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Outline for today’s lecture

RAD-seq for genomic questions
Primer on population genomics
Evolutionary genomics of stickleback fish
- Population genomics of rapid adaptation
- Using long read RAD-seq for coalescent analyses
- Genome Wide Association Studies using RAD-seq
Genomically enabling the gulf pipefish
RAD-seq experimental and statistical considerations

Stacks software pipeline (this afternoon & evening)
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Why do species look the way that they do”




Why do organisms vary?
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How is cellular functional diversity created”




How is cellular functional diversity created?

The *.omics toolkit is
revolutionizing

our understanding of all of

these biological questions
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Vertebrate zygotes or embryos

28 day human 19h zebrafish



Vertebrate zygotes or embryos

28 day human




Population Genomics



Assaying genetic variation:
Shouldn't we just sequence everything?



Why not just sequence entire genomes”??



Alternative - reduced representation sequencing

* Focus sequencing of numerous samples on a
subset of homologous regions across the genome

» Simultaneous identification and typing of single
nucleotide polymorphisms (SNPs) and haplotypes

* The cost is a fraction of the cost of re-sequencing
the genome

» Thousands of genomes can be assayed in just a
few weeks



What 1s RAD-seq?

(Restriction-site Associated DNA)
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Rapid and cost-effective polymorphism identification
and genotyping using restriction site associated DNA
(RAD) markers
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22,830 5bfl sites In threespine stickleback genome

~ 45,000 RAD-Tags

@ T G C A G G TTCTGTTCACTGAAGCAGACGCGCGTGTATGGA

TCCATACACGCGCGTCTGCTTCAGTGAACAGAAC C T G C A G G TTGTGACTAACAGGCAATAAAGTAGTAAACAAC
V¥99.1V.191939290VIVIOVYILIVILLIOLILL E) 9 V :) D J_ :) :)vvavawvusmJeuvuuvmvumua

T G C A G G TTGTGACTAACAGGCAATAAAGTAGTAAACAAC
T G C A G G TTCTGTTCACTGAAGCAGACGCGCGTGTATGGA




~or what types of studies can
RAD-seq be useful?



l[dentifying genetically distinct individuals and
estimating genetic diversity

Quaking Aspens



Defining the relationships among individuals and
populations
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The golden lion tamarin (Leontopithecus rosalia).



Precisely quantifying the amount of inbreeding in
wild and captive populations

Range of Florida Panther

Normal hip bones Hip dysplasia

——d




Defining the relationships among individuals and
populations




Phylogenetic relationships

Ecology and Evolution

Open Access

Is RAD-seq suitable for phylogenetic inference? An in silico
assessment and optimization D.melanogaster

Marie Cariou, Laurent Duret & Sylvain Charlat
Université de Lyon, Université Lyon 1, CNRS, UMR 5558, Laboratoire de Biométrie et Biologie Evolutive, 43 bou —— D.sechellia
Villeurbanne F-69622, France 1678

— D.simulans

— D.erecta

D.yakuba

D.ananassae

— D.persimilis

— D.pseudoobscura

D.wilistoni

D.mojavensis

D.virilis

D.grimshawi




Phylogenetic relationships

Retrieved In clusters

orthologous  including
Species pair D. Orthologous  tags paralogs
melanogaster tags (%) (%)

D.sechellia . 2978 99
D.simulans . 2892 99
D.erecta 2390 97
D.yakuba 2314 97
D.ananassae 916 68
D.persimilis 648 65
D.pseudoobscura 648 66
D.wilistoni 242 49
D.grimshawi 290 60
D.virilis 286 59
D.mojavensis 298 59
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Cancer genomics




Cancer genomics




Cancer genomics

WGS

Wild
Type

WGS

Mutant



Cancer genomics

WGS
Wild
Type
RAD
WGS
Mutant

RAD



Let's go Into a little more detall
on the methods



Restriction enzyme digestion and first adaptor ligation

0.0 1.0 2.0 3.0 4.0 5.0kb 6.0 7.0 8.0 9.0 10.0




Restriction enzyme digestion and first adaptor ligation

0.0 1.0 2.0 3.0 4.0 5.0kb 6.0 7.0 8.0 9.0 10.0
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Restriction enzyme digestion and first adaptor ligation
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Restriction enzyme digestion and first adaptor ligation

