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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)





Why do species look the way that they do?



Why do organisms vary?



How is cellular functional diversity created?



The *.omics toolkit is 
revolutionizing

our understanding of all of 
these biological questions

How is cellular functional diversity created?
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Comparative Genomics



Vertebrate zygotes or embryos



Vertebrate zygotes or embryos



Population Genomics



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



Why not just sequence entire genomes??

• Still prohibitively expensive for many studies 

• A full sequence for every sample may not be necessary 

• Genetic maps are very useful in genomic studies



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 is RAD-seq?
(Restriction-site Associated DNA)

20082007
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~ 45,000 RAD-Tags



For what types of studies can 
RAD-seq be useful?



Identifying genetically distinct individuals and 
estimating genetic diversity

Quaking Aspens



Defining the relationships among individuals and 
populations

The golden lion tamarin (Leontopithecus rosalia). 



Precisely quantifying the amount of inbreeding in 
wild and captive populations



Defining the relationships among individuals and 
populations
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Abstract

Inferring phylogenetic relationships between closely related taxa can be hindered
by three factors: (1) the lack of informative molecular variation at short evolu-
tionary timescale; (2) the lack of established markers in poorly studied taxa; and
(3) the potential phylogenetic conflicts among different genomic regions due to
incomplete lineage sorting or introgression. In this context, Restriction site Asso-
ciated DNA sequencing (RAD-seq) seems promising as this technique can gener-
ate sequence data from numerous DNA fragments scattered throughout the
genome, from a large number of samples, and without preliminary knowledge on
the taxa under study. However, divergence beyond the within-species level will
necessarily reduce the number of conserved and non-duplicated restriction sites,
and therefore the number of loci usable for phylogenetic inference. Here, we
assess the suitability of RAD-seq for phylogeny using a simulated experiment on
the 12 Drosophila genomes, with divergence times ranging from 5 to 63 million
years. These simulations show that RAD-seq allows the recovery of the known
Drosophila phylogeny with strong statistical support, even for relatively ancient
nodes. Notably, this conclusion is robust to the potentially confounding effects of
sequencing errors, heterozygosity, and low coverage. We further show that clus-
tering RAD-seq data using the BLASTN and SiLiX programs significantly
improves the recovery of orthologous RAD loci compared with previously pro-
posed approaches, especially for distantly related species. This study therefore val-
idates the view that RAD sequencing is a powerful tool for phylogenetic inference.

Introduction

Resolution of phylogenies between closely related species
can be problematic for a number of reasons. First, due to
incomplete lineage sorting and introgression, different loci
might trace different evolutionary histories. In addition,
most nuclear markers lack resolution at short evolution-
ary scales. And finally, in poorly studied taxa, molecular
markers might not have been developed. In this context,
Restriction site Associated DNA sequencing (RAD-seq)
appears as a promising approach. This technique relies on
the high throughput sequencing of genomic regions flank-
ing restriction sites (Baird et al. 2008; Davey et al. 2010;
McCormack et al. 2013; Rowe et al. 2011). It thus gener-
ates numerous homologous markers, scattered throughout
genomes, potentially from hundreds of specimens in a
single sequencing run. Moreover, if the precise number of
loci is not critical, this approach is potentially universal,

as it does not require preliminary knowledge on the taxa
under study (Baxter et al. 2011).
The RAD-seq technique was initially designed to gener-

ate informative molecular variation within species, and
has repeatedly proved its efficiency for this purpose (e.g.,
Emerson et al. 2010; Hohenlohe et al. 2010). However,
the utilization of RAD-seq to compare genomes from dif-
ferent species can potentially be hindered by a number of
caveats. Specifically, the following conditions must be ful-
filled for RAD-seq to be suitable for phylogenetic infer-
ence: (1) enough restriction sites must be conserved
between species; (2) the flanking regions must be suffi-
ciently conserved for homology to be detectable by
sequence similarity; and (3) the resulting alignments must
contain enough phylogenetic signal.
Recent studies, published as this article was in prepara-

tion, concur to suggest that these conditions are often ful-
filled (Rubin et al. 2012; Wagner et al. 2012). Here, we

846 ª 2013 The Authors. Published by Blackwell Publishing Ltd. This is an open access article under the terms of the Creative
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time, the number of loci that can be used to infer phylog-
eny tends to decrease for the deepest branches of the tree
(Fig. 3). However, there remains enough phylogenetic sig-
nal to infer the correct topology with high confidence,
even for the most ancient branches.

Practical issues: sequencing coverage,
number of specimens, and read
length

In a typical RAD-seq experiment, DNA samples from sev-
eral individuals are tagged with molecular identifiers and
multiplexed in the same flow cell lane. The average
sequencing coverage per locus per individual is given by
the following formula:

coverage ¼ R
Pi¼N

i¼1 2" Si

where R is the total number of reads, N the number of
individuals included in the library preparation, and Si the
number of restriction sites in the genome of individual i.
Increasing the pool size allows a decrease in sequencing
cost per sample, but leads to a lower coverage per locus,
which should affect the number of loci that can be recov-
ered. The proportion of loci that was sequenced at least
once in the in silico experiment follows a Poisson distri-
bution: with 59 or higher coverage, more than 99% of
the expected loci are sequenced at least once; this propor-
tion drops to 95% with a 39 coverage. However, RAD
loci represented by only one read are not identified as
valid RAD loci by ustacks (Emerson et al. 2010; Morris
et al. 2011). Using two as the minimum coverage to cre-
ate a stack in ustacks parameters, the proportion of loci
for which at least one allele was recovered after the intra-
individual clustering step is 88.3% for a 109 mean cover-
age, which was sufficient in our simulations to recover the
expected phylogeny. The fact that only 88% of the loci are
recovered (although 99.95% are sequenced at least twice)
is due to the high levels of polymorphism and sequencing

Table 2. Percentage of gaps for each species in the concatenated

alignment, after exclusion of loci present in less than four species.

Species

Percentage of

gaps in the concatenated

alignment (%)

D.melanogaster 24.6

D.sechellia 20.4

D.simulans 19.2

D.erecta 25.5

D.yakuba 23.4

D.ananassae 75.5

D.persimilis 80.4

D.pseudoobscura 80.0

D.wilistoni 94.9

D.grimshawi 91.8

D.virilis 91.5

D.mojavensis 91.1

0.03
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Figure 3. RAD-seq-based phylogeny of the 12 Drosophila species,

based on 100-bp-long RAD-seq reads, inferred by maximum

likelihood using PhyML 3.0. under a GTR+ G substitution model,

using the concatenated alignments from orthologous-only clusters

containing at least four sequences. Bootstrap values (100 replicates)

were equal to 100% on every node. We indicate the number of

informative loci at each node (shared by at least one species on each

side of the bifurcation and at least one outgroup).
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Figure 2. Results of SiLiX clustering of RAD sequences from the 12

Drosophila genomes.
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the RAD tags (Table 1). Among the clusters containing
only single copy loci, we observed 2% of “false positives,”
that is, clusters containing loci that are not considered as
orthologous based on whole-genome alignments.

