*

First next-generation
sequencer: the 454 G520

Release of the lllumina
Genetic Analyzer 2

First genomics super-project;
sequencing of 100 strains of
5. Typhi's®

Single-cell genomics of TM7
microorganisms from the human mouth!®

Rise of bacterial genomic
epidemiology to track
hospital pathogens®s&*

Transposon-sequencing ide:

essential genes in Salmonella®

ntifies

A human gut microbial gene
catalogue established by
metagenomic sequencing™

Open-source genomics of an | | Genome

E. coli outbreak in Germany

T | sequence

CRISPR-Cas adopted
for programmable
genome editing**

of Y. pestis
Genome sequencing shows from the
role for UN peacekeepersin [ Black
Haiti cholera outbreak® Death®

Oxford Nanopore launch
MinlOM Access Programme

Metagenomics used to
analyse E. coli outbreak®

Dense sequencing of =3,000
5. pneumoniae isolates shows
bacterial populations shaped
by human interventions™

Genome sequencing adopted

for routine surveillance of

salmonellosis and tuberculosis

Genomics of candidate
phyla radiation reveals
novel unusual biology'®

Twenty years of bacterial
genome sequencing

* The first revolution
» Whole-genome shotgun

* The second revolution

» High-throughput sequencing
(the advent of next-generation
sequencing)

 The third revolution

» Single-molecule sequencing
(long-read sequencing)

« Comparative genomics
« Metagenomics
 Translational clinical bacterial genomics

Nature Rev. Microbiol. 13:787 (2015)



Two types of genome sequencing

* De novo sequencing [software: assembler]

- The initial sequencing that results in the primary genetic sequence of
organisms (sequencing a novel genome for the first time)

- Depends on de Bruijn graph-based assembly (for NGS-based short
reads) or overlap-layout-consensus procedure (for Sanger sequencing)
» (Targeted) resequencing [software: mapper or aligner]

- The sequencing of (part of) an individual’s genome in order to detect
differences

- Depends on mapping reads on the reference genome sequence

* Bioinformatic challenges posed by Next-Gen Sequencing (NGS)
- Short read size
- Huge data size
- New technologies (different error models, read length, data size, etc.)

Assemble NGS reads de novo Align NGS reads to reference genome

Genome = *Variant calling
sequence (= B - —- oo e | | EED -Tra'nscr|ptc.>m|cs
construction 1 stersce gsome 6 *Epigenomics...

(Assembled genome)




Number of genomes sequenced

Insights from 20 years of bacterial genome
sequencing

* Genome size variation, protein-
coding contents

16,000

14.000 | | | * Genetic diversity is much greater
* Proteobacteria: 46% than we thought

*  Firmicutes: 31%
10,000 - o Actinobacteria: 13%

12,000 -

* Diversity in what all bacteria needs:
tRNAs, codons, and codon usage

8,000 -
6,000 -

4,000

Important roles for DNA sequence
2,000 1 . I repeats in bacterial genomes

P S S * Defense systems in archaea and

Cb .

® bacteria

1,822 ] .
2390 e Bacterial microcompartment

- other organelles
u Broad Institute .
bok et cenomeinsieie. . @ENOME comparisons and

« Institute for Genome Sciences p hyl Oge ny

TIGR/JCVI
* Taxonomic enigmas can be resolved
by comparative genomics

Genome sequence sources

Funct. Integr. Genomics 15(2): 141 (2015)
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* The distribution of sequenced genome is quite skewed
towards a few phyla that contain model organisms (50
difference bacteria phyla and 11 different archaeal phyla)

e Second-generation sequencing has produced a large
number of draft genomes (close to 90% of bacterial
genomes in GenBank are currently not complete)

Table 1  Number of sequenced genomes for 6 selected phyla and the

percent of all genomes found in the phyla Table 4 Number of complete and permanent draft genomes and the

percent of those genomes with each project status

Phyla Number genomes % of total

Project status Bacteria Archaea Plasmids Total
Actinobacteria 4059 13 Finished 3060 173 1186 4419
Bacteroidetes/Chlorobi group 932 3 Permanent draft 19,696 312 9 20,017
C_yan_obacterla 340 1 Drafi 672 4 1 677
Firmicutes 9628 3] Total 23,428 489 1196 25,113
Proteobacteria 14,268 46
Spirochaetes 525 2 Source: IMG Statistics, accessed 4 February 2015
Other 1500

Draft genomes are fragmented representations which lack
clarity on structural elements such as the orientation of certain
sequence regions, or whether a plasmid is integrated into a
genome [Science 326: 236, 2009]

Source: GenBank prokaryotes.txt file downloaded 4 February 2015

Funct. Integr. Genomics 15(2): 141 (2015)



Quality scores for 32,000 genomes
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* Categories for scoring

>

>

>

The completeness
assembly

The presence of full-
length RNA genes

tRNA composition

The presence of a set of
102 conserved
(“essential”) genes based
on Pfam-A domain in
prokaryotes — Refer to
additional files 1 from the
journal article website

* tRNAscan-SE, RNAmmer,

Prodical, HMM3 were
used for the analysis

Stand. Genomc Sci. 9:20 (2014)
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Available online at www.sciencedirect.com Current Opinion in

ScienceDirect Microbiology
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One chromosome, one contig: complete microbial o, read

genomes from long-read sequencing and assembly sequencing 7|2
Sergey Koren and Adam M Phillippy el 5
Curr. Opin. Microbiol. 23:110 (2015)
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Single PacBio SMRT

cell run(~100x)C 2

, , M fHH 2| +d

oren  Completing bacterial genome AEE TS

e Ossemblies: strategy and performance
N Gmme  COMPArisons
BACIERIGLOGY Yu-Chieh Lico, ShU-Hung Lin & Hsin-Hung Lin SCI . Re p 5 .8747 (2015)



PacBio data =& 7|HHo| vt X

IS coverage -GS0

PBJelly PacBioToCA | HGAP & Quiver
& ECTools

‘o = e Il;l- -l‘.lll ll‘lll lllll‘l. ])I(R1l»]
Quiver Performance Results

) T = (R 17 Comparison to Reference Genome
Pr(R| T) = [[PriRy | D) (M. ruber ; 3.1 MB ; SMRT® Cells)

Initial Assembly |Quiver Comsensus)

)
S ()
a = /7 av 434 545
-, . 7N Accoacy | 99.99540% | 99.99964%
-

- www Differences 141 11

Gap Filling Hybrid/PB-only Error PB-only Correction &
and Assembly Upgrade Correction Polishing
English et al (2012) Koren, Schatz, et al (2012) Chin et al (2013)
PLOS One.7(11):e47768 Nature Biotechnology. 30:693—700 Nature Methods. 10:563-569