0.0 1.0 2.0 3.0 4.0 5.0kb 6.0 7.0 8.0 9.0 10.0
2.0 05 2.0 2.5 3.0
T A A e ————————

VV1ll



Restriction enzyme digestion and first adaptor ligation

00 10 20 30 40 50kb 60 70 80 90 100
2.0 E 2.0 2.5 3.0
COTC OCT I il \
ArB C A —

VVL1iLl 9 q v
TTAA

A = Amplification primer
B = Sequencing primer
C = Barcode



Restriction enzyme digestion and first adaptor ligation

00 10 20 30 40 50kb 60 70 80 90 100
2.0 05 2.0 2.5 3.0
VVLL \
A B C

VVL1iLl 9 q v
TTAA

Note - there are now commonly two
levels of barcodes used:

Sample Barcodes and
A = Amplification primer Molecular Identification Barcodes (MIPs)

B = Sequencing primer
C = Barcode J




Shearing of DNA and second adaptor ligation

00 10 20 30 40 50k 60 70 80 90 100
COTC OCT I il \
A B C 0 raA —

* Defining difference between original RAD and other approaches”

A = Amplification primer
B = Sequencing primer
C = Barcode



Shearing of DNA and second adaptor ligation

00 1.0 20 30 40 50kb 60 70 80 90 100
:EEA —=—' VVLL \
TTAA = WL 5 g v
TTAA
COC O C ) TTAA C T
A B C B A
D 4 V
GHD N GHD SS— 7. V. W G N G N G
A B

A = Amplification primer
B = Sequencing primer
C = Barcode



Shearing of DNA and second adaptor ligation

00 1.0 20 30 40 50kb 60 70 80 90 100
:EEA —=—' VVLL \
TTAA = WL 5 g v
TTAA
COC O C ) TTAA C T
A B C B A
D 4 V
GHD N GHD SS— 7. V. W G N G N G
A B

A = Amplification primer
B = Sequencing primer
C = Barcode



Shearing of DNA and second adaptor ligation

0.0 1.0 2.0 3.0 4.0 5.0kb 6.0 7.0 8.0

—<£ = ==

0.8 =

0.5
04 04

A = Amplification primer &,
B = Sequencing primer
C = Barcode

9.0

5.0kb

4.0

3.0

2.0

10.0



2bRAD - type 2b restriction enzyme

0.0 1.0 2.0 3.0 4.0 5.0kb 6.0 7.0 8.0 9.0 10.0
NNNN
A B C |8bp |8bp
NNNN
NNNN ) q v
NNNN

A = Amplification primer
B = Sequencing primer
C = Barcode



2bRAD - can scale number of markers easily

0.0 1.0 2.0 3.0 4.0 5.0kb 6.0 7.0 8.0 9.0 10.0
C O T OCT 7 yNYY
A B C |8bp |8bp
NNTT
11NN ) q v

AANN

A = Amplification primer
B = Sequencing primer
C = Barcode



2DbRAD - size selection iIs more difficult and reads are shorter

0.0 1.0 2.0 3.0 4.0 5.0kb 6.0 7.0 8.0 9.0 10.0
) ) ) ) 5 Okb
4.0
3.0
2.0
: . : 36bp
A = Amplification primer @ @ @ @

B = Sequencing primer
C = Barcode




Single (GBS) or Double Digest RAD (ddRAD)

00 10 20 30 40 50kb 60 70 80 90 100
2.0 E 2.0 2.5 3.0
COTC OCT I il \
ArB C A ——

200D D d v
GCGC

A = Amplification primer
B = Sequencing primer
C = Barcode



Size selection is more problematic without shearing

0.0 1.0 2.0 3.0 4.0 5.0kb 6.0 7.0 8.0 9.0 10.0
2.0 0.5 2.0 2.5 3.0
5.0kb
4.0
3.0
2.5 3.0
2.0
2.0
0.5
A= Ampliﬁcation primer u u u u

