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A common genetic toolkit

HOX genes
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What makes an organism a model?

classic models: frurt fly, mouse, zebrafish

|. Genetic MapS (phenotypes, allozymes, microsats)
o PhYSical MapS (random, shotgun Sanger sequencing)
3. Transcriptomic Maps (EST sequencing)

4. Gene Expression Analyses  (microarrays RNA-seq)




What makes an organism a model?

Organism
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Short-read sequencing represents a new
“bridge”

Rich Niewiroski Jr.
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Fine scale estimates of population structure
Estimates of genome-region specific gene flow

Phylogeography of
pocket gophers
using mMtDNA

Avise, 1979



Precisely quantify the amount of inbreeding in wild anad
captive populations

about 1500 A.D.

Normal hip bones Hip dysplasia




[ dentify signatures of selection in natural populations
Assoclate genotype to phenotype using GWAS and QTL
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Sequence everything?



Why not sequence the entire genome!

Sample space has scaled with sequencing capacity
e Human height GWAS; over 15,000 individuals assayed
¢ |dentified many new regions contributing to the variation
e Still only identified a fraction of the heritability
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Why not sequence the entire genome!

Sample space has scaled with sequencing capacity
e Human height GWAS; over 15,000 individuals assayed
¢ |dentified many new regions contributing to the variation
e Still only identified a fraction of the heritability

For many studies, full sequence isn’t necessary
e the genomes of many organisms are organized in linkage blocks
¢ well spaced markers will provide all the necessary coverage
¢ the cost of genotyping will almost always be a fraction

Genetic maps are relevant again
¢ a high density genetic map can facilitate genome assembly
® genomes may be segregating a lot of structural variation
e assaying this variation can presently be done best with genetic maps
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Alternative approach -
Reduced representation sequencing for genotyping

® Focus the sequencing on a homologous set of tags spread throughout
the genome

e Simultaneous identification and typing of single nucleotide
polymorphisms (SNPs)

e The cost will always be a fraction of the cost of resequencing the genome
® i.e. 1% genome coverage will be less than 1% the cost
e often the coverage is more even than whole genome sequencing

e Can allow thousands of genomes to be assayed in just a few weeks

e WWHY NOT - some cases complete genomic sequence is necessary
e when linkage disequilibrium blocks (LD) are very short
e |f the genetic architecture of a trait involves many rare variants
* Inferring patterns of LD may be easiest with full sequences



Outline

|. RAD-seqg and other RRL methods
* Experimental design considerations
2. Anatomy of a PStl RAD-seq Analysis

3. Signatures of natural selection across the genome with the
threespine stickleback

* SNP detection and kernel Smoothing
4. Building a genetic map of the spotted gar
e Stacks: the gory detalls
5. Assembling the genome of the platyfish
6. Phylogeography of the pitcher plant mosquito
/. RAD Synthesis with the gulf pipefish

8. Gene expression quantification with eRAD
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Different types
of reduced

representation
sequencing for

oenot o
CRoPS: similar to RRL
uses AFLP: two restriction enzymes

MSG: similar to GBS
replaces size selection step with very

frequent cutter

Nature Reviews Genetics, 201 |

‘Genome-wide genetic marker
discovery and genotyping using
next-generation sequencing

John W. Davey*, Paul A. Hohenlohe®, Paul D. Etters, Jason Q. Boone',
Julian M. Catchen* and Mark L. Blaxter*"




What 1s RAD-seq/?

(Restriction-site Associated DNA)

Eric Johnson
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. Mike Miller
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What 1s RAD-seq/?

(Restriction-site Associated DNA)
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Chrl

What 1s RA

D-seq!