Query 16 TTATCA-CGCGGGAAGAAGATGACAGCCCGTTTGCTG-TAATACCGCTGTGLT-ACGG-C 71 o |dentities: 87%

LR TEEE TEEE ELLEEETEREEEEEE TEE L TEE | . Gaps: 8%
Sbjct 2528414  TTATCAACGCGG-AAGAGATTGACAGCCCGTTTGCTGGTAAAACCGTGGTGCTTACGGGC 2528356 ° 2@PS: ©70

PAG 2013: Michael Schatz, “De novo assembly of complex genomes using single molecule sequencing”
http://schatzlab.cshl.edu/presentations/2014-01-14.PAG.Single%20Molecule%20Assembly.pdf



http://schatzlab.cshl.edu/presentations/2014-01-14.PAG.Single Molecule Assembly.pdf

RS_H GAP_ASSEITI bly prOtOC0| Sﬂ,l\l/lgéngl|y§5 server

SMRTbell library —_— —
_. —_— X Long reads Construct
-'.-.-K..-" Longest iy, — preassembled
‘seed’ reads reads
Polymerase Read w===
\ \ / / Preassembled ____ e e ——,
S— reads S S S SE———— S—— . S Assemble
Subread — — e S S S O e S S S— to finished
T Genome genome
O Con R SRR (DS il — FIgurf: 1| Pn‘nc1ple of the hierarchical gfanon?e-as§embly process using
long-insert-size DNA shotgun template libraries with SMRT sequencing.
— * Library size7} {52 3™ plasmid 7| A I 20| O{H YR =S

Continuous Long Reads (CLR)

<Typical results>

Polished Contigs 2 SMRT cells (.H5 file)

Adapter Dimers (0-10bp) 0.01%

Short Inserts (11-100bp) 0.01%

Number of Bases 854,061,799 Filtered subreads

Number of Reads 57,597

N50 Read Length 20,440 ‘

Mean Read Length 14,828

Moan Read Score 084 Preassembled reads

Mapped Reads 53,810 ‘ Celera assembler (draft assembly)
Mapped Read Length of Insert 8,334

Average Reference Length 2,948,050 Draft assem bly

Average Reference Bases Called 100.0% ‘ QUIVER (resequencing)

Average Reference Consensus Concordance 100.0%

Average Reference Coverage 115.52 POIiShed assembly
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* NCBI

» http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_taxtr
ee.html

» ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/bacteria/assembly _sum
mary.txt <2016 52 22 X} 6114571(archaea: 52771)

» [data download]
ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/bacteria/
* JGI Genomes OnlLine Database
> https://gold.jgi.doe.gov/downloadexceldata <2016 532 2&l &
Xl 706871 (&= organism)
 Ensemble Bacteria

> http://bacteria.ensembl.org/species.html «-2016 3 5& 2 XY
297777 (F tHE| A O|E 2 =X|7t L&)

» [data download]
http://bacteria.ensembl.org/info/website/ftp/index.html



RefSeq: NCBI Reference Sequence Database

* A comprehensive, integrated, non-redundant, well-annotated set of
sequences, mcludmg genomic DNA, transcrlpts and proteins

* Prokaryotic RefSeq genomes
http://www.ncbi.nlm.nih.gov/genome/browse/reference/
- Reference genomes (120 entrles— 2016 58 22 SiX|)
« NCBIQ| AEHXIO|L} ZREQ A2 0| k0|2 E5H oS O{ &l 7}&F 11
. %0*’% gﬂ“ (520t 7:.*%‘%' °J°_|E) Ol dl=cet =430 &&,

CHME D YP_EE= NP_2 A X}
- Representative genomes (4150 entries — 20165 52 2 SX|)
- =H2AHES AN EHii“(Oil type strain)O| L} O] I='Elol =2 MM 2 S0OtCt
representative genome = X A
« CHEHZXI D= WP_Z2 A|ZH(non-redundant accessions across multiple species)

- Variant genomes(LH}l X SH™N=2EA CHEA D= WP_E A|E

. Proka otic RefSeq genome= Y& 11 "‘x'g:, reference genome= X||
_YNCBlol annotation plpe?neE o'ﬁ =MD é = &l =

- ftp.//ftp.ncbl.nlm.mh.gov/refseq/release/announcements/WP protelns—
06.10.2013.pdf (New RefSeq protein product and data model)

- 7‘*"9 HH MEA o= 8% ‘|Xf0| Iocus tag-2 Prefix_RS00001°| HAl S
&ﬁ ijﬂ-—'ﬂﬁ—' old Iocus tago c =

RefSeq Release 75 (58,776 organisms) 2016-03-14 : ftp://ftp.ncbi.nIm.nih.gov/refseq/release/


http://www.ncbi.nlm.nih.gov/genome/browse/reference/
ftp://ftp.ncbi.nlm.nih.gov/refseq/release/announcements/WP-proteins-06.10.2013.pdf

NCBIO| A &+ X B & AMot7|[1)

=<
1. ASH M
» “Genome” — “Microbes” or “Prokaryotic reference genomes”
» http://www.ncbi.nlm.nih.gov/genome/browse/

2. FTPsiteOf| Al 2™ CHREE
» ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/bacteria/assembly summa
ry.txtQ| G OFX|2F & E O A ftp path =0
(ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF~ RefSeq, GCA~: GenBank)
> Accession numberE Oft= 42 AH O|SsHH X)L AM2F Jt=
http://www.ncbi.nlm.nih.gov/nuccore/CP000154.2 (complete)
http://www.ncbi.nlm.nih.gov/nuccore/ALEG00000000.1 (WGS)

3. Entrez search

"Paenibacillus polymyxa”[organism]"

"Paenibacillus polymyxa"[organism] AND "E681“[strain] ‘ Next slide

"Paenibacillus polymyxa“[organism] AND KRIBB[submitter]

“Paenibacillus polymyxa"[organism] AND "complete genome'[assembly level]



http://www.ncbi.nlm.nih.gov/genome/browse/
ftp://ftp.ncbi.nlm.nih.gov/genomes/refseq/bacteria/assembly_summary.txt
http://www.ncbi.nlm.nih.gov/nuccore/CP000154.2
http://www.ncbi.nlm.nih.gov/nuccore/ALEG00000000.1
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Genomes

