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Welcome!

The primary goal of the course is for students to be grounded in theory
and leave the course empowered to conduct independent genomic
analyses.

*  We will study the leading computational and quantitative approaches for
comparing and analyzing genomes starting from raw sequencing data.

* The course will focus on human genomics and human medical
applications, but the techniques will be broadly applicable across the tree
of life.

* The topics will include genome assembly & comparative genomics,
variant identification & analysis, gene expression & regulation, personal
genome analysis, and cancer genomics.

Course Webpage:
Course Discussions:

Class Hours: Mon +Wed @ 1:30p — 2:45p, Hodson 216

Schatz Office Hours:  Wed @ 3-4p and by appointment
Kovaka Office Hours: Wed @ 4-5p and by appointment
Please try Piazza first!



https://github.com/schatzlab/appliedgenomics2019
http://piazza.com/
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JHU EN.601.749: Computational Genomics: Applied Comparative Genomics

Prof: Michael Schatz (mschatz @ cs.jhu.edu)

TA: Sam Kovaka (skovakal @ jhu.edu)

Class Hours: Monday + Wednesday @ 1:30p - 2:45p in Hodson 216

Schatz Office Hours: Wednesday @ 3-4p in Malone 323 and by appointment
Kovaka Office Hours: TBD and by appointment

The primary goal of the course is for students to be grounded in theory and leave the course empowered to conduct independent genomic
analyses. We will study the leading computational and quantitative approaches for comparing and analyzing genomes starting from raw sequencing data. The
course will focus on human genomics and human medical applications, but the techniques will be broadly applicable across the tree of life. The topics will
include genome assembly & comparative genomics, variant identification & analysis, gene expression & regulation, personal genome analysis, and cancer
genomics. The grading will be based on assignments, a midterm exam, class presentations, and a significant class project. There are no formal course
prerequisites, although the course will require familiarity with UNIX scripting and/or programming to complete the assignments and course project.

Prerequisites

« Online introduction to Unix/Linux. Students are strongly recommended to complete one of the following online tutorials (or both) before class begins.
o Code academy's Intro to Unix

o

Command line bootcamp

o

Rosalind Bioinformatics Programming in Python
Minimal Make

o

« Access to a Linux Machine, and/or Install VirtualBox (Unfortuantely, even Mac will not work correctly for some programs)

Course Resources:

« Syllabus and Policies

¢ Piazza Discussion Board

https://github.com/schatzlab/appliedgenomics2019




Assignment |: Chromosome Structures
Due Feb 6 @ 11:59pm
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Assignment 1: Chromosome Structures

Assignment Date: Wednesday, Jan 30, 2019
Due Date: Wednesday, Feb. 6, 2019 @ 11:59pm

Assignment Overview

In this assignment you will profile the overall structure of the genomes of several important species and then study the yeast genome in more detail. As a
reminder, any questions about the assignment should be posted to Piazza

Question 1: Chromosome structures

Download the chomosome size files for the following genomes (Note these have been preprocessed to only include main chromosomes):

1. Arabidopsis thaliana (TAIR10) - An important plant model species [info]

2. Corn (Zea mays B73v4)) - The most widely grown crop in the world [info]

3. E. coli (Escherichia coli K12) - One of the most commonly studied bacteria [info]

4, Fruit Fly (Drosophila melanogaster, dm6) - One of the most important model species for genetics [info]

5. Human (hg38) - us :) [info]

6. Rice (Oryza sativa, IRGSP-1.0) - One of the most important crops in the world [info]

7. Worm (Caenorhabditis elegans, ce10) - One of the most important animal model species [info]

8. Yeast (Saccharomyces cerevisiae, sacCer3) - an important eukaryotic model species, also good for bread and beer [info]

Using these files, make a table with the following information per species:

« Question 1.1. Total genome size

¢ Question 1.2. Number of chromosomes
« Question 1.3. Largest chromosome size and name




® ©® 3 en 601749 x
€« > C O
PIQZZQ

Gl hwi tw2 hw3  hwd  hwS  logistics

< | Unread Updated Unresolved Following

CRNEYECEI Q Search or add a post...