Phylogenetic inference from
simulated RAD-seq data

The above estimates rely on genome alignments for the
identification of clusters containing paralogous RAD loci.
In a true RAD-seq experiment, the “locus” definition
would be solely based on an initial step of clustering of
reads from each specimen. At this step, recently dupli-
cated RAD tags may be mistakenly grouped into a single
“locus” and too divergent alleles from the same locus can
be mistakenly identified as two different loci. To estimate
more realistically which proportion of the data would be
usable for phylogenetic inference, we therefore simulated
sequencing and “intra-specimen” clustering steps in our
analysis. This simulation also allows us to test the impact
of sequencing errors, heterozygosity, and coverage varia-
tion.

To assess the effect of heterozygosity on data analysis, a
second haploid genome was simulated for each species
using random mutations of the sequenced genome, to
produce a 5% average distance between homologous
alleles (the upper bound of realistic polymorphism val-
ues). RAD sequencing was then simulated by randomly
sampling reads from the list of all possible RAD loci
from diploid genomes, with a 109 mean coverage per

locus, which was shown to cover 99% of all RAD loci at
least once (see below). For each sampled read, sequencing
errors were added with a uniform 1% error rate, that is,
the upper bound of Illumina error rate estimates (Illu-
mina technical support, Glenn 2011). Intra-individual
clustering of the reads was performed using the ustacks
program (Catchen et al. 2011). This program forms
“stacks” (groups of strictly identical reads within individ-
uals) and clusters similar stacks to form putative loci,
with a user-defined maximum number of differences
between stacks within a locus. Ustacks finally aggregates
secondary reads (that were not initially placed in a stack)
into existing stacks, to better estimate coverage. To maxi-
mize the number of retrieved heterozygous loci, we
allowed up to 13 differences between stacks within a
locus. We observed that this high value did not increase
the number of inferred loci containing paralogous reads
(3% of the loci). We also allowed up to nine mismatches
to cluster secondary reads to putative loci. Using such
parameters, 11.6% of the loci were mistakenly split by
ustacks. This shows that a high level of heterozygosity in
the data does not hamper the clustering of reads within
loci (only few reads from the same locus are mistakenly
clustered into different loci).
Orthologs were then searched with BLASTN and SiLiX

as described above, using as input the consensus of each
ustacks locus. We observe that 1.1% of the clusters that
are known to contain paralogs (based on genome align-
ments) are not identified as such in the simulated experi-
ment, as they were mistakenly merged by ustacks in a
single locus. These correspond to very recent duplication
events that should not confound the phylogenetic signal,
unless many of these duplications are anterior to the lat-
est speciation event.
For each cluster, sequences were aligned with Muscle

v3.8.31 (Edgar 2004) using default parameters. We
selected and concatenated the 2,275 topologically infor-
mative alignments (i.e., containing sequences from at least
four different species, Fig. 2), adding gap sequences to
represent missing orthologs. The proportion of gaps in
the alignment varied from 19.2% for D. simulans to
94.9% for D. wilistoni (Table 2), which is expected con-
sidering the topology of the phylogenetic tree (the proba-
bility to recover at least three orthologs for a given locus
is higher for species that have many close relatives in the
set of sampled species). A maximum likelihood phylogeny
was built using PhyML (Guindon et al. 2010). Bootstrap
support was calculated with 100 replicates. The expected
phylogenetic relationships among the 12 Drosophila spe-
cies, established from whole-genome comparisons (Clark
et al. 2007), were correctly recovered with strong boot-
strap supports (Fig. 3). Because the number of RAD loci
conserved between genomes decreases with divergence

Table 1. Number of known and retrieved orthologous RAD tags in

each species pair. “Orthologous tags”: total number of orthologous

RAD tags present in pairwise alignments (D. melanogaster vs. each of

the 11 other species). “Retrieved orthologous tags”: proportion of or-

thologous tags clustered by SiLiX. “In clusters including paralogs”:

proportion of the retrieved orthologous tags clustered in groups con-

taining more than one locus. Loci are defined here based on genome

sequences (see main text). Node depth from Tamura et al. (2004).

Species pair D.

melanogaster

Node

depth

(My)

Orthologous

tags

Retrieved

orthologous

tags

(%)

In clusters

including

paralogs

(%)

D.sechellia 5.4 2978 99 5

D.simulans 5.4 2892 99 4

D.erecta 12.6 2390 97 3

D.yakuba 12.8 2314 97 8

D.ananassae 44.2 916 68 9

D.persimilis 54.9 648 65 9

D.pseudoobscura 54.9 648 66 9

D.wilistoni 62.2 242 49 6

D.grimshawi 62.9 290 60 8

D.virilis 62.9 286 59 5

D.mojavensis 62.9 298 59 8

848 ª 2013 The Authors. Published by Blackwell Publishing Ltd.

RAD-seq and Phylogeny M. Cariou et al.

Phylogenetic relationships



Improve genome assemblies with genetic maps

LG II

11693-3.8

1685-2.3

109020.0

80782.0

35992.9

64513.7
202934.2
61714.6
102245.0

205607.6
2007.8
128368.2
33009.0
5989.1
220039.8
486310.0
577410.4

796412.3

1995213.9
2042314.2
416414.4
390114.9
2126815.4
1602115.8

851016.8

1846117.5
1111118.1

506118.9
1268019.6
362719.7

1204321.4
1337321.8
998921.9

1246023.3
412423.6

1691524.5

426727.5
512027.6
1686927.7
293330.1
628135.7
1980036.0
1006 2073436.5
2087537.2
1705838.7
1316638.9
1841 4125 19262 5981 1596939.1
3163 189739.3
18242 1464439.5
6608 9594 9473 14500 1827
14199 814139.6
17060 25567 12903 14570 24891
13795 13883 25069 4596 4003
7835 12338 25465 8603 602
6719 20402 14603 3419 3177
24628 13995 11228 12782 14313
5306 473 13983 18473 24200
15024 24845 24334 7936 21793
11838 14469 10530 12213 18571
4766 16907 14189 2758 2199
3513 2628 14914 4516 9486
13052 21583 13015 5443 629
22196 2287 14975 9029 14481
10115 7703 21710 6180 19384
23902 15846 15599 16675 19734
7778 11170 3490 2900 1508
10848 10658 23542 13785 221
2163 3301 15732 9247 18389
20539 12250 12859 3562 15341
13822 5402 8893 249 14324
4776 13906 11015 15690 23041
5202 8823 10071 11315 22239
2189 18012 3394 14977 17061
19565 10278 13128 10491 20486
16444 10774 16581 8791 25268
4837 16856 10114 8500 20013
11188 9191 11410 11659 2536
15810 20055 465 5602 638

39.7

6786 6272 23977 823839.8
13268 852739.9
1313140.1
3391 8868 18649 14321 3915
8631 1241740.4
1928240.5
357840.6
2019340.7
883843.0
2005144.2

559852.6

172756.3

1_1

Project: pfvv5 - Group 1_1_LG2 > Mapping 1 > Map 3 Map Chart

JoinMap 4.1 Mon, 9 Jul 2012, 21:14:05 Page 1

LG III

8353-0.1
21378 1546 12542 118100.0
20361.1
4532.5
1122 173032.6
16424.2
15250 13547 150866.3
60767.4
86367.7
206978.0
75198.6
56478.7
1097610.9
149711.1
18634 11627 4752 7879 14826
7856 9691 294 7192 13672
18732 25279 19777