Assembly genocme assembly infermation
BioProject 1 biclogical projects providing data to NCEI
BioSample 1 descriptions of biclogical source materials
Clone 0 genomic and cDNA clones

dbVar o genome structural varation studies
Epigenomics 0 epigenomic studies and display teols
Genome genome sequencing projects by organism
GSS o geNoIme sUrvey sequences

Nucleotide 17 DMA and RMA sequences

Probe 0 sequence-based probes and primers

s Next slide o

SRA

Taxonomy

o
o

short genetic variations
high-throughput DNA and RMA sequence read archive

taxonomic classification and nomenclature catalog

Assembly A H{ 7 (v2)

Organism: Paenibacillus polymyxa EG81 (firmicutes)
Infraspecific name: Strain: E6G81
Subpnitter: Karea Research Institute of Bioscience and Biotechnology (KRIBB)
Daje: 2015/03/18
Agsembly level: Complete Genome
Gename representation: full
enBank assembly accession: GCA_Q00146875.2 (latest)
RefSeq assembly accession: GCF_000146875.3 (latest)
Release type: Minor
IDs: 360171 [UID] 1712878 [GenBank] 1855058 [RefSeq]

Asm14687vi Assembly L & (v1)

Organism: Paenibacillus polymyxa EG81 (firmicutes)

Infraspecific name: Strain; EG&1

Submitter: Kaorea Research Institute of Bioscience and Biotechnology (KRIBB)
Date: 2010/09/03

Assembly level: Complete Genome

Genome representation: full

GenBank assembly accession: GCA_000146875.1 (replaced)

RefSeq assembly accession: GCF_000146875 1 (replaced)

IDs: 274838 [UID] 169438 [GenBank] 274838 [RefSeq)

Display Settings: = Full Report

ASM14687v2

Organism name: Paenibacillus polymyxa E681 (firmicutes)
Infraspecific name:  Strain: E681

BioSample: SAMMD2E03484

Date:  2015/03/13

Release type:  Minor

Assembly level: Complete Genome

Genome representation:  full

GenBank assembly accession: GCA_Q001463875.2 (latest)
RefSeq assembly accession: GCF_000146875.3 (latest)
RefSeq assembly and GenBank assembly identical: yes

Submitter:  Korea Research Institute of Bioscience and Bictechnology (KRIBB)

Send to: -

See Genome Information for
Paenibacillus polymyxa

Download Equence report
hereame 20 assemblios or Download the statistics report
this arganism

See more
Assembly Information

Assembly Help
Assembly Basics

NCBI Assembly Data Model
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Paenibacillus polymyxa

Rep! ive genome: P polymyxa SC2
Download sequences in FASTA format for genome, protein
Download genome annotation in GFF, GenBank or tabular format
BLAST against Pasnibacillus polymyxa genome, protein

AAll 20 genomes for species:
Browse the list
Download sequence and annotation from RefSeq or GenBank

Display Settings: = Overview Send to: v
Organism Overview ; Genome Assembly and Annotation report [20] : Plasmid Annctaticn Report [4] ID: 1386

Paenibacillus polymyxa

Plant-growth-promoting rhizosphere bacterium

Lineage: Bacteria[8330]; Firmicutes[1600]; Bacilli[833]; B

471]; Paeni

86]; Paer

60]; Paenibacillus polymyxa[1]

Paenibacillus polymyxa Paenibacillus palymyxa was isclated from soil and is a member of a group of free-living scil bacteria known to promete
plant growth and suppress plant pathogens. Plants treated with Paenibacillius polymyxa have increased resistance to plant pathogens and

increas

d drought resistance. This organism has More

@ -Summary

Sequence da
|

(2 “"Publications

3 -Representative (type strain 0{ £t £
@ Dendrogram .

Induced Systemic Resistance. Lei M, et al. Genome Announc 2015 Apr 16

ome Bacterium with A onistic Activity t

illus polymyxa CFO! rium with Elici

of Plant Growth-Prometing Rhi te

3. Draft Genome Sequences of Paenibacillus poly

Envirenment That Produce Tridecaptin A and Paenicidins. van Belkum MJ, et al. Genome Announc 2015 Apr 23

More..

) Represenlative (genome information for reference and representative genomes)

Repr

g [see all

_T'_|-)

—

vxa NRRL B-30509 and Paenibacillus terrae NRRL B-30544, Strains from a Poultry

< B Pacnibacillus polymyxa SC2
Submitter: Shandong Agricuttural University

Type Mame RefSeq INSDC Size (Mb) GC% Protein rRNA tRNA  Other RNA  Gene
chr - NC_014822.2 = CP002213.2 5.73 452 4897 40 1a 1 5,107
Plsm | pSC2 | NC_014828.2 | CP002214.2 | 0510118 ; 378 578 - 51 - 839

+| Dendrogram (based on genomic BLAST)

’—,—n DSM 385
r

l-EieiI

— asb

NRRL B-30508

C 10580

ATCC B42

cR
——rrs

Tools

BLAST Genome

Related
Assembly
BicProjec
Gene
Compenel
Protein
PubMed

Taxonomy|

Search d

“Paenibar
=N

Search

Recent 3

"Pael
"EBB

Paenibacillus polymyxa E681
Download sequences in FASTA format for genome, protein
Download genome annotation in GFF, GenBank or tabular format
BLAST against Paenibacillus polymyxa genome, protein

All 20 genomes for species:
Browse the list
Download sequence and annotation from RefSeq or GenBank

E681 Data download
BLAST against E681

Display Settings: = Overview Send to: =

report ; Genome Neighbor report

Paenibacillus polymyxa E681 I

Lineage: Bacteria[8397]; Firmicutes[1601]; Bacilli{834]; Bacillales[472]; Paenibacillaceae[86]; Paenibacillus[B0]; Paenibacillus polymyxa[1]; Paenibacillus
polymyxa E6B1[1]

| Summary
Submitter: Karea Research Institute of Bioscience and Biotechnology (KRIBB)
Assembly level: Complete Genome
Morphology: Gram:Positive, Shape:Bacilli, Motility-Yes
Environment: CxygenReq:Aerabic, TemperatureRange Mesophilic, Habitat Terrestrial
Assembly: GCA_000146875.2 ASM14667v2 scaffolds: 1 contigs: 1 N50: 5394 883 L50: 1
BioProjects: PRINA224116, PRINATE06S
Statistics: total length (Mb): 5.39488

protein count: 4528
BC%:45.8

~| Genome Neighbors

Closest species reference genome: Faenibacillus polymyxa SC2 Symmetrical identity: 71.0506%
Closest genome: Paenibacillus sp. UNCCL52 Symmetrical identity: 82.4615%
Genome Group: 2 genomes at symmetrical identity 82% (See Genome Neighbaor report)