& https://plazza.com/class/|rblzs3buim75%¢cid=6

EN. 601,749 ¥ Q&A

Piazza

Qa %« v onme =D +*e0 O

. Michael Schatz o

Resources Statistics Manage Class

o

stop following VRN

‘ i note

v LAST WEEK

W Instr Welcome

Welcome to Applied Comparative Genomics! We
will be using this system to answer any
questions about homeworks, class lec

Welcome
Fri  Welcome to Applied Comparative Genomics! We will be using this system to answer any questions about homeworks, class lectures, exams, projects,
8 and anything else. Please take a moment to look around and get used to the system.

Welcome!

Mike
logistics

m * good note 0

followup discussions for lingering questions and comments

Updated 2 days ago by Michael Schatz

Start a new followup discussion

v
Average Response Time: Special Mentions: Online Now | This Week:
N/A There are no special mentions at this time. 1 | 2
Copyright © 2019 Plazza Technologies, Inc. All Rights Reserved. Privacy Policy Copyright Policy Terms of Use Blog Report Bug!

http://piazza.com/jhu/spring2019/en601749




Sequencing Capacity

DNA SEQUENCING SOARS

Human genomes are being sequenced at an ever-increasing rate. The 1000 Genomes Project has
aggregated hundreds of genomes; The Cancer Genome Atlas (TGCA) has gathered several thousand; and
the Exome Aggregation Consortium (EXAC) has sequenced more than 60,000 exomes. Dotted lines show
three possible future growth curves.

== Recorded growth

=+ Double every 7 months (historical growth rate)

=+ Double every 12 months (lllumina estimate)
Double every 18 months (Moore's law)

e 1000 Genomes
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Big Data: Astronomical or Genomical?
Stephens, Z, et al. (2015) PLOS Biology DOI: 10.137 | [journal.pbio. 1002 195




Second Generation Sequencing
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Genome Hacking

ORIGINAL PAPER

Vol 29 mo 17 2012 pages MED- N
@ 10 MBI Boroetca teT )

Genome analysis

Assembling the 20Gb white spruce (Picea glauca) genome from

Adarce Acoms putscator My 22 3073

whole-genome shotgun sequencing data

Inanc Birol'#*, Anthony

Yondunzmo Andrew J. Mungal,
Brian Boyle', JeanBo-muu" Karmn
Steven JM. Jones' >

Rawnmd‘ Shaun D. Jackman', Stephen Pleasance’,
Robin Coope', Grag A. Taylor', Macaire Man Saint Yuen®, m-|mmg‘
Dana Brand', Benjamin P. deamk Hemham Pawan Pandoh’, =

vamﬁ.c-
.Jomm".mi

'Genome Soences Certre, Britsh Columbia Cancer Agency, Vincouver, BC VEZ 458, Canada,
Geretics,

Maleculer Biclogy and Blochemistry, Smon Fraser University, Bumaby, BC VBA 156, Canaca

Assocete Eonor Ml Bruono

of North Arwrca, o

oy vaatie Yee wil oD Orove fosl TaregeTent and cormer
wion oforts. Seguencing and assebing the ge and gy
of e curert

W prromes was demonstrawd b
(Smpuon or ol 200¥) wung Suman
and win lner wed 1o smemble
SOARdemevo tool (Li or of, 20000
bigh qualty resdts as demoentratel
o of, 2012 Ladoer or o, 2NN Riy

chrciogy . Here. we descrte & gor hotgn

Wrategy L8rG te MUTHN SeUEORg DUTrTS BN 0 MeserTtly
MOproach weng T ABYES softwars. We Spont & 208 ggn bane
Pars Gt ganome I A5 milon scaflon, Wi & soafold NSO of
2036600 We droratute Now fcent Imorovertents 1 T secuen
g Molvolgy. especely Fowasny el Wngte end pared e
reads YO langer Fagments Nave & MO IMgact 00 P aeserbly
Contiguty We amo note that scalabie binfonTatcn ook we FeYy-
el N providng raped et smerthes.