B = Sequencing primer
C = Barcode



@@ stupy DESIGNS

Summary Of p|USSGS ar]d minuseg (Harnessing the power of RADseq for

ecological and evolutionary genomics

Of R A D f a m I | y :onmdb;gf; z. ﬁ:ﬁ?f:ﬂfﬂmy M. Good?, Michael R. Miller*, Gordon Luikart*
Options for tailoring Change restriction Change  Change Change restriction  Change restriction
number of loci enzyme restnichion  restriction  enzyme or size enzyme or size
enzyme enzyme selectionwindow  zelection window
ZMJ loci per 30~500 50-1.000 540 0.3-200 10-600
“1Mb of genome size*
Length of loci <1kbif building contigs: 33-36bp  <300bp' <300bp' <300bp*
otherwise <300 bp*
Cutpub-wd«loc Low Low Low Low High
Medsum Low Low Low High
No No No No Yes
With paired-end No With Withdegenerate No
sequencing degenerate barcodes
barcodes
- Sonicator Neone None Pippin Prept Pippin Prep!
Cood Poor Moderate  Good Good
Moderate  Moderate Moderate

i
g

Yes No Yes Yes No




@@ stupy DESIGNS

Summary Of p|USSGS ar]d minuseg (Harnessing the power of RADseq for

ecological and evolutionary genomics

Of R A D f a m I | y :onmdb;gf; z. ﬁ:ﬁ?f:ﬂfﬂmy M. Good?, Michael R. Miller’, Gordon Luikart*
Options for tailoring Change restriction Change  Change Change restriction  Change restriction
number of loci enzyme restrchion  restriction  enzyme or size enzyme or size
enzyme enzyme selectionwindow  zelection window
:MJ lodper 30-500 50-1.000 540 0.3-200 10-600
“1Mb of genome size*
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Length of loci < 1kb if building contigs:
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No No No No Yes

With paired-end No With Withdegenerate No

sequencing degenerate barcodes
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Yes No Yes Yes No




Local paired end assemblies to create haplotypes

A) Restriction sites in Tomg

W tl®

RAD tag sequence read Sheared-end reads

OPEN @ ACCESS Freely available online < PloS one

Local De Novo Assembly of RAD Paired-End Contigs
Using Short Sequencing Reads

Paul D. Etter', Jessica L. Preston’, Susan Bassham?, William A. Cresko?, Eric A. Johnson'*




paired end assemblies to create haplotypes
RAD site within an individual

Read 1
‘Anchored’ to
Restriction Site

Read 2
Randomly Sheared

200 - 800bp in length




MOLECULAR ECOLOGY

Molecular Ecology (2013) 22, 3179-3190 doi: 10.1111/mec.12276

RADseq underestimates diversity and introduces

genealogical biases due to nonrandom haplotype
sampling

B. ARNOLD,' R. B. CORBETT-DETIG,"' D. HARTL and K. BOMBLIES
Department of Organismic and Evolutionary Biology, Harvard University, Cambridge, MA 02138, USA
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Slas’ In RADseq Is Increased in some

RAD protocols

Protocol

Mean

Recombination

emm/emm

ﬂe/ﬂa

Standard

Double digest

0.994
0.987
0.956
0.835
0.858
0.829

0.995
0.982
0.933
0.836
0.851
0.797




Slas’ In RADseq Is Increased in some

RAD protocols

Protocol

Mean

Recombination

emm/emm

ﬂe/ﬂa

Standard

Double digest

0.994
0.987
0.956
0.835
0.858
0.829

0.995
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0.836
0.851
0.797




3ias’ in

RADseq Is Increased in some RAD protocols

Mean

Recombination

Protocol Owe / 6wa Tle /Ty

Standard 0.994 0.995

0.987 0.982
0.956 0.933

Double digest




RADseq

Gene genealogy Sequence alignment




Siological studies that benefit from

—SA

D-Seq

* Defining individuality, parentage and pedigrees

» Performing quantitative genetic studies in outbred populations

* Fine scale estimates of population structure

» I[dentifying the genetic basis of inbreeding depression

- Making management decisions for biological populations

- Genome Wide Association Studies (GWAS) studies of traits

» Building genetic maps to genetically enable non model organisms

 Estimating species and higher level phylogenetic relationships

* Population genomics - identifying the signatures of natural selection



Biological studies that benefit from RAD-seg

* Defining individuality, parentage and pedigrees
» Performing jons
* Fine scale
» |[dentifying