4| Publications

1. RefSeq microbial genomes database: new representation and annctation strategy. Tatusova T et al. Nucleic Acids Res 2014 Jan

2. Inactivation of the phosphoglucemutase gene pgm in Paenibacillus poly
Mic robiol Biotechnol 2014 Sep

3. Genome sequence of the poly

¢xa leads to overproducticn of fusaricidin. Kim HR, et al. J Ind

in-producing plant-probictic rhizobacterium Paenibacillus polymyxa E681. Kim JF, et al. J Bacteriol 2010 Nov

«| Replicon Info

Type Mame RefSeq INSDC Size (Mb) GC% Protein  rRNA tRNA Other RNA Gene Pseudogene
chr NC_014483.2 CPO00154.2 539 458 4528 38 il 1 +798 140
| Genome Region
Paenibacillus polymyxa E681._complete genome Go to nucleotide:  Graphics FASTA GenBank
NC_014483.2: 1.5.4M (5.4Mbp)~ | 4 | | - [I + e ATools- 3 | L¥Tracks & 7 -
L |58 K |tn 1,508 K en |2.588 K [zn [3.508 K [4n |4.500 K 5394883
Genas E
FFE_RSEO4IE poll  PPE_RS10EZE FFE_REI4EEE FPE_RE20275
FPE_RE{HEZS FPE_RE14EIR PRE_RE20245
] FPE 524166 EPPHSMBS I
R R R T R A R LR C A B AT AT T TR I T TR Wi
R o R R S T I Gt
T 1 I | i I v IR " [
[ ‘ | \ \
1 588 K |Lr 1,885 K |2n 2,586 K |21 2588 K [4n 4560 K 5,354 883




The Good, the Bad, and the Ugly

* Contig number (small) PacBio i
» Total contig length (close to target x llumina
genome size) ’ -
* N50 (long) an her
( g) and othe -S \ Good
e Can be compared using QUAST ]
I
Tl “ - ..
0 ‘
De novo assembly . . Bad
N
agns?
» T
* .
.
) Ugly
1000 bp genome 50% . *
L 4 *
——
- I EwanBimey ~MATURE METHODS | VOL.8 NO.1 | JANUARY 2011 | 59

The low cost of short-read sequencing has motivated the development of de novo assemblies from only
short-read data; impressively, assemblies for large mammalian genomes are now available. However, this is
N50 (Nx) definition still a developing field, and these de novo assemblies have many artifacts, as do all de novo assemblies.

N20 N50 N80
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Tool PE reads Parallel NGS Quality score-based
handling processing artifacts trimming
handling
ngsShoRT (2.1) fes Yes Yes Yes: 3-end, quality window and
filter out low quality reads
NGS QC toolkit Yes Yes Yes Yes: filter out low quality reads
(v.2.3.2) [15]
FASTX toolkit No No No Yes: filter out low quality reads
(v. 0.0.13.2) [26]
SeqTrim [25] MNo No No Yes: filter out low quality reads
CutAdapt (v.1.3) [14] Mo Mo Moy Yes: filter out low quality reads
Btrim [27] Mo Mo Mo Yes: guality window
SolexaQA (v.2.2) [8] Yes Mo No’ Yes: guality window and filter out
low quality reads
Sickle [28] fes No No Yes: quality window
Scythe [24] No Mo Yes, but only  MNo
3
Trimmomatic (v.0.32)  Yes Yes Yes Yes: quality window and filter out

[e]

low quality reads

[Source Code for Biology and Medicine 2014, 9:8]

Sequencing artifacts
removal (including
adaptor sequences)
Dealing with “N” bases
Quality score-based
trimming

5’/3’-end bases
trimming

Paired end reads
handling

[Error correction: refer
to Brief Bioinform
2013 14(1):56-66]

File 1 File 2 Trimming File 1 File 2
j— j— & filtering
Pair ZHA|
B
File 1 File 2

+ orphans



& F0|L H|o] & = 0] &gt assembly

Ce nd-line interfaceOf| Af A S| = k|  MEAMOS
ig:I-El'—_ll.I

2. %ead dataQ| X & EILZQI'_EQ = 9| 15.*0.:1% 2

StEx ZRE(E= e EY
+ SGA, IDBA_UD, SPAdes
3. K-mer 37J% ':%EééH L}7FH A XM 0 =
assembly 21} X EH =
* VelvetOptimiser, IDBA_UD i
4. A Ii 2|, error correction, de noyo assembly ”
scaf OLd'nF_s 2Ol A= A= HEX} ’ ]
S} nfof=efor
5. GUIHE[C| &%t 2t A0 de novo assembly- i
reference mapping'_OrDE ot Assenie
* Unipro UGENE, CLC Genomics Workbench, Geneious : VehetOpimser + CISA . Prokks
Pro . :;h}'s‘n « SOAP2 * High-quality
¢ SOAPdenovo Zenomes
6. MetAMOS: a modular framework for  SPAdes £ SN
(meta)genomic assembly, analysis and . SOAP2
validation (Genome Biol. 2013, 14:R2)
. . Pre-process Explore Post-assemble
7. MyPro: a seamless pipeline for automated L )L - 4 L -
prokaryotic genome assembly annotation (J. e B i
Microbiol. Methods. 2015, 113:72) > Depth Honion |
| 1ssembly i v To order assembly
¥ Read trimming v Totrim contig ‘ ¥ Overlap connecting
v Read pairing l ¥" Local assembling
¥" Read subsetting | v Gap filling




lllumina data processing pipeline2| A}z

FastQC, kraken

file_1.fastq.gz

file_2.fastq.gz
Cut to 100%'

MyPro '

——__Trimmomatic-PE: 36 bp file.pe.fq

Trimmomatic-PE: 75bp  file_1Pfq.qz file_2U.fq.fz file_2Pfq.gz file_2U.fq.9z

T interleaving

_ khmer filtering
jellyfish analysis

T A5-miseq direct

sga preprocess
sga correct

ABySS, EDENA, SPAdes, Velvet

CISA integration

CLC Genomics Workbench

Velvet
ABySS
SPAdes

A

file.ec.fastq . AS-miseq mixed

SGA

sga filter

J

file.ec.filt.pass.fastq * SGA

e FastQC: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
 Trimmomatic: http://www.usadellab.org/cms/?page=trimmomatic
e KRAKEN: https://ccb.jhu.edu/software/kraken/



http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.usadellab.org/cms/?page=trimmomatic
https://ccb.jhu.edu/software/kraken/