11.2

357611.3
2248911.4
367511.5
18334 1821411.8
1695712.1
2025912.2
1190512.4
2012612.5
628812.6
149113.3
1131413.7
956813.9
5248 22915 1680314.0
1875614.2
1472015.1
1340616.2
60617.2
1281218.1
440520.7
661122.0
1990423.1
1102524.2
1540124.4
80527.0
1055427.7
1517228.6
1852029.2
1483830.2
511030.5
770030.8
2348733.7
1437033.8
950534.3
1380036.5
3104 767539.3
1708439.4
6724 9250 17150 8514 18008
5855 15279 24252 17608 12092
16939 23152 9569

39.5

1082839.6
2071440.7
353340.8
33541.1
1743541.4
20233 1966641.8
2132 13461 16033 581241.9
754742.4
2236044.1
972645.8
1947046.0
6449 2552146.1
47646.3
2321547.8
9408 2536148.5
2774 1495549.2

22_22

Project: pfvv5 - Group 22_22_LG3 > Mapping 1 > Map 3 Map Chart

JoinMap 4.1 Mon, 9 Jul 2012, 21:11:34 Page 1

LG IV

3032-2.7
55160.0
9792 19880.5
135461.0
26241.7
14408 2765 4706 8188 5111
11641 24854 14325 7724 14437
6176 22123 11666 23551 4879
11985 3812 10528 14182 685
18914 7285 20657

1.8

3500 165651.9
2012.1
55943.8
20103 239523.9
6907 13066 164844.2
11504.4
82344.5
87115.2
20385.3
208395.5
145406.0
145537.1
68937.9
53508.1
5059 8014 4912 17183 20946
6903 24097 122178.5
190488.6
149168.7
172859.0
161729.3
832 11713 24732 13848 4253
120039.4
185259.7
2024910.2
12810 2300910.6
1402211.5
38411.7
807712.4
1392112.7
671112.9
913714.1
365314.2
103714.4
1806514.5
953814.6
1545415.2
1627515.7
1267316.2
1746316.9
1671118.2
1496718.9
1238119.2
957120.2
1606220.6
17140 369421.8
255522.9
997324.3
2140625.4
13063 895226.0
2543726.3
1002626.7
2169727.6
9123 2276828.3
290328.5
611529.0
1345829.2
497129.3
491129.5
1101129.7
1093129.8
393830.5
10284 1373230.7
784930.8
1424831.0
1299831.3
1380936.8
1530037.1
1158037.6
251038.4
20634 9625 12876 1927338.6
840038.7
984138.9
714141.6
1085942.0
1137842.5
756742.9
1903945.1
1250645.4
18140 1510146.3
493446.5
22848 321347.2
1190 2226548.2

19_21

Project: pfvv5 - Group 19_21_LG4 > Mapping 1 > Map 3 Map Chart

JoinMap 4.1 Mon, 9 Jul 2012, 21:08:38 Page 1

LG V

13176-1.1
133110.0
8866 24113.1
4542 9472 7869 95323.7
87553.8
154556.8
26866.9
57087.3
50168.0
65878.5
143309.5
22914 136259.6
6360 776310.7
1525511.5
1069511.7
1351211.9
1973812.2
488012.4
189012.5
1710312.8
1743213.3
9158 3078 715713.4
22859 13366 3295 21984 1937913.5
430313.7
14609 13114 2533514.1
16748 11115 17091 2023 6507
18553 2784 1370 16408 8186
4978 568 9431 4224 9384
7921 8518 2588 10167 10367
4247 8995 19642 6603 16476

14.5

15606 712314.6
17334 8378 383114.7
1441214.8
14894 884614.9
675015.0
354015.1
13310 2256515.3
10651 6957 39815.4
421315.5
13188 171315.6
2469915.8
7674 11156 692616.2
664216.3
836216.4
2068 8280 638316.6
1028916.9
2363917.3
1267817.5
2349917.8
495219.9
589420.0
12530 11773 22547 19166 1425920.3
1551221.0
2308 1481521.8
287823.6
367424.7
1261225.2
1938526.0
630126.4
626227.0
1195627.7
5401 1366229.9
312430.4
1674132.4
1668233.7
1122935.1
737336.0
1456036.5
804637.1
719737.4
1196638.0
755538.1
9229 6556 8206 21592 11034
3067 3967 4458 11337 24165
8395

38.2

199339.0
4017 1381439.3
226439.6
1281940.0
2106640.4
1782 11815 5993 1132142.1
913442.2
3054 5920 1946942.3
2242942.4
1608442.5
1230142.7
16270 897543.2
2121244.9
20178 934 378 2384345.3

18_18

Project: pfvv5 - Group 18_18_LG5 > Mapping 1 > Map 3 Map Chart

JoinMap 4.1 Mon, 9 Jul 2012, 21:24:58 Page 1

LG VI

11101 1330-1.5
18492-1.2
13212-1.1
22398-0.8
141670.0

100112.8
96343.0
16623.1
14980 80553.3
1673.7
9474 12586 177015.1
16275.2
49545.8
84586.8
83377.2
22149 17093 12407.6
12464 43467.8
36038.0
82738.3
7938.8
4279.0
184729.1
94299.6
96519.8
90289.9
1642210.1
12752 874111.0
158011.1
388711.2
7816 526311.5
11925 2294211.7
4175 9977 17489 20558 375611.8
1241311.9
16706 337212.1
1725112.2
973 4607 12510 11478 23252
22102 11849 13214 14508 116112.4
1645112.5
1488 2445813.1
10099 434513.2
566313.4
828513.5
436113.9
1196114.3
510814.5
4545 6519 21875 8614 37114.7
1861615.2
20139 382 21899 766215.6
2028916.1
12070 1174816.2
21835 1197 24595 19522 7156
13189 1666 17971 10668 1596
10378 3226 11260 7105 18237
11621 22386 8818 23889 6343
821 10447 21372

16.3

6096 5876 107216.4
688116.8
18085 9832 1806 4140 23273
4374 7810 500916.9
2117717.0
496 1101217.4
7561 14595 1214 473017.5
10674 8832 1447917.6
20135 10941 246617.7
19703 1075717.8
669 880917.9
597918.0
1518518.1
5704 677918.6
11133 298318.7
2694 10135 16181 12913 7603
15085 19342 4865 18367 18095
2008 12477 22199 1800 7735
16224 3974 2404

18.8

17915 1996518.9
14538 1456819.3
9090 2313919.5
5455 12882 2184219.6
574719.7
1138719.9
2750 14802 16584 538320.2
1534220.3
2430020.6
18796 1016520.7
1574420.8
6565 12623 241920.9
17943 790021.0
2099721.1
12340 215221.3
615421.4
2309121.5
1208722.1
2025822.9
1690823.0
1440523.1
1648023.2
2369523.4
17384 559024.1
1644924.6
2385025.1
897125.5
2161926.0
18127 717726.1
1977527.9
802129.4
1894930.4
448831.3
1581331.4
223531.9
1664433.0
188133.1
1823234.0
1566736.7
1762737.1
930037.3
483638.3
1334938.5
1233138.7
5565 15329 8254 990 11767
1499738.8
10735 6016 18001 21266 20788
44438.9
837439.9
1142941.2
353841.4
1082041.5
2320742.8
859143.1
1620543.6
1361044.5
1755045.3
2282545.9
1601146.4
2087946.7