(Restriction-site Associated DNA)

22,830 5bfl sites in Stickleback

~ 45,000 RA

D- lags

HiSeq lllumina Lane:
| 00 million reads, 96 barcoded individuals
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Experimental design considerations for RAD

Tradeoffss
Number of sites versus Depth of sequencing per site versus Number of samples

raw reads / samples / sites = coverage at each locus

000,000 / 100 / 1,000 = 10x ceovelcss

Don't forget about sequencing error and sample bias
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Experimental design considerations for RAD

Tradeoffss
Number of sites versus Depth of sequencing per site versus Number of samples

ow many tags do | need!

Things to consider

Choice of enzyme and genome size  (0.25)" x genome size = expected # sites

Genomes are biased:

expect | 12,300 six-cutter sites in stickleback (460 Mb) actual EcoRlI sites = 90,000
expect /000 eight-cutter sites in stickleback actual Sbfl sites = 22, 300
expect 32,900 six-cutter sites in C. remanel (135 Mb) actual EcoRlI sites = 73,200

Coding regions are GC rich - restriction recognition sequence can bias where tags fall.

e.g. In stickleback coding regions are 10% of the genome, but:
50% of Sbfl sites (CCTGCAGG) fall in exons
| 4% of EcoRl sites (GAATTC) fall in exons
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Experimental design considerations for RAD

Tradeoffss
Number of sites versus Depth of sequencing per site versus Number of samples

ow many tags do | need!

Things to consider

Polymorphism and read length
Nucleotide polymorphism rate = 0.01 to 0.001 for most vertebrates
Stickleback populations: 0.0 to 0.02. At least | SNP every 100 bp, on average

60 nt single end: sample 22,300 Sbfl sites, 2 tags per site, 49 nt = 2.23 Mb = 22,300 SNPs
If N = 100, about 48% of tags have a SNP

80 nt single end: 45,600 tags, 69 nt = 3.15 Mb; 60% of tags have a SNP
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Experimental design considerations for RAD

Tradeoffss
Number of sites versus Depth of sequencing per site versus Number of samples

How many samples should be multiplexed?

Things to consider

Barcoded adapters
> nt barcodes
Variable length barcodes
Combinatorial barcodes (PE)

Barcode distance - read recovery




-xperimental design considerations for RAD

Tradeoffss
Number of sites versus Depth of sequencing per site versus Number of samples

How many samples should be multiplexed?

Things to consider

Barcoded adapters
Depth
Mean depth of 20 to 40 to call genotypes




Molecular considerations in library building

How many samples should be multiplexed?

Things to consider

DNA Quality
Multiplex only like samples to
help equalize representation of poor
quality samples




Molecular considerations in library building

How many samples should be multiplexed?

Things to consider

CGATA GTACA TAGCC ACTGC

DNA Quality

Diversify barcodes
llumina Genome Analyzer is
confused by repetition in first
4 bases




Molecular considerations in library building

How can | get the best depth of coverage!?
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°
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Things to consider

Fragment size
Smaller/tighter Is better
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Molecular considerations in library building

SO REANNoEl the Dest depth ol covEfRagsy

Things to consider

. gPCR control should be similar to measured sample:
Fragment size
Library qualrty

gPCR -

o




Molecular considerations in library building

SO REANNoEl the Dest depth ol covEfRagsy

Things to consider

Fragment size
Library qualrty
@ HER
Pilot Experiment:
Spike or split a lane







Anatomy of a PStl RAD-seqg Analysis

| 35M lllumina Raw Reads Aligned to Reference
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Anatomy of a Pstl RAD-seqg Analysis

R ONRCIereRceE Seqliences
LAl SiEs)

Not Present (16%)

| Indv. (3%) | 5K Non-Reference Sequences

2 Indv. (2%)

3 Indv. (2%)
4 Indv. (2%)

Present in 6 97K de novo Stacks
Individuals

(70%)

5 Indv. (6%)
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Empirical A JA51
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Anatomy of a Pstl RA