K-mer based sequence analysis

* A k-mer is a DNA word of a fixed length, or a substring of
length k. (there are 17,179,869,184 unique 17-mer)

* Counting the occurrence of all such substring is a central
step in many DNA sequence analysis steps
» Estimating sequencing depth and genome size
» Exploring repetitive genomes
» Exploring the heterozygous genome
» Dealing with sequencing error and coverage bias
» The basic foundation of de Bruijn graphs

* K-mer based digital normalization discards redundant data
and both sampling variation and the number of errors
present in deep sequencing data set

e Fast k-mer counting and implementation of data structures
for k-mer storage are challenging tasks

http://arxiv.org/ftp/arxiv/papers/1308/1308.2012.pdf



K-mers dramatically affect de novo assembly

Figure 3: De Bruijn Graph for Read with K=3 S g
c 1000 3
iy 3
Read: AGATGATTCG E 100 .
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De Bruijn graph s :
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E. coli BL21 (TaKaRa) real data, 100x :
o i i F

L I
1] 500 1000 1500 2000 2500 3000

subsample (475.9 Mb, 101 nt x 2), no Contig Index
— 51 — 65 79 — 91
pretreatment e
-— 59 71 — 85 — 99
— 61 75 — 89

http://www.illumina.com/Documents/products/technotes/technote denovo assembly ecoli.pdf
Genome Res. 2014 Aug;24(8):1384-95. Velvet v1.2.10



http://www.illumina.com/Documents/products/technotes/technote_denovo_assembly_ecoli.pdf
http://www.ncbi.nlm.nih.gov/pubmed/24755901

Is there optimal read depth (lllumina)?

Sequencing depth D =

(Read length)x(read number)

(Estimated genome size)

Sanger sequencing example

Last update: 2004-07-07

Total contig length (Mb)

50000
45000
40000
35000

@ 30000

b
3 25000

R 20000 +
Z

15000
10000

20X

35X

726 733 7.36 7.38 0

No. of contigs

S e 20040525
No. of reads (x103) 20040707

(depth)

50X 100X 150X 200X
Read Depth

O velvet_n50
0 SOAP_nS0
B Abyss_nS0
O Meraculous_nS0

@ IDBA-UD_ns0

* For large mammalian genomes,
the depth of coverage achieved is
typically low (20-60X)

* For small genome assemblies
using de Bruijn graph-based
assemblers

» 50X is enough to get a “good”
genome assembly

» Sequencing at a depth greater than
100X does not provide any additional
benefits

» High depth requires larger
computational resources, even cases
“bad” assemblies (why?)

PLoS One 8:4 (2013)



Genome assembly evaluation

* Without a reference sequence

> QUAST (http://bioinf.spbau.ru/quast): assembly metrics2| H| 1

» REAPR(http://www.sanger.ac.uk/science/tools/reapr): read pair
alignment= O| &

» BUSCO(http://busco.ezlab.org/) : assessing assembly in terms of
“universal” gene content

* With a reference sec‘quence
ttp://busco,ezlab.or%/, ,
» QUAST: assembly metrics + # misassemblies, # misassembled

contigs, misassembled contig length, # local misassemblies, #
unaligned contigs, unaligned length, unaligned fraction (%), # N’s

per 100 kbp...
Conti Plantagora defines a misassembly breakpoint
onti | e .

9 as a position in the assembled contigs where

Reference , ,
i the left flanking sequence aligns over 1 kb

Relocation [EIFNNNEEN TN . .
Inversion EETEmmmmmn  2Way from the right flanking sequence on the

Translocation IETE NN IETFEE reference, or they overlap by more than 1 kb,
or the flanking sequences align on opposite
strands or different chromosomes


http://bioinf.spbau.ru/quast
http://www.sanger.ac.uk/science/tools/reapr
http://busco.ezlab.org/

Scaffolding and automatic gap filling
2t

e X|Al de novo assembler= scaffold &M 7| 52 CHE S Z

= olS
_I_—_IL )\AIEI

- Gap @Y S NOZ HEHSH pseudomolecule HEJZ LIEFLH7{ L} AGP formatS 2 =&
- AGP specification: https://www.ncbi.nlm.nih.gov/assembly/agp/AGP_Specification/

- “A comprehensive evaluation of assembly scaffolding tools” Genome Biol. 2014, 15:R42 PMID:
24581555

e Automatic gap filling software

- GapCloser for SOAPdenovo (http://soap.genomics.org.cn/soapdenovo.html)

- IMAGE (Genome Biol. 2010, 11:R41 PMID: 20388197) ] ‘———esm— + = E
- GapFiller (Genome Biol. 2012, 13:R56 PMID:22731987) N — =
paired-reads
Contig A Gap Contig B 5 O 9P A remove low-
_ quallty edges
1. align the paired end — - - - — R - - - it
reads onto draft —> —— — gap
sequence — - S e J— © scaffold
2. local assembly of the l 1 — paired-
aligned reads; new > . | ' reads
contigs are produced i P : New Contigs
B/ GADS ATE NOW SHOMENBE!T e - - s e —
R t the whol d : L
meap;:aw iteer:tion‘: ey - - n— : <— Newreads can be aligned @ — — k-mers
— - — with the presence of -_—
l — e— 1 extended reference
5 i Merged Contig @ o

edges with k-mers

4. The gap is now closed — " e

IMAGE GapFiller


https://www.ncbi.nlm.nih.gov/assembly/agp/AGP_Specification/
http://soap.genomics.org.cn/soapdenovo.html
http://genomebiology.com/2012/13/6/R56/figure/F2?highres=y
http://genomebiology.com/2012/13/6/R56/figure/F2?highres=y
http://sourceforge.net/apps/mediawiki/image2/index.php?title=File:Figure1.jpg
http://sourceforge.net/apps/mediawiki/image2/index.php?title=File:Figure1.jpg

Short-read= O|-%—(§_¥ de novo

assembly= 22X 0 2 XA of 3l
A7t A=
“Genome assembly is not a solved problem”
— Ewan Birney

Errors and/or inadequate sequencing
depth

Contamination
> A= S
1. %G+CO| X}O| = 0| &(read =& assembly
level)
2. K-mer abundance profile analysis

3. Read classification using database search (e.g.,
KRAKEN)

Heterozygosity or polymorphism for
eukaryotic genomes

Read level

Per sequence GC content
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Contamination is