2167749.8
2209550.1

327052.2
1094252.3
736552.4
1105252.9
25113 24911 3071 838153.0
21588 1488653.1

3_4

Project: pfvv5 - Group 3_4_LG6 > Mapping 1 > Map 3 Map Chart

JoinMap 4.1 Mon, 9 Jul 2012, 21:24:09 Page 1

LG VII

21916-1.1

120900.0

211261.2
216251.7
22248 8393 13522 4365 7754
229431.8

82213.5
134053.6
150753.7
166033.9
10229 253804.1
22039 91864.3

4176.2
38866.5
4013 6378 84156.7
149397.0

20487.8

153138.5

89619.6
196799.8
119549.9
788110.0
1598810.2

1133411.3
560 525 1106711.8
1992212.4
406012.6
234812.7
2228713.2

944414.2

1772115.5

2116717.0
2238417.8
1261018.2
1021518.8
2348519.3
663020.1
1563020.7
1193822.3
95123.1
760123.6
1939524.9
534225.4
1574726.7
808028.4
703528.5
97928.6
1355929.1
851729.8
1101929.9
17090 17597 1541 877130.0
1750731.2
827231.4
14043 507631.8
1585431.9
79532.3
682732.8
19062 1966433.0
185533.3
607333.9
950934.2
554634.3
240634.5
211534.8
2231734.9
22144 1818235.2
1815035.6
1010336.0
10196 1359236.1
95336.5
346836.6
1891637.7
994339.0
35540.3
1877041.0
295241.3
1118641.5
905041.8
2369642.0
56642.3
10274 434942.5
14023 1239642.6
1722542.8
227143.0
1813 8963 1546143.2
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4.9

10945 12122 9739 24573 18740
9236 3258 23326 11994 15767
20075 25581 16168 7117 11903
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5.0
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5.1
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4252 97915.7
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89825.9
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231297.8
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92289.8
2204911.3
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2254514.4
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2148517.6
590718.2
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2186119.9
1804621.1
1011221.3
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283925.1

1404826.1
923926.2
1469026.6
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234028.8
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1801829.2
203729.6
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1454131.6

649733.0

522033.6
1173433.8
695634.3
286634.7
1456634.9
3726 1259635.2
441935.5

1754136.2
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1213636.9
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3331 514237.9
1033238.0
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10067 12733 100841.4
3255 16434 8605 1112 23517
8663 6947 21190 11112 18430
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7344 13146 17036 5552

2.8

250 15482 51432.9
3700 14004 16580 156684.2
21005 5070 16010 15259 25284.3
21334.4
735 8034.9
99535.0
14426 170015.7
168445.9
9902 18229 20846 19851 10174
12399 7160 2105 2074 23790
1468 11142 9923 8698 10302
16772 214 19026 16198 15103
20999 709 11371

6.0

9079 101286.1
17066.3
10036 102356.4
17866.5
21495 130536.6
13609 60246.7
1266 20644 209636.9
41917.0
24846 37227.8
16858 129117.9
87778.0
210958.4
61468.8
182009.4
107039.6
240559.7
453810.0
225110.5
216810.8
2303211.4
516711.8
177 513312.4
17613.1
922713.6
996314.8
1200814.9
16758 2462415.1
2349315.4
2183315.7
1236915.9
1862616.4
2413816.8
2288118.0
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1451121.3

167824.2

2425127.5
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748330.7
1272531.2
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2042433.3
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1234234.0
1701935.5
631636.2
1599236.7
1467836.8
626737.3
2208237.4
2140137.5
498537.7
2135537.8
1385538.2
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2336738.6
420738.7
1344338.8
8175 11977 2024438.9
1108939.0
176839.2
2665 1411439.3
1727939.4
563739.6
34839.7
568840.0
118440.2
22171 12721 15074 22850 13210
19492 16923 17101 9107 11779
12186 9771 16094 13421 792
1272 16636 5028 15106 19708
906

40.3

12551 21115 792740.5
20410 601740.6
479140.7
565641.1
19298 433241.3
1167441.5
2809 1668841.9
1506442.0
1266242.3
1835542.7
570542.8
868643.0
597543.4
2466543.7
647544.0
4584 1115944.1
154744.3
775044.6
1762944.7
724745.7
2549446.0
127847.7
1296048.4
1823548.9
7053 3036 2175150.7
16414 113451.5
2100151.6
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9614 1032911.3
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2183620.7
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1458223.9
1244824.1

718125.3
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1324725.8
1686125.9
696326.0
1484426.2
7580 392526.4

725428.4
1406428.8
2322 706431.1
1342231.2
10476 319531.5
410731.7
224332.5
20994 593932.9
942333.6
2297833.7
2526733.8
313035.0
1022735.7
128835.9
1305936.0
1258536.3
303838.2
1862538.6
106538.8
1667038.9
12234 576 1294139.0
359739.4
22218 770539.6
1315540.0
801840.4
20899 2119240.9
504441.0
2333841.3
10178 1100541.4
747541.6
1363741.7
6981 5952 269 23707 3162
23038 14660 6365 15397 554
21494 8624 15494 22371 2574
16604 11055 12452 19244 5750
7403 18761 22809 2349 24736
3461 8338 14013 12362 17783
481 8269 11531 23653 4881
3905 23847 3506 7604 10637
12229 2811 16165 4065 18995
3001 5487 12120 4096 18413
6189 14605 4028

41.9

21236 209942.0
1861942.2
19842 562142.4
509642.5
400942.6
1076142.8
5188 98443.1
1627743.2
14046 6367 196843.3
22219 15620 14629 2105143.5
2502843.6
1381043.7
2182143.9
1031544.0
10186 6666 12445 17106 458244.1
4012 1063544.2
1276445.8
7399 11272 233 2893 1666245.9
13090 3433 24202 2007846.5
921247.9
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1934348.9
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23915 13197 23443 18749 24431
12658 3916 14547 20488 18511
6453 12163 15781 19789 1726

6.0

17172 24388 22566.1
54356.2
246076.3
142176.5
8571 11955 175167.0
82797.8
105657.9
66328.2
85398.3
27088.4
18067 191518.5
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14800 1172112.3
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363213.7
2186315.2
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421215.8
4834 2404216.1
21046 926016.5
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1862217.6
19847 21084 2354918.4
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1696618.7
1802719.4
1428219.5
2035 1775219.7
617920.0
394920.2
833420.7
1734120.9
1986421.3
641521.8
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1443623.2
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1751327.5
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1374628.6
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2165828.9
447929.1
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4418 740729.5
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1635731.1
2497831.3
209631.6

448532.5
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1242532.7
1235433.5
1196933.6
1500134.1
20137 625934.6
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18542 11432 11638 982535.6
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Let’s go into a little more detail
on the methods
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Note - there are now commonly two 
levels of barcodes used:

Sample Barcodes and 
Molecular Identification Barcodes (MIPs)

Restriction enzyme digestion and first adaptor ligation
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* Defining difference between original RAD and other approaches*
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2bRAD - size selection is more difficult and reads are shorter
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‘Bias’ in RADseq

RADseq underestimates diversity and introduces
genealogical biases due to nonrandom haplotype
sampling

B. ARNOLD,1 R. B . CORBETT-DETIG,1 D. HARTL and K. BOMBLIES
Department of Organismic and Evolutionary Biology, Harvard University, Cambridge, MA 02138, USA

Abstract

Reduced representation genome-sequencing approaches based on restriction digestion
are enabling large-scale marker generation and facilitating genomic studies in a wide
range of model and nonmodel systems. However, sampling chromosomes based on
restriction digestion may introduce a bias in allele frequency estimation due to
polymorphisms in restriction sites. To explore the effects of this nonrandom sampling
and its sensitivity to different evolutionary parameters, we developed a coalescent-
simulation framework to mimic the biased recovery of chromosomes in restriction-
based short-read sequencing experiments (RADseq). We analysed simulated DNA
sequence datasets and compared known values from simulations with those that
would be estimated using a RADseq approach from the same samples. We compare
these ‘true’ and ‘estimated’ values of commonly used summary statistics, p, hw,
Tajima’s D and FST. We show that loci with missing haplotypes have estimated
summary statistic values that can deviate dramatically from true values and are also
enriched for particular genealogical histories. These biases are sensitive to nonequilib-
rium demography, such as bottlenecks and population expansion. In silico digests with
102 completely sequenced Drosophila melanogaster genomes yielded results similar to
our findings from coalescent simulations. Though the potential of RADseq for marker
discovery and trait mapping in nonmodel systems remains undisputed, our results
urge caution when applying this technique to make population genetic inferences.

Keywords: ascertainment bias, coalescent theory, population genomics, restriction-associated
DNA sequencing
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Introduction

High-throughput sequencing technology has revolution-
ized evolutionary genetics, enabling biologists to gener-
ate massive amounts of genomic data to address
diverse questions in ecology and evolution. Impor-
tantly, new techniques allow high-throughput identifi-
cation of variable sites [e.g. single nucleotide
polymorphisms (SNPs)], even in species whose
genomes are prohibitively large for sequencing or for
which a reference genome is unavailable. In these situa-
tions, it is often preferable to eschew whole-genome

sequencing in favour of a reduced representation
approach that can be used to sample a fraction of the
genome across many individuals at the same loci. A
promising new technology, restriction-associated DNA
(RADseq), is becoming popular for reducing genomic
complexity in DNA libraries to sequence a small por-
tion of the genome across many individuals (reviewed
in Davey et al. 2011). Hundreds of indexed RAD
libraries can be easily and inexpensively constructed
and sequenced to characterize levels and patterns of
genetic variation throughout the genome, even for non-
model organisms. RADseq has already been employed
in studies of population structure and biogeography
(Emerson et al. 2010; Gompert et al. 2010; Hohenlohe
et al. 2010), allele frequency estimation (Van Tassell
et al. 2008), association studies (Parchman et al. 2012),
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E-mail: kbomblies@oeb.harvard.edu
1These authors contributed equally to this work.

© 2013 John Wiley & Sons Ltd

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



INTRODUCTORY STATISTICAL PRINCIPLES 67

(a) (b)

(c) (d)

Median Mean

Fig 3.1 Fictitious histogram (a) and (b) normal and (c-d) log-normal probability distributions.

curve represent the probability of values falling in the associated interval. Note, it is
not possible to determine the probability of discrete events (such as the probability of
encountering a koala weighing 12.183 kg) only ranges of values.

3.1.1 The normal distribution

It has been a long observed mathematical phenomenon that the accumulation of a
set of independent random influences tend to converge upon a central value (central
limit theorem) and that the distribution of such accumulated values follow a specific
‘bell shaped’ curve called a normal or Gaussian distribution (see Figure 3.1b). The
normal distribution is a symmetrical distribution in which values close to the center
of the distribution are more likely and that progressively larger and smaller values are
less commonly encountered.

Many biological measurements (such as the weight of a Victorian male koala) are
likewise influenced by an almost infinite number of factors (many of which can be
considered independent and random) and thus many biological variables also follow
a normal distribution. Since many scientific variables behave according to the central
limit theorem, many of the common statistical procedures have been specifically
derived for (and thus assume) normally distributed data. In fact, the reliability of
inferences based on such procedures is directly related to the degree of conformity to
this assumption of normality. Likewise, many other statistical elements rely on normal
distributions, and thus the normal distribution (or variants thereof) is one of the most
important mathematical distributions.

f (x) = 1
2πσ

e
−(x−µ )2

2σ 2

e = 2.7182....
π = 3.1415....

‘Bias’ in RADseq
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Chromosome sampling depth is correlated with
particular genealogies

Since the underlying genealogy of a sample of chromo-
somes at a locus provides information about its evolu-
tionary history, we examined how genealogies vary
with chromosome sampling depth using the AFS. The
true AFS present in the sequence flanking a restriction
site, conditioning on the chromosome sampling depth
recovered in a RADseq experiment, shows that each
respective sampling depth has a unique AFS and thus
contains a nonrandom subset of the ‘true’ genealogies
(Fig. 3A). Although recombination reduces this effect, a

strong correlation between the frequencies of polymor-
phisms within a read and frequencies of the recognition
sequence remains apparent in the AFS (Fig. 3B). This is
consistent with empirical observations of significant LD
on the scale of a 100-bp sequencing read observed in
many natural populations (e.g. Miyashita & Langley
1988; Hohenlohe et al. 2012; Langley et al. 2012; Pool
et al. 2012). Lastly, in agreement with their higher val-
ues of pt, loci with intermediate amounts of missing
data in a RADseq experiment have genealogies with a
greater time to common ancestry (TMRCA’s, not shown)
relative to the simulation average.
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Fig. 2 (A) True and estimated values of p (red) and hw (blue) from in silico recovery of chromosomes in restriction-based short-read
sequencing (RAD)seq as a function of chromosome sampling depth for h = 0.01 per bp without recombination. Here, the simulation
average of h is 1 per 100 bp sequence read. Shaded regions show the 95% bootstrap percentile confidence intervals (1000 simulations)
for the mean of true values of p (solid red) and hw (solid blue) and estimated values of p (shaded red) and hw (shaded blue) from in
silico RADseq. ‘Chromosome sampling depth’ refers to the number of chromosomes that are actually sampled (have intact restriction
sites) in the in silico experiment, and ‘true’ values are those calculated using the complete data for the same markers. The histograms
in A (no recombination) and B (with recombination, q = h) show the proportion of each chromosome sampling depth in the data and
indicate that most markers are highly sampled with these simulation parameters, especially for lower values of h (B).