Bear Paw Stickleback Reference - [ G

D-seq Analysis
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FO Male - + ¢ Wd+ 4 +D4-HH 306 HOW HHIEX WD +  oHKHH X 4+ H BEK XHE HD0teE+ + + X O HE Xt &+ + D X HEHHHK HHHE X 49K K HHEG
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4+ Detected on Both Strands



Anatomy of a Pstl RA

Bear Paw Stickleback Reference - [ G

D-seq Analysis

OMb 1 G 28Mb
=
Reference +- -- - - - e s 3 - = 7= AT S B TR 0T 0 G 605 o RN
Progeny 4 | MYt HIK HXHE 304 HOH HHIF  HHE + HHH X R BEX XHE e+ + + + XK HE X+ 4+ O X BEHHE I EHXEX HHHK e R
Progeny 3 - MYt K HDEHHE 304 HOH HHIBX HDGE + HMHH X+ H B XHE e+ + + + DO HE X+ 4+ @ X HEHHE A X ORRK K R
Progeny 2 | >« Mt K HDHE 04 O HHBX HDGE + HMHH X KA DK XHE B0+ + 4+ XS HE X+ 4+ @ KM HEHHK R XHEEX R K HHE
Progeny 1 | MYt K HDHE 304 HOM HHIBX HDGE + HKHH X+ A DX XHE 0+ + 4+ OO HE @ K HEHHHK R XHEEX R e HHEG
FO Male - + ¢ Wd+ 4 +D4-HH 306 HOW HHIEX WD +  oHKHH X 4+ H BEK XHE HD0teE+ + + X O HE Xt &+ + D X HEHHHK HHHE X 49K K HHEG
FO Female | YAt 3K HDG-H 104 H o HIBX HDGE + HERHH X R D XHE R+ + + + X HE X+ + o+ R X DG HEHHHE HHE X HX 06 HHIEX
4.25Mb 4.3Mb 4.35Mb 4.4Mb 4.45Mb 5Mb

& Not Present in Reference Genome
X Detected on a Single Strand

4+ Detected on Both Strands



Anatomy of a Pstl RA

Bear Paw Stickleback Reference - [ G

D-seq Analysis
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Anatomy of a Pstl RA

Bear Paw Stickleback Reference - [ G

D-seq Analysis

OMb 1 G 28Mb
=
Reference -+ -- - - - .. -. e s 3 - = 7= AT S B TR 0T 0 G 605 o RN
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Threespine Stickleback, Gasterosteus aculeatus

® Ancestral Oceanic Populations ® Derived Freshwater Populations
Marine and Anadromous Lake and stream
Old (> 10 million years) Young (< 15,000 years)
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Signatures of natural selection across the genome
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Even coverage of RAD tags across the genome
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Differentiating SNPs from error

Restriction enzyme recognition sitej

Reference/, TTCAGGTTGGGTGAGTTGTCATCAGTCGGARTGCGCAGGTCACTTACCTGCAGGCAGCTCTCTGAAGCGCAGGTACTCCATCGACCGGGTGGTGACTAL
enome NNNNNNNNNNNNNNNNNNNNATCAGT CGGAAT GCGCAGGTCACTTACCTGCAGGCAGCTCTCTGAAGCGCAGGT ACTCCANNNNNNNNNNNNNNNNNN

g ///" ATCAGTCGGAATGCGCAGGTCACTTACCTGLA
ATCAGTCGGAATGCGCAGGTCACTTACCEGCA
seguence ATCAGTC:2AATGCT CAGGTCaCTT acctGeR
ATCAGTCGGAARTGCGCAGGTCACTTAcctGeA
ATCA-TCGGAATGCGCAGGTCACTTAcctgcA
ATCAGTCGGAATGCGCAGGTCACTTACCTGCA
ATCAGTCGGAATGCGCAGGTCACTTACCEGEA
ATCAGECGGAAT 2CGCAGGTCACTTACCEGLA
ATCAGTCGGAATGCGCAGGTCACTTAcctgeA
cagttggRARtgcGCAggTcalTTeecctgeA
AtCAGTCGGAATGCGCAGGTCACTTAcctech
ATCAGTCGGAATGCGCAGGTCACTTAcctzcA
ATCAGTCGGAATGCGCAGGTCACTTAcctgcA
ATCAGTCgGAATGCGCAGGTCACTTAcctezcA
seguence ATCAGTCGGAATGCGCAGGTCACTTAcctecA
ATCAGTCGGAATGCGCAGGTCACTTaCctgeA
reads ATCAGTCGGARTGCGCAGGTCACTTacctzcA
ATCAGTCGGAARTGCGCAGGTCACTTACCEGEA