Acid-tolerance yeast [1]: =

LA AJEA:
2.6 Gb reads
4,546 contigs
Total 11.6 Mb
36.0% GC

55 58
content (%)

CIE & &2 assembly0f| A= high GC contig2 &

Acid-tolerance yeast [2]: coverage &t &

GC-content
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% sequences
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4.7 Gb reads
1,367 contigs
Total 13.4 Mb
39.5% GC

% GC-content

{3 (KRIBB)

2KF A2 AL
7.6 Gb reads
4,988 contigs
Total 15.9 Mb
42.0% GC

0000000
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ontent (%)

B X[ 2

not uncommon

S %GC K}O|2f 7}7/t-& reference sequenceS O| &

22 Xl reference genome(j|
O Z S =2 read(13.7%)
= X 'LH—I 888 contig(4.38
Mb, 72.9% GC)2| M= SH
1 A A A

* Cellulomonas fimi ATCC 484
of QAL

u
u
55 sg.ﬁ'&! B EE WP E W2 o oo

Z 0| bacterial (RNA A€ A=

How to eliminate contamination?

* Cutoff 7| Z=: coverage 100

» High coverage: 100 contigs,
total 9.4 Mb

» Low coverage: 1267 contigs,
total 4.0 Mb

 Blast AAH A1} low read
coverage contig= bacterial
sequence £ 2t QI

e At read or assembly level

e By reference mapping or
differences in %GC and/or
read coverage

e Detection or elimination of
contamination is not always
feasible!




Contig length (kbp)

Cumulative length (Mbp)

Bad assemblies have too many short contigs
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Good
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k-mer spectrum examples for sequencing reads

“« ” . i 0,
Ideal” data (without error) With 1% error
oy 10 5% —=—Correctk-mer  02% Y
°\° A ~e=k-mer § —— Genomic k-mer
: 8 SpeCieS 8 4% —&—Error k-mer
g 6 ——k-mer % Nongenomick-me(:'l%
- individuals 5 3% —— Allk-mer
= :
= 4 | ——bases =< 2%
G

g, s
2 g 1%
£ o 5

- . L

() FE———
0 20 20 20 9 20 - 0 10 20 30 40 50
Coverage depth Coverage depth

23.8x simulated sequencing data from

. Simulated reads from non-heterozygous
the 10-Mb ideal genome (L=100, k=17)

Arabidopsis genome (k=17)
10

— ——Kmer—13 . . .
2 g & I With various sequencing error rate
HM-q 3 6 A‘AX © Kmer T 5 10% —s—Error 0
°3 [‘ ‘\ — Kner=19 8 i —Error 0.005
% Qé-‘ 4 ‘ A . ——Kmer—29 % B j \ +—Error 0.01
8 v e 2 6% —=—Error 0.02
= ) : ' e i E " f x | —=—Frror 0.05 |
0 f (= - H 05 4% J \
0 20 40 60 ;ﬁ_; 20, “““
Coverage depth 2 A oS
A 0% '

] . 0 10 20 30 40 50 60
Simulated sequencing data from the Coverage depth

human reference genome
http://arxiv.org/ftp/arxiv/papers/1308/1308.2012.pdf



Quality trimming cannot remove errors
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Low abundant k-mers
still exist after trimming
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100x read simulation using art_illumina v2.3.7

Error-free simulation +
normal simulation
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Effect of pretreatments on k-mer profiles

1. Subsampling

1e+89 T ;
Bl 5% (37x) ——
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* 5/10/20/40% subsampling by CLC GW
* Analysis by khmer (k-mer = 20)
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2. Filtering low-abundance k-mers
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6,052 ct
10.44 M
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“Bet-Tilt kh hist" Using 1:2 — —

28 ct
5.24 Mb

ﬂ \ﬂ

“Bp1-filt.kh.hist" using 1:2 ——

20 ct
3.67 Mb

kner

frequency

* [khmer] filter-abund.py (k-mer =21)
* CLC Genomics Workbench (word size 64,

bubbles size auto, fast mode




Assembly comparison using simulated data

1. Species level: Escherichia coli K12
MG1655 vs. Bacillus subtilis 168

Total Contig no.
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2. Strain level: Escherichia coli K12 MG1655
vs. Escherichia coli B REL606
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SPAdes v3.5.0



17-mer distribution in heterozygous (diploid)
genomes

Schematic model Simulated heterozygous data from C. elegans
(A) E‘iror-peak (B) o012 -
0.010
—0.0%
Homo-peak 0.008 - —0.1%
g T E 0.2%
] Heterﬂ-peak g oo 0.3%
g -4 0.5%
w oo 1.0%
1.5%
Repetitive k-mers Q0081 0%
0 T DO ee—, , e ————
! I 0 50 100 150 200 250 300
0 c/2 c 2c barof
B Number of Number of occurences
umpoer or occurrences
Genome Res. 2014. 24: 1384-1395

A diploid genome, GENOME = (GENOME; U GENOME,), can be viewed as two similar double-stranded
haplomes, GENOME; and GENOME,. Typically, differences between haplomes are represented as a col-
lection of SNPs and short indels. Given a pairwise alignment, we use percent identity (percent of matches
among all columns of the alignment) to measure similarity between sequences.

Heterozygosity or polymorphic rate in percent J. Comput. Biol. 2015. 6:5280545



Checking for diploidity using variant calling

A heterozygous diploid genome Depth 2D

(sequencing depth based on haploid genome size: D)
& & e o e O |

Depth D

e R Il Dl N1 IDEEyE EgE

. & & o e o | | ] . .
Total contig size >

haploid genome size

Consensus sequence

\ J
[

Calculation of percent heterozygosity

Basic variant calling Fixed ploidy variant calling
Samples contig length ploidy=1 ploidy=2 ploidy=2 Heterozygosity
all hetero all hetero all hetero

Species 5% N.A. 58 34 58 34 85 61 N.A.
Strain 50% 5,742,551 11328 11162 11328 11162 11911 11798 0.21%.
E. coli K-12 4,616,069 55 31/55 55 31 71 47 1.01818E-05
BY25573 10,813,448 99 73 99 73 168 153 1.4149E-05
Cz (no filter) 9,372,581 238 167 236 167 379 331 3.53158E-05
Cz (filter) 9,372,581 208 148 208 148 352 306 3.26484E-05
KCTC7118 11,734,634 850 717 850 717 1285 1201 0.01%
KCTC7524 11,162,302 9751 9581 9751 9581 31717 31614 0.28%
E 11,689,042 7044 6896 7044 6896 8139 8067 0.07%
J 11,670,968 7004 6802 7004 6802 7885 7727 0.07%