- Making ma

« Genome

* Building ge nisms
 Estimating species and higher level phylogenetic relationships

» Population genomics - identifying the signatures of natural selection



Outline for today’s lecture

RAD-seq for ecological and evolutionary genomics

Primer on Population Genomics



ow do organisms adapt to novel environments®

from Grant and Grant. 2007. How and why species multiply: The radiation of Darwin’s
finches. Princeton University Press



ow do organisms adapt to novel environments®

from Grant and Grant. 2007. How and why species multiply: The radiation of Darwin’s
finches. Princeton University Press



Four fundamental processes in evolution

Origin of genetic variation
mutation
migration



Four fundamental processes in evolution

Origin of genetic variation
mutation
migration

Sorting of variation
genetic drift
natural selection



(Genetic drift is a null model

Louanbauy apayry

Generation

Sewall Wright

3

(X)¢

Allele frequency, x



Population size affects rate of diffusion, and genetic
drift affects the entire genome equally (on average)

NS

~10 Individuals

Allele frequency ()
< B
R
(RS
>
k’ s

~100 individuals

Allele frequency (p)




Natural selection biases the allele frequency changes
and the effects can be genomically localized

\a) Small populations b Large populations

Percentage #F°
&

&
I

10 A 1L 10 | = 5
june  Qctober November june October November
1955 1955 1956 1955 1955 1956

Time

Time



Population genomics

Simultaneous genotyping of neutral and adaptive loci

N\

Genome-wide background provides
more precise estimates:
-Demographic processes (e.g. N,)

Outliers from background indicate:
*Selective sweeps

+Phylogeography *Local adaptation



Population genomics of ordered markers

Hohenlohe et al. 2010. Int J Plant Sciences



Population genomics of ordered markers

Hohenlohe et al. 2010. Int J Plant Sciences



Population genomics of ordered markers

Hohenlohe et al. 2010. Int J Plant Sciences



Population genomics of ordered markers

position along genome

Hohenlohe et al. 2010. Int J Plant Sciences



Decision tree for
population

genomics

data

Time Scale
short long

Number of Populations
one multiple

| \

5 e F57 tests

positive balancing

| \

Mode of Selection . « LD tests (Z, XP- EHH)

Type of Sweep  « n-based tests

: « i-based tests :
« allele frequency spectrum

(Tajima’s D)
i o LD tests (iHS)

‘hard soft - allele frequency spectrum
i (Tajima’s D) :

\ -« LD tests (iHS)

RN

Knowledge of substitution class
yes no

Hohenlohe, Phillips, Cresko, 2010



Stacks analysis pipeline for RAD-seg

Stacks: Building and Genotyping Loci De Novo Stacks: an analysis tool set for population genomics

From Short-Read Sequences JULIAN CATCHEN,* PAUL A. HOHENLOHE * SUSAN BASSHAM,* ANGEL AMORES}

nd WILLIAM A, CRESKO*
Julian M. Catchen,* Angel Amores,' Paul Hohenlohe,* William Cresko,* and John H. Postlethwait"' ?I " , L
*Center for Ecology and Evolutionary Biclogy and "Institute of Neurostience, Universty of Oregon, Eugene, tute of Ecology and Evobubion, Undversity of Oregon, Eugene, OR 97403-5289, USA, tBilogical Sdences, Undversity of
Oregon $7403 Idaho, Moscew, 1D 83844-3051, USA, thstifute of Newnscience, University of Oregon, Eugene, OR 97403-1254, USA




Stacks

7.4.2 batch_X.sumstats_summary.tsv: Summary of summary statistics for
each population

Column Name

| SEVEAL dr i n

[omrlpuon

1 Pop ID Populataon ID as deﬁned in the Populabon Map file.

2 Private \Number of private alleles in this population,

3 Number of Individuals ‘Mean number of lndwiduals per locus in this population.

4 Variance

5 Standard Error

o o Mean frequency of the most frequent allele at each locus in this
| population.