TecageCAGCTCTCTGAR2CGCAGGEACECCA

TgcaggCAGCTCTCTGARGCGCAGGEACTCCA

TeCazegCAGCTCTCTGAAGCGCAGG=ACLCCA

TGCAGGCAGCTCTCTGARGCGCAGGEACTCCA

TgcazzCAGCTCTCTGARGCGCAGGEACTCCA

tgc cAGCtCTCTGARGag~aGgtaCTCca

TeCazeCAGCTCTCTGARGCGCAGGEACT CCA

TgecaggCAGCTCTCTGAAgCGCacGtaCtelCa

TgcagzcAG:TaTCTGAAGezCAgGTACtcca

TGCaggCAGCTCTCTGARGCGCAGGEACTCCa

\\\\_ TeCazeCAGCTCTCTGARGCGCAZGEACT cch

TGCaGgCAGCTCTCTGAARGCGCAGGTACTCCA
tgcageCAGCTcTAaTGARgcGCAGGEActecca
' CagCtCTCTgaRGezraghzACtccA
ccazeCAGCLCTCtGaaGeGeAggtacteca
>CaggCAGCTCTCTGARGCGCAGGEACTCea
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Differentiating SNPs from error

LT CAGGTTGGEGTGAGTTGTCATCAGTCGGART GCGLCAGGTCACTTACCTGLCAGGCAGLTCTCTGAARGLGCAGGTACTCCATCGACCGGGTGGTGACTAG
NNNNNNNNNNNNNNNNNNNNNATCAGT CGGAART GCGCAGGTCACTTACCTGCAGGCAGCTCTCTGAARGCGCAGGTACT CCANNNNNNNNNNNNNNNNNNN

ATCAGTCGGARTGCGCAGGTCACTTACCTGEA

ATCAGTCGGAARTGCGCAGGTCACTTACCLGLA

ATCAGTCtgRATGCTCAGGTCaCTT =cctGeA

ATCAGTCGGART GCGCAGGTCACTTAcctGeA

ATCRT CGGAATGCGCAGGTCACTTACctgeA

ATCAGT CGGAART GCGCAGGTCACTTACCTGCA

ATCAGTCGGARRTGCGCAGGTCACTTACCEGEA

ATCAGLCGGAART 2LEEQGGTCACTTACCEGEA

QTCQGTCGGQRTGCGCQGu*FﬂCTT9-Cf cﬂ

=t tzgRAtgcGCAgegTocat =

AtCAGTCGGARTGCGCAGGTCACTT At

ATCAGTCGGAATGCGCAGGTCACTTACE

ATCAGTCGGRATGCGCAGGTCACTTACC

ATCAGTCgGRATGCGCAGGTCACTTACC

ATCAGTCGGAATGCGCAGGTCACTTACE

QTCQGTCGGQQTGCGCQGGTCQCTTaC'
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Differentiating SNPs from error

The reads are 141 and 2 G

ElNiictcioz solc]
GG homozygote with error?
AA homozygote with lots of error?