Table 1 Comparison of estimated values of summary statistics (hwe or pe) when all chromosomes are sampled to true simulation
averages (hwa or pa)

Protocol h per bp

Mean Variance

Recombination No recombination Recombination No recombination

hwe/hwa pe/pa hwe/hwa pe/pa hwe/hwa pe/pa hwe/hwa pe/pa

Standard 0.0001 0.994 0.995 0.991 0.990 0.994 0.996 0.990 0.990
0.001 0.987 0.982 0.988 0.984 0.988 0.980 0.988 0.979
0.01 0.956 0.933 0.940 0.909 0.941 0.901 0.904 0.837

Double digest 0.0001 0.835 0.836 0.838 0.837 0.836 0.836 0.839 0.836
0.001 0.858 0.851 0.829 0.823 0.857 0.841 0.830 0.815
0.01 0.829 0.797 0.811 0.772 0.812 0.737 0.771 0.684

Results from two different simulation parameters of h are shown. When recombination is present, q = h. Results are given for both
the standard and double digest RADseq protocols.

© 2013 John Wiley & Sons Ltd
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particular genealogies

Since the underlying genealogy of a sample of chromo-
somes at a locus provides information about its evolu-
tionary history, we examined how genealogies vary
with chromosome sampling depth using the AFS. The
true AFS present in the sequence flanking a restriction
site, conditioning on the chromosome sampling depth
recovered in a RADseq experiment, shows that each
respective sampling depth has a unique AFS and thus
contains a nonrandom subset of the ‘true’ genealogies
(Fig. 3A). Although recombination reduces this effect, a

strong correlation between the frequencies of polymor-
phisms within a read and frequencies of the recognition
sequence remains apparent in the AFS (Fig. 3B). This is
consistent with empirical observations of significant LD
on the scale of a 100-bp sequencing read observed in
many natural populations (e.g. Miyashita & Langley
1988; Hohenlohe et al. 2012; Langley et al. 2012; Pool
et al. 2012). Lastly, in agreement with their higher val-
ues of pt, loci with intermediate amounts of missing
data in a RADseq experiment have genealogies with a
greater time to common ancestry (TMRCA’s, not shown)
relative to the simulation average.
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Fig. 2 (A) True and estimated values of p (red) and hw (blue) from in silico recovery of chromosomes in restriction-based short-read
sequencing (RAD)seq as a function of chromosome sampling depth for h = 0.01 per bp without recombination. Here, the simulation
average of h is 1 per 100 bp sequence read. Shaded regions show the 95% bootstrap percentile confidence intervals (1000 simulations)
for the mean of true values of p (solid red) and hw (solid blue) and estimated values of p (shaded red) and hw (shaded blue) from in
silico RADseq. ‘Chromosome sampling depth’ refers to the number of chromosomes that are actually sampled (have intact restriction
sites) in the in silico experiment, and ‘true’ values are those calculated using the complete data for the same markers. The histograms
in A (no recombination) and B (with recombination, q = h) show the proportion of each chromosome sampling depth in the data and
indicate that most markers are highly sampled with these simulation parameters, especially for lower values of h (B).

Table 1 Comparison of estimated values of summary statistics (hwe or pe) when all chromosomes are sampled to true simulation
averages (hwa or pa)

Protocol h per bp

Mean Variance

Recombination No recombination Recombination No recombination

hwe/hwa pe/pa hwe/hwa pe/pa hwe/hwa pe/pa hwe/hwa pe/pa

Standard 0.0001 0.994 0.995 0.991 0.990 0.994 0.996 0.990 0.990
0.001 0.987 0.982 0.988 0.984 0.988 0.980 0.988 0.979
0.01 0.956 0.933 0.940 0.909 0.941 0.901 0.904 0.837

Double digest 0.0001 0.835 0.836 0.838 0.837 0.836 0.836 0.839 0.836
0.001 0.858 0.851 0.829 0.823 0.857 0.841 0.830 0.815
0.01 0.829 0.797 0.811 0.772 0.812 0.737 0.771 0.684

Results from two different simulation parameters of h are shown. When recombination is present, q = h. Results are given for both
the standard and double digest RADseq protocols.

© 2013 John Wiley & Sons Ltd
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sequence remains apparent in the AFS (Fig. 3B). This is
consistent with empirical observations of significant LD
on the scale of a 100-bp sequencing read observed in
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1988; Hohenlohe et al. 2012; Langley et al. 2012; Pool
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Fig. 2 (A) True and estimated values of p (red) and hw (blue) from in silico recovery of chromosomes in restriction-based short-read
sequencing (RAD)seq as a function of chromosome sampling depth for h = 0.01 per bp without recombination. Here, the simulation
average of h is 1 per 100 bp sequence read. Shaded regions show the 95% bootstrap percentile confidence intervals (1000 simulations)
for the mean of true values of p (solid red) and hw (solid blue) and estimated values of p (shaded red) and hw (shaded blue) from in
silico RADseq. ‘Chromosome sampling depth’ refers to the number of chromosomes that are actually sampled (have intact restriction
sites) in the in silico experiment, and ‘true’ values are those calculated using the complete data for the same markers. The histograms
in A (no recombination) and B (with recombination, q = h) show the proportion of each chromosome sampling depth in the data and
indicate that most markers are highly sampled with these simulation parameters, especially for lower values of h (B).

Table 1 Comparison of estimated values of summary statistics (hwe or pe) when all chromosomes are sampled to true simulation
averages (hwa or pa)

Protocol h per bp

Mean Variance

Recombination No recombination Recombination No recombination

hwe/hwa pe/pa hwe/hwa pe/pa hwe/hwa pe/pa hwe/hwa pe/pa

Standard 0.0001 0.994 0.995 0.991 0.990 0.994 0.996 0.990 0.990
0.001 0.987 0.982 0.988 0.984 0.988 0.980 0.988 0.979
0.01 0.956 0.933 0.940 0.909 0.941 0.901 0.904 0.837

Double digest 0.0001 0.835 0.836 0.838 0.837 0.836 0.836 0.839 0.836
0.001 0.858 0.851 0.829 0.823 0.857 0.841 0.830 0.815
0.01 0.829 0.797 0.811 0.772 0.812 0.737 0.771 0.684

Results from two different simulation parameters of h are shown. When recombination is present, q = h. Results are given for both
the standard and double digest RADseq protocols.

© 2013 John Wiley & Sons Ltd
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‘Bias’ in RADseq

genetic mapping (Baird et al. 2008; Andolfatto et al.
2011; Pfender et al. 2011), selection and introgression
(Hohenlohe et al. 2011; Gompert et al. 2012), and linkage
disequilibrium (Hohenlohe et al. 2012).
RADseq differs from other genome-sequencing

approaches in that DNA fragments for construction of a
library of sequences are generated by digesting
genomes with a restriction enzyme, as opposed to
random DNA shearing. Enzyme digestion results in
nonrandom cleavage that ensures primarily the same
regions are sampled across individuals. While powerful,
the RADseq approach may be affected by numerous,
largely uncharacterized biases. Potential problems aris-
ing from PCR bias in library construction, sequencing
errors and inaccurate genotyping with lower sequenc-
ing depths have been recognized previously (Rokas &
Abbot 2009), but these biases are expected to affect all
re-sequencing projects. RADseq has an additional
ascertainment bias whose effects have not been
explored extensively: some recognition sequences will
themselves be polymorphic, resulting in missing data
for some chromosomes, and thus nonrandom sampling
of lineages in a sample (Fig. 1).
How does nonrandomly missing data affect estima-