CLC Genomics Workbench 8.5.1



Simulation results from yeast with known ploidy

De novo
assembly

Basic variant calling Fixed ploidy variant calling
(heterozygous/all) (heterozygous/all)

Ploidy =1 Ploidy = 2 Ploidy =1 Ploidy =2

Saccharomyces 362 contigs 403/628
cerevisae S288C 11,662,944

haploid

Candida 6,170 contigs  42,024/42,568
albicans SC5314 15,724,733

heterozygous (> haploid

diploid size)

403/628 4/316 590/798

42,024/42,568 48/2,766 43,874/44,264
Heterozygosity
estimate:
0.28%

» Saccharomyces cerevisiae S288C: 17 chromosomes + mitochondrion (12,157,105 bp)
* Candida albicans SC5314 assembly 22: (8 chromosomes x 2) + mitochondrion (28,605,418 bp)

Candida albicans

A pre-whole genome duplication (WGD)
yeast (including Kluyveromyces lactis)
The heterozygosity far exceeds that found
in other polymorphic genomes such as
human and Anopheles and is widespread
among the clinical isolates

4.21 polymorphisms per Kb (Proc Natl
Acad Sci USA 2004, 101: 7329)

block 3

block 1

block 2

chr.3

CLMNOP RS- UV

S. cerevisiae

reciprocal
translocations

Initial post-WGD genome

I WGD, gene loss

ABCDE-+FGHI J
chr.1

'KLMNOPQRS - TUVW.
PLoS Biol. 2015 13(8): e1002221

Ancestral non-WGD genome
chr.2



How to assemble diploid genomes?

()

Platanus
Genome Res. (2014)
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SMRT analysis 2t 2 2|t XI =

https://github.com/PacificBiosciences/SMRT-Analysis

https://github.com/PacificBiosciences/SMRT-Analysis/wiki/Official-
Documentation

http://www.pacificbiosciences.com/Tutorials/Bacterial Assembly Epig
enetic_Analysis HGAP/story.nhtml (Video tutorial)

https://github.com/PacificBiosciences/Bioinformatics-
Training/wiki/Evaluating-Assemblies

Jon Badalamenti "AFproaches for analyzing and assembling PacBio
single-molecule real-time (SMRT) sequencing data”,
https://www.msi.umn.edu/sites/default/files/Badalamenti PacBio_tut
orial 12-10-2014.pdf

- Always run with 100x coverage of longest reads

- Tune key parameters (minimum subread length, minimum polymerase read quality,
and anticipated genome size)

- Checkpoints for final assembly: HGAP 3 HGAP.2 HGAPA
* Check coverage plots

Check for plasmids RS_HGAP_Assembly3 RS_HGAP_Assembly.2 RS_HGAP_Assembly.1
BLAST any small contigs

Try HGAP.2 New in SMRT Analysis Deprecated in SMRT
Quiver is not perfect 22 Analysis 2.2

Performance
improvements by
replacing the
consensus step with
pbutgcns

Performance

improvements by Initial HGAP production
replacing the correction implementation

step with pbdagcon


https://github.com/PacificBiosciences/SMRT-Analysis/wiki/SMRT-Analysis-Software-Installation-v2.3.0
https://github.com/PacificBiosciences/SMRT-Analysis/wiki/Official-Documentation
http://www.pacificbiosciences.com/Tutorials/Bacterial_Assembly_Epigenetic_Analysis_HGAP/story.html
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/Evaluating-Assemblies
https://www.msi.umn.edu/sites/default/files/Badalamenti_PacBio_tutorial_12-10-2014.pdf
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Species identification using genome data

Genome sequence

EzTaxon (16S rRNA gene similarity >97%%*)
Prokka or

RAST annotation
1. 16S rRNA gene /
2. Genes & proteins

3. Closest neighbors (RAST)

A list of closest
neighbors with
available genome
sequences

ANI (95~96%)

* JSpecies

* ANl.pl (https://github.com/chjp/ANI/blob/master/ANI.pl) or other ANI calculators
or

DDH estimate using the Genome-to Genome Distance Calculator
(http://ggdc.dsmz.de/distcalc2.php)

*Pairwise 16S rRNA gene sequence similarity >97% resulted in DDH values >70%


https://github.com/chjp/ANI/blob/master/ANI.pl
http://ggdc.dsmz.de/distcalc2.php

TN =M} MH|[ X

Database GenBank (INSDC) Seed IMG/M
Annotation PGAP RAST server IMG-ER
TZ2NE Il Q (BioProject) =2 4l Q (GOLD)
|-X-| ':E
N=dE Complete Genome FASTAfile == (gene  FASTAfile 5
WGS Genome prediction 22 7}S) (gene prediction i
2 7ts)
HS &Ef  =7ts 7ts(E7 £2) 7t
o Y 28

 PGAP http://www.ncbi.nlm.nih.gov/genome/annotation prok/

* RAST server http://rast.nmpdr.org/

* IMG-ER https://img.jgi.doe.gov/cgi-bin/mer/main.cgi
* Prokka (standalone tool) https://github.com/tseemann/prokka [PMID: 24642063]



http://www.ncbi.nlm.nih.gov/genome/annotation_prok/
http://rast.nmpdr.org/
https://img.jgi.doe.gov/cgi-bin/mer/main.cgi
https://github.com/tseemann/prokka

Prokaryotic Genome Annotation Pipeline

(PGAP)

* http://www.ncbi.nlm.nih.gov/ge

nome/annotation prok/

* http://www.ncbi.nim.nih.gov/bo

oks/NBK174280/ (detailed

description)

* Minimum standards for complete
genomes

Structural RNA (5S, 16S, 12S): at
least one copy of each with
appropriate length

tRNA: at |least one copy for each
amino acids

# protein coding genes/genome
length ratio is closet to 1

No genes completely contained in
another gene on the same or
opposite strand

No partial features

Genomic

Protein Clusters

Reference RINA
. —1 sequence |
(CORE, ““‘?"“” (FASTA, ASN.T) (REAM, curated)
Non-coding RNA Mobile/fast
ProSplign (tRINA , rRNA, evolving genes
[ ncRNA) (CRISFR)
SR
detection

s
Protein naming
ik
Frameshift
detection

Taliﬁtiun

annotation reports
(ASN.1, GenBank)

Release note (2015/09/17)