L R e O
e avelable Beough NON "o

heen appiend T o
oemos (Chan or of, 2001; Chu v ot 2
2001, Godel ot al, 2002, Swart ot ol

Esamated ot 20 pga base pains (GY
cing and asemibtly of the gonome of o
the pune (Pinacear) famdy presert wod
peacration end thowe chalicrges bl
whle gronme ot gus sequenng def
g redund rpreseslation resoures
tude of the problem. On the o

PEUNADOS
Contast Hrodtoge (o

Morsrmascs ordre.

Pacarved on March 20, 2010; revised on Agrl %0, 2013 acoapted on
Aok 51,2013

The assermbly of short reads %0 develop penomsc resouroes for
o model ypecses revmaira an active area of developeners (Schats
et al, 2012). The feaibiity of the approach and it scalebiity to

*To whoes cormpondence should e addsewad

e Gatanen i cxtromy
g cychen, memory swage, sorage regl

CA, USA) Compared with locakaed
= building and wguscng fouad
approach of inclating ~ 0AS DNA o
soquencitg (mpments o hagd Uroughy
CA. I.MIAWMQ—:“
e data

when

lhu.uh-aﬁdmﬁh
espeally

In s work, we demonstrase that
T

© The Astor 2011 Putined by Oviors Univarsity Pross.

T 00 Ot Acoess ok GRIAART ow e Weere of e Crmative Commers ASrtuson Mo Comme Loswe Pow|
By "10N wheh pemis NOn COTTETE 8 um. SENBADN. S SOUOLION 1 By Tt Drvded Pe Sgre wob ol

a— LR

i

2 METHOOS

21 Sample collection

Agical shoot ey wem collectod m Agel 2008 Som & snghe white
s (P phos. pronge PG o = O Kalamalta Rowech
Sution of the Setnt Cobumtes Mizmery of Formes snd Razge, Vemon,
Srtad Cokmbe, Camade Gonomse DINA e cutmacind Sum g
S by BeSAT Qe www osoom. Mosowd QC. Casade)
B T e T R
ied suces DNA

22 Litewry peeparation sad sequencing

DAA Gt} o cmomed s o pacianen B4 g comTRrTe.
Scfore iheay comeracton. DNA was shead for &54 snng o= £210
somicun (Coarn) nd Sun smdywd on ¥% PAGE g The 20
300 bp (for Sheames vtk D00y s w) or 450 $%04p (hr Sene
e 300 bp e ) DNA e Sractons wem cacned s dhasd Som
B gl o ovemigh % 4°C i M0y of e Suler (31 eakved]
LoTE hufler DM T 53 (8 750 02 EDTALT SM s
s scciate] end v punfied seg & Spo X Pl Toe (Faba
Socmsc) and clancl papesace. Gesomx Moo wot pemaned
wang 3 modfiel pased-cad g (FET) peoccel wppled by Demns
T Thie insaind DINA ond s s Sormusion of 7 oo over-
Sang cung S Kimow Sagmast of DNA polymacra | (-5 caamacie-
) s s > Demas PT sl (e 5 o)
Adagier bppini watmn vt puwfad @ QlAcmd g e
Qugm) axd enphiod sy Pusce DNA pobymorse (NES) axd 10
FOR cocies with S P2 pemer 10 2 20 (Mummza) FOR prodecs of
B dournd G T —e% PUred Tm alau Wpcas sl wrg
W% PAGE g DINA qually win sewed and quesciind sy o8
Agdcr: DNA 2300 e 3 smany (A s Namadeop "0 @eiro-

Assemiang the X GO wfe 1pnce genome

peosacol and gatad b mdenad Fruley sdepten. The final ¥oewry was cu-
ehed by & Waeke POR sad punfiad by AMPue bead cessop.

o were pocked for wouencing pasd and Wby wing Blemina
Hidog 2000

The comauction of the 1345 mate puir Wheasios wes achioved by &
ybed 434 e proveden ety 0 g of graoes DA

meod for 30 cyclen at wpond code 12 wnng & Mydooskd
Marburocgh MA) appped sidd o wig smanbly ualef
mawod DNA was koadad on o 1% sgaros g, and fragmes|
DD wem curmial Bcs)ldal Siiedrsatan sleowiy
Tramsum Purobond Adegeor wt (454 Lée Soomon Koy
1) were added 1o ondh of the gebcumciod fragmests
rovombinution of (he ends was performed with Cre revoes]
Englamd Seclatn. lpwwnth MAL snd tocwr mokvwio somad
(o were el @ dh Pt Sale (Fpmentre. Madine,
koo were (ragmeniod g O Kagnd Libvary Netubd
Scences Roche. Resnfond, CT), and fragment end-reparr fof
lading v performad wah (e GS Rapnd Lideny prepecwice)
Sacnces Rocke. Branford, CT) TraSey Adupton ([Durmnad
CA) wene hgmard 10 e sepasnnd A Gadend ol Btinylaid
were carched g Dysabeads (Like |
Grand il NY) and smphlind by PCR wsing o)
ey