tion of levels and patterns of genomic variation neces-
sary for population genetic inference? Here, we address
this question by developing a coalescent-simulation
framework to mimic the biased recovery of haplotypes
(hereafter genealogical bias) in RAD libraries. Our work
is consistent with but extends beyond that of Gautier
et al. (2012) who also studied how missing data bias
estimates of expected heterozygosity and FST. We ana-
lyse our simulations with additional commonly used

summary statistics (p, h, Tajima’s D, FST and the com-
plete allele frequency spectrum) that are used to study
demographic history and detect selection. We explore
how RADseq affects genome-wide estimates of these
statistics and how it impacts outlier analyses.
We show that RADseq nonrandomly subsamples the

genome in two ways. First, within a locus, variants in a
recognition sequence result in missing data and there-
fore truncate genealogies relative to the complete
sample at these loci. This truncation results in underes-
timates of commonly used diversity statistics p and hw.
Estimates of Tajima’s D are also less accurate, but FST is
relatively robust. Second, certain genealogies are more
likely to result in missing haplotypes than others, such
that RADseq samples a biased subset of all genealogies.
For example, loci with intermediate amounts of missing
data are more polymorphic than the simulation average
and more likely have genealogies with deeper diver-
gences. We show with in silico digests of 102 completely
sequenced Drosophila melanogaster genomes that our coa-
lescent simulations capture the major features of RAD-
seq’s genealogical bias. We discuss our findings and
provide general guidelines for using RADseq for popu-
lation genetic inference.

Methods

Coalescent simulations

We used Hudson’s ms (Hudson 2002) to simulate 10 kb
DNA fragments for 100 haploid individuals with differ-
ent population mutation and recombination rates
(i.e. h = 4Nel and q = 4Ner, with l and r being the

Fig. 1 An example of a DNA sequence alignment (horizontal lines at right) along with the underlying genealogy of the locus (left).
Dots represent segregating mutations in the sequence and where in the genealogy they occurred. The wider grey portion of the
sequence alignment represents the recognition sequence and a white dot indicates a mutation in the recognition sequence. Haplo-
types are not observed in a recovery of chromosomes in restriction-based short-read sequencing experiment if mutations occur within
this region. In this example, the true time to most recent common ancestor (TMRCA) of the sample is lost since a mutation occurred
within the recognition sequence in the most divergent haplotype; the genealogy is thus truncated to point ‘X’ and results in incom-
plete sampling that is biased against recovery of the most divergent haplotype(s).

© 2013 John Wiley & Sons Ltd
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Biological studies that benefit from RAD-seq

• Defining individuality, parentage and pedigrees


• Performing quantitative genetic studies in outbred populations


• Fine scale estimates of population structure


• Identifying 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
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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 

Genomically enabling the Gulf pipefish 



How 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



How 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

How is genetic diversity partitioned across individuals, populations and species? 
What genomic regions are important for adaptation to novel environments? 

How does genome architecture influence rapid evolution? 
What genes are linked to evolving phenotypes?
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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

R. A. Fisher

Sewall Wright



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

~10 individuals

~100 individuals



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



Population genomics

Simultaneous genotyping of neutral and adaptive loci

Genome-wide background provides 
more precise estimates: 
•Demographic processes (e.g. Ne) 
•Phylogeography

Outliers from background indicate: 
•Selective sweeps 
•Local adaptation



Hohenlohe et al. 2010. Int J Plant Sciences

Population genomics of ordered markers
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Hohenlohe et al. 2010. Int J Plant Sciences

Population genomics of ordered markers



Time Scale 
short       long

Number of Populations 
one                         multiple

Mode of Selection 
positive        balancing

Type of Sweep 
hard               soft

Knowledge of substitution class 
yes                                                 no

• FST tests 
• LD tests (Zg, XP-EHH)

• LD tests (iHS)• π-based tests 
• allele frequency spectrum 
     (Tajima’s D) 
• LD tests (iHS)

• π-based tests 
• allele frequency spectrum 
     (Tajima’s D) 
• LD tests (iHS)

• HKA test• dN/dS ratio

Decision tree for 
population 
genomics 
data

Hohenlohe, Phillips, Cresko, 2010



Stacks analysis pipeline for RAD-seq
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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



Threespine stickleback, Gasterosteus aculeatus



Threespine stickleback, Gasterosteus aculeatus

Rundle and McKinnon 2002



Threespine stickleback, Gasterosteus aculeatus

Rundle and McKinnon 2002

Lateral 
Plates

Pelvic  
Structure





Some stickleback phenotypes mapped in the lab far

Pelvic structure size and shape *** (Eda) 
Lateral 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 
independent populations 

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



Signatures of natural selection in 13,000 years

50km

Cook Inlet

Hohenlohe, Bassham et al. 2010. PLoS Genetics



Bear Paw

Boot

Mud

(mean FST = 0.121)

(mean FST = 0.112)

(mean FST = 0.117)

Fst

Genomic location (Mb)

Signatures of natural selection in 13,000 years

Hohenlohe, Bassham et al. 2010. PLoS Genetics



Numerous novel regions identified

Different 
alleles

More 
often the 
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alleles
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RAD-seq analysis


110,000 SNPs per individual

>1000 Individuals


20 million genotypes
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Structure analysis shows independent evolution 
even among populations on a single island



At least six independent 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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among all four freshwater groups. The divergent regions of the two Middleton 
freshwater groups overlap by over 73%, Middleton and SW Montague overlap by over 
70%, and these island populations overlap by between 51 and 59% with the much older 
mainland populations (Table 1; Table S2). Clearly, the majority of the patterns of 
genomic divergence are shared across populations, young and old, and this shared, 
persistent divergence amounts to nearly 15% of the genome.
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5. Montague SE vs marine

3. Sympatric ecotypes 
2. Middleton fresh vs marine 
1. Inter-island marine

4. Montague SW vs marine

6. Danger fresh vs marine

Fig 2. Patterns of genomic divergence are similar among young, independently colonized freshwater locales. Smoothed, haplotype-based 
FST´ is plotted along the genome. Concentric rings are numbered from the center out, and labeled with 5 Mb intervals. Marine populations (Mi17 vs. 
Da02) from different islands about 100 km apart show little differentiation (Ring 1). While Middleton Island (MiFW2, Ring 2), sympatric freshwater vs. 
marine ecotypes both from Mi08 (Ring 3), and SW Montague Island (Ring 4) all show parallel patterns of marine-freshwater divergence, the likely 
younger populations on Montague (SE, Ring 5) and Danger Island (Da04, Ring 6) differ strongly from marine on only a subset of the typically divergent 
linkage groups.
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Significant overlap of divergence among populations

Marine and freshwater populations 
differ in patterns of haplotype diversity 
and composition
FST statistics quantify relative divergence 
affected by differences in genetic frequencies 
among, as well as diversities within, 
populations (59-61). Because it generates 
DNA sequence data, RAD-seq allowed us to 

examine both the relative and absolute haplotype diversities within differentiated genomic 
regions in each population, as well as document the distribution and abundance of 
particular haplotypes across populations. We found that divergent genome segments 
correspond to regions where marine and freshwater populations differ in haplotype 
diversity. Marine genomes have lower absolute haplotype diversity across these regions, 
relative to non-divergent parts of the genome (Fig 4; Fig S3). 