7 Variance

8 SendadEmor

9 m& i IMoan obsered heterozygosity in this population.

10 |Varance |

11 ‘Standard Error E

'12. m ity iMean observed homozygosity in this population.

13 |Verance

14 StndardEmor |

15 mw ?Mean expected heterozygosity in this population.

6 Vewnce |

17 'Standard Error |

-18 Ebw"p“wd sity éMean expected homozygosity in this poputation.

19 Vanance

20 Standard Error

52-1 n iMean value of T in this populauon

22 N Varance

23 n Sxandard Enor

,'2.4' ’F;s Mean measure of Fig in this population.

:55 .F;sVatiance AT A AT AT e YOI R AL TN

26 Fig Standard Error |



Stacks

7.4.4 batch_X. hapstats.tsv: Haplotype-based summary statistics for each

locus in each population

Column Name Description

1 ;Batch ID ‘The batch idenuﬂer for this data set.

2 iLocus ID Catalog locus identifier.

3 ;Chromosome M angned to a reference genome.

4 ‘Basepair If ahgned toa refenenoe genome.

'5 'Popul ation 1D " The ID supplied to the populations program, as written in the
| populahon map file.

:6 ;N Number of a!leleslhaplotypes pmsent at this locus.

7 |Haplotype count

8 |Gene Diversity

9 | Smoothed Gene Diversuty

'10 Smoothed Gene Diversity P- |
value

1 _ Haplotype Diversity

—12 'Smoothed Haplotype

i I .vaersny

PR Smoothed Haplotype

V’DwersnyP-value aq |

14 Haplotypes :’\1 mﬁc&fg;eparated list of haplotypes/haplotype counts in




7.4.3 batch_Xfst_Y-Ztsv: Fgt calculations for each pair of populations

Column Name D

Porer et = ——— e —— o —

1_1 1 BatchiD  [The batch identifier for this data set.

2 Locus 1D Catalog locus identifier.

3 Poputation 1D 1 ,m'g:wmmpop\bﬁommmm.asmhmepopuwﬂon
7 | Population 1D 2 | The 1D suppied to the poputations program, as written in the population

mapﬂo

4
5 Chromosome :nawwamﬂmgenm

6 Basepair ‘tfali_wodtoardarencegonpme ) -
7 Thcnudoo&doslbomcmthomlogbous ropomdusmgambnod

| Column oﬂs«(ﬁmt nucleotide is enumerated as 0).

i Overall m Aneammdnudeowodivarskymsmemmam

9 Fsr /Ameasure of population differentiation.

| PmdosaibmgimoFsymwocssmmuysmiﬁmm

2 _'FET b 1o Fisher's Exact Test.

1t OddsRatio Fisher's Exact Test odds ratio.

:. 12 CI High Fisher’s Exact Test confidence interval.

13 C_l_ Low Ffs_tgefg Exact]’egt oonﬁdonoo Inharval

14 _LOD Sooro Logarithm of 0dds score.

z F wlmenhermeFETp-value orawumw-slmo:gemestza

i Corrected Fgr ST

:5 | ‘Bonferroni comrection.

] s thed F AwuodaveragedFsydopendngonmwmunm\gwodmnce

.16 LY T i_\ both directions.

17 AMOVA Fey Analysis of Molecular Variance attemative Fgy calculation, Dertved from

l | Wo_i Genetic Data Analysis |I, chapter 5, "F Statistics,” pp166-167.

48 Corrected AMOVAFs«rww\elmermFETp-valua of & window-size or genome size

i AMOVA Fgy Bonlomni icomection. - -

‘19  Smoothed |A weighted average of AMOVA Fst depending on the surrounding 30 of

[  AMOVAFgr  sequence in both directions,

| Smoothed | .