Random backerial artfical chromosome (BAC) sog:
porfermed wing DNA Som e same geotype on 4
Tiassum with 45 purodend Sbraries ot the PlatcFormy
CGimomigues. of e Instine for Sywows wnd Insegre]
(Universné Laval. Queber City. Q0L A single puirod-ond)
poparad on & pool of 13 RACS faquamlar

Assembling the 20 Gb white spruce (Picea glanca) genome from whole-genome shotgun
sequencing data

Inanc Birol'***, Anthony Raymond', Shaun D Jach 'Shq:hm ! in Coope',

Greg A Taylor', Macaire Man Saint Yuen®, ChnnnphalKedm; D-nBund' Benjamin P

demmlk' Hedhul(uk' Ptmhndoh' Richard A Moore' YongunZho' Andrew J

Mun‘al Jaquish®, Alvin Yanchuk’, Carol Ritland**, BthnBoYle Jean Bousquet'™”,
 John MacKay™™, Jrg Bohlmann*®, Steven JM Jones >

' British Columbia Cancer Agency, Genome Sciences Centre, Vancouver, BC VSZ 456
‘Ummmyoﬂ!mh‘“ bia, D of Medical Genetics, V! BC V6H 3N

' Simon Fraser University, School ofCompunn. Science, Burnaby, BC VSA 186
'L' iversity of British Columbia, Michael Smith Laboratories, Vancouver, BC V6T 124

* British Colunbh Ministry of Forests, Lands and Natural Resource Operations, Victoria, BC VAW 9C2

oafier e bewt sl e following madifvatons | Sy
(ragramsad cung 2 Nycodaar wih » cantind swsmmbly
o spend code 15, 600K Sagmenss wes esirecied Som|
GSFLX Shrary adaptor were Sguiod 1o the mpuired/ A
men. G5 FLX wqumcing ssng (e G chomidry »
soending o manefatarer’s memetons (454 Life Sod
Brasford, CT). Sanger soquencing method was wed 1o obf
BAC wnpurming dute o preveandy dewrbed (Hambhorper
Kaclag or of, 2000,

23 MiSeq medification

I g e s g, ee gearrated kg ol
modifying the MiSoy platiomn. The MiSoq wses & clamshel of
(Scpplamentary Fig. SIA) 10 hokd reagent tabes i 33 3
-—-l'nlr\hbq Sopers. Most of e raponts e of

The mas pur (MFET 2k s mrpag Bero wox
S of grmcmc DNA wed 2 Demma Newaors Mas-Par Sheary wo-
Sractan el wd g (FC- 1133000 ) The g DNA sumple
. e lare s Cagmeed el agEY ST 4 e cceamrg make
P pencTaor atepan etad M 4 S g B9 & D agmened
DNA The g wan Gled by o srmnd Splasemenst smcien g ¢ poby-
merms 10 cnert S ol Supgmemn vow fod end smady for covulenes
Som. Afir 2z AMPur Soad domep, s adton was done o 3 04%
agarow g 1o cacme & 94 and B 14D Tactom. Wik e punfiad
g & Zymockn Langs Fragmes: DNA Recowery Kt The Srngments
were crvalanand by igpooe. fodewnd s o Sgnitee b emeve e ear
molcules and Mt covaarand DINA for desrng. The et DNA
ey e oot ot tal s a alaer e S g
et ot serfed S mrams of g o s de mapex S
and B mwannd sty mokodks wor wsbed sy The
DNA fngmems wox S of wpamd st Adled Slowny S

Pe et and deser pef
_*uunn-.-lw-u
wamod ol ek cyde. ANbough the MiSoq alews any rend
Qealiad @ B conrol wiheas, the reageEs nrdgs casao|
Gureg e ren wiwnd sippeeg & [nanag e mod kerd
roguiT mcreang e qeansty of G kag-dopeadant
canndge. This lnd 10 e solston of comblaing e kng
reagezts of two ki =0 cme.