May 2013 Version 2.0

Version 2.0 uses protein homology and GeneMarkS+ prediction program.
Features annotated: Gene; CDS; rRNA; tRNA; repeats in CRISPR region

This version does not include: small non-coding RNA (ncRNA)


http://www.ncbi.nlm.nih.gov/books/NBK174280/
http://www.ncbi.nlm.nih.gov/books/NBK174280/

IMG/ER

* IMG (Integrated Microbial Genomes) system is a community resource
for analysis and annotation of genomes and metagenomes

* IMG/ER (IMG Expert Review) provides users with tools for analyzing
their private genome/metagenome dataset [Nucleic Acids Res. 2014,

42:D560]

 Genome annotation procedure:
1. Project registration is required at GOLD https://gold.jgi.doe.gov/
2. Create a new Analysis Project (AP) for submission to IMG
3. Submit dataset to IMG (select an AP ID)

1. Register

Register your project information and
Metadata in the Genomes Online
Database

1, 2: [ ceomer |

Annotate your microbial genom
metagenome with IMG/ER or IMG

3: |: Annotate :I —

2. Annotate 3. Publish

Sl Standards in
= NItel§ Genomic Sciences
—t
— .
Publish vour aenome

ein

)@l IMG/ER & MER \\"\\

EXPERT REVIEW DATA SUBMISSION

Submitted Datasets | Mew Submlsy | Fitter | Statistics

New SubmissTs /

Q [ Az per the new four level classification system implemented by GOLD for genome and metagename projects, all future
submissions to IMG will be based on GOLD Analysis Projects. All (MG submissions now require an Analysis Projectin GOLD.
Flease go to GOLD to define an Analysis Project. Refer to the GOLD's latest publication

(http &har.oxfordjiournals.orgicontentieany 20144 027 mar.gku S50 full) describing the four level classification system andfor the
help document in how to define a new project and obtain analysis project id from GOLD.

During this transition some or all IMG services could be unavailable or will be available with limited options. Thanks for your

patience.

AP ID:



https://gold.jgi.doe.gov/

DOE-JGI SOP for microbial genome

annotation

(1) QC Preprocessing

Genome Sequence Data
for QC Preprocessing
(Fasta File)

File QC

.

Trimming

q

Low complexity filtering

]

Permutation
Genome Sequence Data

for Gene Prediction
(Fasta File)

(ii) Structural Annotation

Genome Sequence Data
for Gene Prediction
(Fasta File)

CRISPRs (CRT, pilercr)
[1
tRNAs (tRNAscan, blastn)
[
rRNAs (hmmsearch)
[1

1
Prodigal
[ 1

Resolve overlaps

v

Genome Dataset
for Functional Annotation

[
[
[
[ Infernal (blastn, cmsearch)
[
[

(Genbank File)

http://img.jgi.doe.gov/w/doc/MGAandDI SOP.pdf



http://img.jgi.doe.gov/w/doc/MGAandDI_SOP.pdf

RAST annotation server

e http://rast.nmpdr.org/

* |t leverages the data and procedures established within
the SEED framework to provide automated high quality
gene calling and functional annotation

* The service normally makes the annotated genome
available within 12-24 hours of submission

* Annotation results can be shared by specifying registered

users

Subsystem Information

Subsystem Statistics | Features in Subsystems

Subsystem Coverage

53%
| S|
7% ﬂ\

Subsystem Category Distribution

Subsystem Feature Counts

Cofactors, Vitamins, Prosthetic Groups, Pigments (303)

Cell Wall and Capsule (210)
Virulence, Disease and Defense (96)
Potassium metabolism (33)
Photosynthesis (0)

Miscellaneous (26)

Phages, Prophages, Transposable elements, Plasmids (6)

Membrane Transport (195

Iron acquisition and metabolism (53)
RNA Metabolism (241)

Nucleosides and Nucleotides (112)
Protein Metabolism (341)

Cell Division and Cell Cycle (43)
Motility and Chemotaxis (132)
Regulation and Cell signaling (124)
Secondary Metabolism (4)

DNA Metabolism (163)

Regulons (2}

Fatty Acids, Lipids, and Isoprenoids (178)
Nitrogen Metabolism (53)

Dormancy and Sporulation (3)
Respiration (128)

Stress Response (160)

Metabolism of Aromatic Compounds (9)
Amino Acids and Derivatives (434)
Sulfur Metabolism (34)

Phosphorus Metabolism (58)
Carbohydrates (498)

Compare Regions

The chromosemal region of the focus gene (top) is compared with four similar organisms. The graphic is c&tered on the focus gene,
which is red and numbered 1. Sets of genes with similar sequence are grouped with the same number and color. Genes whose
relative position is conserved in at least four other species are functionally coupled and share gray background boxes. The size of the
region and the number of genomes may be reset. Click on any arrow in the display to refocus the comparison on that gene. The focus
gene always points to the right, even if it is located on the minus strand.

Display options - Advanced

Region Size (bp)  |15000

Number of Regions 4

<< < draw > >
=] =] AW | = ==

Visual Region Information | Tabular Region Information ‘ ‘Sequences

update with selected = uncheck all
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http://rast.nmpdr.org/
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WGS https://submit.ncbi.nlm.nih.gov/subs/wgs/

Complete genome sequence

* Guide: http://www.ncbi.nIm.nih.gov/genbank/genomesubmit/

« Submitter template file 41 A: sequin 2 &
https://submit.ncbi.nlm.nih.gov/genbank/template/submission/

e Genome sequence fileQ| 2t &t Xt= fsa2 X| ™

o ASN.1 It A M: tbl2asn -p path_to_files -t template -M n -Z discrep -j
"[organism=Clostridium difficile] [strain=ABDC] [gcode=11]"

e QE7J} ACIH GenomesMacroSendOf| A It M =
http://www.ncbi.nlm.nih.gov/projects/GenomeSubmit/genome_submi
t.cgi



https://submit.ncbi.nlm.nih.gov/subs/wgs/
http://www.ncbi.nlm.nih.gov/genbank/genomesubmit/
https://submit.ncbi.nlm.nih.gov/genbank/template/submission/
http://www.ncbi.nlm.nih.gov/projects/GenomeSubmit/genome_submit.cgi

Genome sequencing has come of age, and genomics will
become central to microbiology's future. It may appear
at the moment that the human genome is the main focus
and primary goal of genome sequencing, but do not be
deceived. The real justification in the long run, is
microbial genomics.

Bacteria

Carl Woese, 1998-2012
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