20 AMOVA Far P- '"Wapmsammgsenabbd.amluomungmemﬁmmd
Apind g Fgt within this pair of populations,

- ‘Window SNP  Number of SNPs found in the sliding window centered on this nucleotide

| Count pasition.

e — -

Notes: The preferred version of Fgy is the AMOVA Fgy In column 17, or the corrected version in
column 18 if you have specified a comrection o the populations program (option -£)




Stacks

7.4.6 batch_X.phistats_Y-Z.tsv: Haplotype-based Fgy calculations for each

pair of populations
Column Name Description
1 BatchID ‘The batch identifier for this data set.
2  LocusID Catalog locus identifier.
A .Popuiation - "l)‘gg Jgus::‘pg:: é:: the populations program, as written in the
_'4 -Population D 2 ; x;gh?npﬁ:: ;?e the populations program, as written in the
5 'Chromosome *lfhéhgned to a reference genome.
6 TBa:sepair If aligned to a reference genome.
; T°sr s s
8 ‘Smoothed Ogy
g ‘Smoothed ®gr P-
| value
©  [Fer
.1-1 Ts;mmthed~?37’
35 ‘Smoothed Fgr' P-
value
13 Dest |
14 ‘Smoothed Desy
(s ‘Smoothed Dggr P-

‘yalue



Outline for today’s lecture

RAD-seq for ecological and evolutionary genomics
Primer on Population Genomics
Evolutionary genomics of stickleback fish

- Population genomics of rapid adaptation

- Using long read RAD-seq for coalescent analyses

- Genome Wide Association Studies using RAD-seq



Threespine stickleback, Gasterosteus aculeatus




Threespine stickleback, Gasterosteus aculeatus

Rundle and McKinnon 2002




Threespine stickleback, Gasterosteus aculeatus

Pelvic | ateral o
Structure Plates

Rundle and McKinnon 2002







Some stickleback phenotypes mapped in the lab far

Pelvic structure size and shape *** (Eda)
_ateral plate number *** (Pitx1)

Body coloration *** (KitL)

Opercle bone shape

Pelvic spine length

Body shape

Courtship behavior

Gill raker size

Dorsal spine length




® A trend of large effect loci identified in the laboratory

® Similar genomic regions and sometimes alleles mapped in
iIndependent populations

® A question is whether population genomics studies can
provide complementary and more complete information.




Signatures of natural selection in 13,000 years

Hohenlohe, Bassham et al. 2010. PLoS Genetics




Signatures of natural selection in 13,000 years

Bear Paw

Wy Sl
e £

Mud 1

Nl AT

-

Genomic location I\/Ib

Hohenlohe, Bassham et al. 2010. PLoS Genetics



Numerous novel regions identified

More
often the
P same

E M alleles

2000
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Evolution of stickleback in 50 years on
earthquake-uplifted islands

Emily A. Lescak™”, Susan L. Bassham®, Julian Catchen™, Ofer Gelmond™ ', Mary L. Sherbick®, Frank A. von Hippel®,
and William A. Cresko™?

“School of Faheries and Ocean Sciences, Univorsity of Alaska Fairbanks, Fairbanks, AKX 99775, “Departmect of Biological Scenced, Universtty of Alaska
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Middleton Island - 50 year old populations
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Middleton Island - 50 year old locations
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Structure analysis shows independer

t evolution

even among populations on a single 'sland
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At least six iIndependent evolutionary events in
freshwater in the last 50 years
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How much of the genome is differentiated?

How similar are the genomic patterns of differentiation?

Bassham, Catchen et al. in revision
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2. Middleton fresh vs marine ™
3. Sympatric ecotypes
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Significant overlap of divergence among populations
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Significant overlap of divergence among populations

MiFW MiFW2 MoSW Cook Inlet
MiFW 23.26% 22.12% 20.07% 15.15%
MiFW2 73.27% 29.06% 22.01% 16.27%
MoSW 72.94% 70.15% 24.33% 15.95%
Cook Inlet 56.65% 51.79% 59.02% 18.64%




Relative haplotype diversity is almost always elevated
IN Marine populations in regions of divergence
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Relative haplotype diversity is almost always elevated
IN Marine populations in regions of divergence

- 1. Fg' Middleton fresh vs. marine\ -
- 2. Haplotype diversity difference
~ 3. Freshwater haplotype diversity -
4. Marine haplotype diversity




Regions of divergence contain alternative haplotypes
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Regions of divergence contain alternative haplotypes

XVI .