A ool was desgred St opens e map-hock baches
anmdge wprder (Supplemenary Fgs $18 and S, g
the oagene tsbon, yet allowing the cannidgs %0 be put N
et Sy 0 comgosecs (Supglemesiany Fof
40l the wock kmgh-dependent sgeRt contanay alow)
i of 430 cyces = waal To maximos e posncial of 1
kit spproach, 3 sow reagent tuy with Vel welh was 4
placad @ 3 modiiad chmbel Sue

* Uni y of British Columbia, Dep: of Forest Sci v BC V6T 124
" Uni “l.nvol. itute for Sy and | ive Biology, Québec, QC G1V 0A6
‘Ummmﬂ.lnl. Dmlo(WoodudFm&cim.mocolV 0A6

* Simon Fraser University, D of Molecular Biology and Biochemistry, Bumaby, BC VSA 186

) (L]

)

Figure S1. Modification of the MiSeq cartridge. MiSeq reagent cartridge was modified to
allow for longer read lengths. (A, B) Opening of the clamshell style cartridge. (C) Contents of
the modified cartridge. This was initially used to combine two PE150 kits for PE300 runs. When
Illumina introduced the P250 kit, the same apparatus was used to enable PES00 runs.
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S - Sanger Phred+33, raw reads typically (0, 40)
X - Solexa Solexa+64, raw reads typically (-5, 40)

I - Illumina 1.3+ Phred+64, raw reads typically (0, 40)

J - Illumina 1.5+ Phred+64, raw reads typically (3, 40)
with O=unused, l=unused, 2=Read Segment Quality Control Indicator (bold)
(Note: See discussion above).

L - Illumina 1.8+ Phred+33, raw reads typically (0, 41)

http://en.wikipedia.org/wiki/FASTQ_format



FASTQC: Is my data any good?

@ FastQC ro|[-E S|
Eile Help
bad_sequence. txt [ good_sequence_short.bct\
Basic Statistics
@ I Quality scores across all bases (Illumina >v1.3 encoding)
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http://www.bioinformatics.babraham.ac.uk/projects/fastqc/



Paired-end and Mate-pairs

Paired-end sequencing
* Read one end of the molecule, flip, and read the other end

* Generate pair of reads separated by up to 500bp with inward orientation

300bp > <

Mate-pair sequencing
* Circularize long molecules (1-10kbp), shear into fragments, & sequence

* Mate failures create short paired-end reads

2x100 @ ~10kbp (outies)

> <€

10kbp
circle

2x100 @ 300bp (innies)
> <




FASTQ Files

reads.1.fq reads.2.fq

@SEQ ID @ldentifier
GATTTGGGGTTCAAAGCAGTATCGATCAAATAGTAAATCCATTTGTTCAACTCACAGTTT Sequence

+ +Separator
L'k ((((**%+))88%++) (3888) . 1***—4% ' ') ) **55CCF>>>>>>CCCCCCCH5 Quality Values

http://en.wikipedia.org/wiki/FASTQ_format



Assembly, Mapping & Genotyping

Week 2/3/4

1. Split read into segments

Read

Read (reverse complement)

CCAGTAGCTCTCAGCCTTATTTTACCCAGGCCTGTA TACAGGCCTGGGTAAAATAAGGCTGAGAGCTACTGG
e — =

Policy: extract 16 nt seed every 10 nt

Seeds
+,0: CCAGTAGCTCTCAGCC

+, 10: TCAGCCTTATTTTACC
+, 20: TTTACCCAGGCCTGTA

-, 0: TACAGGCCTGGGTAAA

- 10
-, 20: GGCTGAGAGCTACTGG

2. Lookup each segment and prioritize

Seeds
+,0: CCAGTAGCTCTCAGCC
+,10: TCAGCCTTATTTTACC

+,20: TTTACCCAGGCCTGTA
-

-, 0: TACAGGCCTGGGTAAA
- 10:
-, 20: GGCTGAGAGCTACTGG

Ungapped
alignment with
FM Index

Seed alignments (as B ranges)