Needed a rigorous method to call genotypes
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Differentiating SNPs from error

L(n,hom) = P(n,,n,,n,,n,) = n! (1_§)”l (E)nz(i)ns (E)m

n!n,n;ln,!

| n n, n, n,
L(mnshet) = P(n, ) = —— (o.s-i) (o.s_i) (E) (E)

n!n,ln!n,! 4 4) \4

Maximum likelihood genotyping based on
multinomial distribution of nucleotide reads



Making statistics continuous across the genome

Kernel-smoothing average of summary statistics along genome
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Bootstrap re-sampling to estimate significance of moving average

— Re-sample from across genome within the same population
— Significance is relative to genome-wide average, not based on a null model



Signatures of natural selection across the genome

Hard Sweep Soft Sweep
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requires a very dense set of markers or complete sequences
assays need to be performed in dozens or hundreds of individuals
hard to develop for non-model organisms



Signatures of natural selection across the genome
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Signatures of natural selection across the genome
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Evidence for balancing selection on Linkage Group |l
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Previously identity quantrtative trait loci (QTLs)
are under selection
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Natural populations 04 Enigma FOXI3D FGFR

Lateral plate major locus
on LGIV (4000 SNPs)
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zebrafish

stickleback



G3: Genes, Genomes, Genetics
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Genetic Mapping for Genome Assembly
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Ihe prtcher plant mosquito, Wyeomyia smithii
a model for evolution due to climate change




Ihe prtcher plant mosquito, Wyeomyia smithii
a model for evolution due to climate change

Bradshaw et al (2001) PNAS
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Resolving post-glacial phylogeography in Wyeomyia smithii
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Sampling RAD-Tag markers for population-level
phylogenetic analysis




Sampling RAD-Tag markers for population-level

phylogenetic analysis
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Genome-wide view Improves resolution

64, 3%, 98
.02
MM
638868 ~~-_]1 HV
81 36,0 PB
100, 100, 100 ™ 'TH
DB
ﬁ .
HS
- LI
SH
100, 100, 85 Gs
50, 4& 35 ey,
e PM
61,575 ~
Wi

dno. usayuoN

dnols) wayjnog

W. vanduzeei

W. mitchellii

Northern

Appalachian
@ ¥ & "
BORODRODSG BROPDoeRODOIOOD O
o §
2 |

NC
Coast

Gulf
Coast

=
=

g1, 88, 100
U, 39, 49
100, 100, 100
100, 100, 100
DR —— g8, 100, 100
R - 72,78, 99
KC 1-1 ke
~ |4 52,48, 99
ME —
TH
100, 99, 100
PB »
e = = = -~ U, 630
MM SR 74,77,0
HV ———bF--- u630
100, 99, 100
Np | -y
HS 60,95, 93
HK —— 100, 84 9%
DB—
88, 100, 99 -
CcB
SH™ u.es, 90
PM— 99, 93
GS 93, oa
wi
Ll 100, 99, 99

0.08



Appalachian Northern
N 1 5

NC
Coast

BORODEODSO BROEOPoBMOPOOPDP O

Gulf
Coast

=
@

D

91, 98, 100
:ﬂy, 39, 49
100, 100, 100
RY
ML — {100, 100, 100
DR — g8, 100, 100
KC - 72,7899
52,48, 99
ME
TH 100, 99, 100
PB
MM k] e U MY 4 1
Lockasss 74770
HV —==b=-== U630
100, 99, 100
NP
HS =60, 95, 99
HK — 100, 8499
DB—
98, 100, 99
CB
SH U, 65, 99
PM 99, 99
GS 100, 99, 99
Wi

N

1

LI

00, 99,99

0.08




SREES RS ANKS 1O ...

. o (Cresko Lab members Susan Bassham, Paul

Hohenlohe, and Kristin Sikkink

* Collaborators Angel Amores, John
Postlethwait, Kevin Emerson, Paul Etter;
William Bradshaw, Christina Holzapfel, Eric

Johnson, Patrick Phillips

=5, Funding from NSF & NIH, as well as Keck

& Murdock Foundations