1. MiIFW1 haplotype cases

2. MiIFW2 haplotype cases
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Marine stickleback carry haplotypes at low frequency
that are the majority alleles in freshwater populations
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.
* Stickleback on uplifted islands evolve in decades

* ~25% of the genome In each population Is affected by local
adaptation, the majority of which Is parallel across populations

* Many haplotypes are habitat specific in terms of majority allele
frequency

* Freshwater-dominant haplotypes can be found at low
frequency In marine populations across the genome

* [he stickleback genome Is crafted by migration-selection
balance, and probably has been for millennia

* What Is the molecular evolutionary history of the haplotypes
involved In rapid local adaptation?




Coalescent analyses using RADseq

Nelson and Cresko. Evolution Letters (in press)



The coalescent in population genetics
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Noah A. Rosenberg & Magnus Nordborg
Nature Reviows | Genetics




Neutral coalescent expectations

Nature Reviews | Genetics




Natural selection and the coalescent

Divergent Selection

Balancing Selection




Coalescent analyses in stickleback
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Coalescent analyses in stickleback

Selective sweep
within a population
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Coalescent analyses with RAD-seo

Genomic mA EA 7/ EA
DNA < < <

Sbfl cutsites
Sequence reads ===



Coalescent analyses with RAD-seo

Genomic
DNA

Sbfl cutsites
Sequence reads
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Coalescent analyses with RAD-seo

{

Indiv. 1 o o /
Indiv. 2
L

{

Indiv. 13

Iocus 1 locus 2 Iocus 13,070

O &



Selection in one population reduces coalescence time
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Selection in one population reduces coalescence time
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However, across populations the coalescence time
can increases significantly in a genomic region
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Reciprocal monophyly across different habitats
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Increased albsolute divergence between habitats
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Habitat associated haplotypes evolved
millions of years ago
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Habitat associated haplotypes evolved
over millions of years ago
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Habitat associated haplotypes evolved

over millions of years
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ow do the genomic patterns of divergence link to
nenotypic diversification??

Kristin Alligood



Lateral plate and opercle shape co-vary in the wild




An interesting sticklelback hybrid population in Oregon
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An interesting sticklelback hybrid population in Oregon
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An interesting sticklelback hybrid population in Oregon
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Pairwise relatedness among individuals
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Lateral plate count:
A good hit to a novel locus on LGXX
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Opercle shape:

N LGVII and LGV

Good hits 0
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Opercle shape:

Good hits on LGVII and LGVIII
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OP PC score
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* Previous work has shown that the freshwater genomes
evolve In 13,000 years

» Uplift i1sland data shows that the evolution can appear In as
ittle as 50 years

* Much of the divergence involves soft sweeps of haplotypes

* Many haplotypes are habitat specific, quite ancient and
coincide with structural variation

* Diverging phenotypes map to these same genomic regions




Hypothesis: Old genomic architecture variation is a product
of the metapopulation structure of stickleback, and this
architecture strongly influences sulbbsequent rapid evolution.

Ocean Ocean Ocean

Freshwater Freshwater Freshwater

\15 Million years ago »  Present




Outline for today’s lecture

RAD-seq for ecological and evolutionary genomics
Primer on Population Genomics
Evolutionary genomics of sticklelback fish
- Population genomics of rapid adaptation
- Using long read RAD-seq for coalescent analyses
- Genome Wide Association Studies using RAD-seq

Genomically enabling the Gulf pipefish



What if you don’t have a genome sequence”

A case study of

—SA

D-seq and genome assembly



Seahorses, sea dragons and pipefishes
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Small et ol Genome Bicdogy (2016)17:258

DO 10.1186/513059-016- 11266 Genome BlOIOgy

RESEARCH Open Access

The genome of the Gulf pipefish enables @
understanding of evolutionary innovations