{ [211, 212], [212, 214] }

{ [653, 654], [651, 653] }
—p {1684, 685] )

{}

{}

{ [624, 625] }

3. Evaluate end-to-end match

Extension candidates

SA:684, chrl2:1955
SA:624, chr2:462 _
SA:211: chr4:762
SA:213: chrl2:1935
SA:652: chrl2:1945

uonE
El

SIMD dynamic
programming

aligner

SAM alignments

rl

-

chrl2 1936 0

M x 0 0
CCAGTAGCTCTCAGCCTTATTTTACCCAGGCCTGTA
IIIIITTTIITITIIIIIIITIIIIIIIIIINIIIL
AS:i:@  XS:ii-2 XN:i:@

XM:i:0  X0:i:0  XG:i:0

NM:i:0  MD:Z:36 YT:Z:W

YM:i:0

Fast gapped-read alignment with Bowtie 2

Langmead & Salzberg. (2012) Nature Methods. 9:357-359.

Heterozygous variant? /Homozygous variant

\‘F GGTATAC...
...CCATAG 1GTGCGCCC _CGGAAATTT CGGTATAC
...CCAT CTATG[TGCG TCGGAAATT CGGTATAC
...CCAT GGCTAIGTG CTATCGGAAA GCGGTATA
...CCA AGGCTATAI CCTATCG TTGCGGTA C...
...CCA AGGCTATA] GCCCTATCG ITTGCGGT _ C...
...CC _AGGCTATAT __GCCCTATCG |AAATTTGC ATAC...
...CC_TAGGCTATA| GCGCCCTA AAATTTGC GTATAC...

. .CCATAGGCTA'FATGCGCCCTATCGdCAATTTGCGGTATAC. .

* Distinguishing SNPs from sequencing
error typically a likelihood test of the
coverage

— Hardest to distinguish between errors
and heterozygous SNP.

— Coverage is the most important factor!

* Target at least 10x, 30x more
reliable

The Sequence Alignment/Map format and SAMtools
Li H et al. (2009) Bioinformatics. 25:16 2078-9



Typical sequencing coverage

>

Coverage

Contig

Reads

Imagine raindrops on a sidewalk
We want to cover the entire sidewalk but each drop costs $1

If the genome is |0 Mbp, should we sequence 100k 100bp reads!?
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num balls
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2Xx sequencing

Balls in Bins
Total balls: 2000

Frequency

100

Histogram of balls in each bin
Total balls: 2000 Empty bins: 142
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num balls
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20
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4x sequencing

Balls in Bins
Total balls: 4000

Frequency

400

30

100

Histogram of balls in each bin
Total balls: 4000 Empty bins: 17

bails in bin
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num balls

25

20

15

10

8Xx sequencing

Histogram of balls in each bin
Total balls: 8000 Empty bins: 1

§ .
§ -
Balls in Bins .

Total balls: 8000 : g
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([) 5 10 1‘5 2|\'J
bails in bin
1 I | 1 |
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bin id




Poisson Distribution

The probability of a given number of
events occurring in a fixed interval of

time and/or space if these events occur

with a known average rate and

independently of the time since the last

event.

Formulation comes from the limit of the

binomial equation

Resembles a normal distribution, but
over the positive values, and with only
a single parameter.

Key properties:

The standard deviation is the
square root of the mean.

For mean > 5, well approximated
by a normal distribution

— A
Pk) = ~e
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Normal Approximation

99.7% of the data are within

< 3 standard deviations of the mean >
95% within .
2 standard deviations g
68% within
<— 1 standard —>
deviation
u— 30 u— 20 U— 0O 1] n+o U+ 20 u+ 30

Can estimate Poisson distribution as a normal distribution when A > 10



Next Steps

|. Reflect on the magic and power of DNA ©
2. Check out the course webpage
3. Register on Piazza

4. Work on Assignment |

|. Set up Linux, set up Virtual Machine, set up Ubuntu
2. Set up Dropbox for yourself!
3. Get comfortable on the command line