C. M Small'", 5. Bassham'®, J. Catchen'**, A Amores®, A, M. Fuiten', R S. Brown'”, A G. Jones” and W, A. Cresko”
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We're really interested in head development

Pipefish

Stickleback



How did we genomically enable pipefish

1) A high quality transcriptome

2) Very dense RAD genetic map

3) Deep shotgun sequencing of the genome

4) Order contigs against the

SA

D reference map



llumina genomic libraries for pipefish genome

paired end 101bp

25X
500-700bp
mate pair
2X
4500-7500bp
overlapping
40X
150-250bp
paired end RAD 15-25x of
ACTCTC 3% of the

500-1200bp genome



Nearly the whole genome is covered

Table 1 Scattold-level assemdly statistics for the Gulf pigefish genome

Caname Scaffolds (n)  Longest  S<aflokd NSO Contig NSO Asserrbly Gaps i assermbly ) CEGS complete (%)
swaficld ngth

GuY pipefsh (Syngnatfus scovel) 1M 6.7 Mb 6204 kb 12240 A0 Mb T G988

Arcan twunquosse ilifish 29054 07 Mb 119.7 kiy g7 b 13100 Mb 12 G48

Noahotvanchas Avaseny

Band cave fah (anangs mexicanus) 10542 O8Mb 17753 Kb R ¢ 11911 MH 19) 879

Spotvad Gar Lerastsious oot 2108 203Mb 69281 kb 62314 9458 Mb Al 907



Created a genetic map

Generated an F1 family of 103 individuals

RAD sequenced the parents and offspring
Analyzed the data using Stacks
OQutput to JoinMap format

Created Linkage map



22 L.Gs; 6000 segregating SNPs; 30,000 RAD sites
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The pipefish genetic map and genome together
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Iwo Instances of chromosome fusion In pipefish

Pipefish .
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Iwo Instances of chromosome fusion In pipefish
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Key losses In Hox gene clusters
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Key losses Iin conserved non-coding elements
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Disruption of core hind fin patterning program

No evidence of Tbx4 in the assembly



Disruption of core hind fin patterning program

Disruption in coding sequence of Pitx1
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Expansion of male pregnancy specific gene family
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Ecological & evolutionary genomic
analyses using RAD-seq -
what have we learned”



Overall Conclusions

RAD-seq can be a tool for enabling new research in models & nhonmodels
- SNP identification and genotyping
- documenting patterns of genetic variation
- identifying the molecular genetic basis of important phenotypic variation
- assessing how ecological processes structure this genetic variation in genomes
- assisting in the assembly of genomes

Open Source Genomics provides a suite of breakthrough technologies
- the molecular approaches are not as daunting as they first appear
- analytical and computational approaches are challenging

- New software tools can help, but knowledge of Unix and scripting is essential
- Important to be comfortable with classical and modern statistics
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Tradeoffss
Number of sites versus Depth of sequencing per site versus Number of samples



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 RAD locus
1,000,000 / 100 / 1,000 = 10x coverage

25 to 50x average coverage per RAD locus 1s a good goal



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, 800

expect 32,900 six-cutter sites in C. remanei (135 Mb) actual EcoRlI sites = 73,200



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



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?

R

. cab o o S
L — e - R
. 53 Phe

Things to consider i P ~- Om-s.

Barcoded adapters
5 to 8nt barcodes
Variable length barcodes
Combinatorial barcodes (PE)

Barcode distance - two mismatches



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 cluster calling is
confused by repetition in first
4 bases - can offset barcodes




Molecular considerations in library building

How can | get the best depth of coverage!?

s 40 -nillwsn d:un‘.;crr. peor gow c.cl."i
» »

. : Agilent Bioanalyzer
Things to consider

Fragment size
Smaller/tighter Is better

10— \
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35 150 300 S00 1000 10380 [bp]




Molecular considerations In library building

How can | get the best depth of coverage!

Things to consider
| qPCR control should be similar to measured sample:
Fragment size
Library qualrty
gPCR ny




Molecular considerations in library building

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

Fragment size
Library quality

gPCR

Pilot Experiment:
Spike or split a lane