At individual RAD loci with high estimates of FST´ both the marine and freshwater 
populations each often have a single but different majority haplotype (Table 2; Table S3), 
where we define majority haplotypes as the highest frequency haplotypes that - singly or in 
combination - account for at least 60% of genotypes at a given locus (Fig 5). Independent 
freshwater populations most often have the same majority haplotype across all shared loci 
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Fig 3. Genomic blocks of freshwater-marine divergence largely overlap among freshwater populations. A) A Hidden Markov Model was 
trained on FST´ patterns to discriminate between diverged and not diverged regions. Shown here, for example, is the outcome of the model on three 
linkage groups that have large regions of divergence and one linkage group that has little divergence. From this, the proportion of the genome 
diverged in each freshwater group (dashed lines) and the divergence overlap (bold green line) among these populations were calculated. B) The total 
proportion of the genome diverged from marine in the compared freshwater populations ranges nearly to 30%, the majority of which (totaling ≈15% of 
the genome) overlaps across freshwater populations.

MiFW1 MiFW2 MoSW Cook Inlet
MiFW1 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%
Table 1. Regions of the stickleback genome that diverge because 
of adaptation highly overlap between freshwater populations, 
both young and old. The total amount of the genome allocated to the 
FW vs. OC “diverged” state by a hidden Markov Model is listed, along 
the diagonal in bold, for each population. Above the diagonal are the 
proportions of the genome populations have in common. Below the 
diagonal is the degree of overlap of the divergent stretches of the 
genome for each population comparison. Despite the much older time 
since founding, the Cook Inlet freshwater group still shares more than 
50% of divergent regions with the much younger uplift populations.
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Relative haplotype diversity is almost always elevated 
in marine populations in regions of divergence

MoSE is that FST´ relative to OC 
drops across regions normally of 
high FST´ in other freshwater-
marine comparisons because 
these genomic segments have 
low diversity in both MoSE and 
OC, and the diffuse number of 
higher FST´ loci found in MoSE 
predominantly result from 
subsampling of the majority OC 
haplotypes (such as from 7 to 21 
Mb on LG VII; Fig 2; Fig 6; Fig 
S4). 

Danger Island presents 
another qualitatively distinct 
scenario from the other 
freshwater populations in this 
study; only a fraction of the 
parallel pattern of freshwater-
marine divergence - a single FST´ 
peak on LG I – is prominent in 
Da04. This segment 
encompasses a known inversion 
whose orientation has been 
shown to differ consistently 
between freshwater and marine 
genomes (62). Relative to OC, 
Da04 has diffusely elevated FST´ 
due to genome-wide reduction in 
haplotype diversity (Fig 2; Fig S3; 
Table 3), but FST´ crescendos at 
the LG I inversion. Unlike in the 
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Fig 4. Divergent genomic regions differ also in haplotype diversity between freshwater and 
marine fish. A) Concentric rings are numbered from the center out. Blocks of elevated FST´ in a 
comparison of Middleton FW2 vs. marine (Ring 1) highly correspond with relative increases in 
haplotype diversity in fresh water (Ring 2). On Ring 2, blue represents higher diversity in fresh 
water than in marine, and red is higher diversity in marine than fresh water. Smoothed haplotype 
diversity is plotted separately for FW2 (Ring 3) and marine (Ring 4). While a fraction of haplotype 
diversity outliers does exceed the value range shown, > 99.9% of the smoothed values were 1.0 or 
less. See Methods for how diversities and difference are calculated. B-D) Middleton FW2 and 
marine are compared across LG IV, a linkage group to which many morphological traits map that 
differ between marine and freshwater ecotypes [38]: B) divergence statistics, C) gene diversity, D) 
haplotype diversity, and E) gene and haplotype diversity difference. Where values in panel D are 
greater than zero, fresh water has greater diversity than marine.
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haplotype diversity, and E) gene and haplotype diversity difference. Where values in panel D are 
greater than zero, fresh water has greater diversity than marine.



Regions of divergence contain alternative haplotypes

other freshwater groups that share this 
FST´ peak, however, elevated FST´ 
relative to OC extends to the inversion's 
flanking regions in Da04 (Fig 2; Fig 6). 
We find that two types of loci primarily 
occupy the inversion and closely linked 
regions. In the inversion itself, there is a 
concentration of loci that have increased 
in alternative FW haplotypes, and 
flanking these are loci depleted for 
common marine haplotypes (Fig 6; Fig 
S5). Together, these could signal a 
recent or ongoing selective sweep in 
Da04.

Alternative freshwater majority 
haplotypes are readily detectable at 
thousands of loci in the marine 
population
At loci with FST´≥ 0.2, most haplotypes 
that are in the majority in fresh water 
can be found in the sea, though they 
are typically rare (frequency ≤ 10%) 
(Table 2; Table S3). For example, 81% 
of alternative majority haplotypes 
identified in MiFW1 and 68% of those 
identified in MiFW2 are found in the 
marine comparators (131 marine fish 
from Mi17, Mi23, and Da02) (Table S3). Marine populations that were sampled at great 
geographic distances from one another - at Middleton Island, at Danger Island (> 100 km 
mainly across open ocean from Middleton) and even as far as the southern Oregon coast 
(> 2500 km away, along a coastal route) – carry many of the freshwater majority haplotypes 
identified on Middleton Is. (Fig 7). 
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Fig 5. Regions of parallel divergence contain loci with alternative FW versus OC haplo-
types. A) To characterize the nature of loci with high FST´ in OC-FW comparisons, we 
assign these loci to several categories: at Case 1 loci OC and FW populations have single 
but alternative majority haplotypes (i.e., accounting for at least 60% of population haplo-
types); at Case 2 loci, the FW population has one or more haplotypes that are majority 
(accounting singly or in sum for at least 60% of haplotypes) but are not majority in the sea, 
and they have at least one majority haplotype that is also a majority haplotype in the sea; at 
Case 3 loci, the FW population has more than one majority haplotype that is not majority in 
the sea and no majority haplotypes in common with the sea; and at Case 4 loci, the FW 
population has majority haplotypes that are a subset of the majority haplotypes in the sea. B) 
Loci of FST´ ≥ 0.2 are assigned to cases and plotted across the genome for two FW groups 
from Middleton Is. FW and one Montague Is. While these cases are not strictly discreet, we 
do think they broadly capture qualitatively different patterns of population genomic process-
es. Sampling effects could move some loci with borderline allele frequencies (i.e., those with 
frequencies near our parameter boundaries) between Cases 1-3, but are less likely to move 
such loci to Case 4 (for example, see Table S3).
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Da04.

Alternative freshwater majority 
haplotypes are readily detectable at 
thousands of loci in the marine 
population
At loci with FST´≥ 0.2, most haplotypes 
that are in the majority in fresh water 
can be found in the sea, though they 
are typically rare (frequency ≤ 10%) 
(Table 2; Table S3). For example, 81% 
of alternative majority haplotypes 
identified in MiFW1 and 68% of those 
identified in MiFW2 are found in the 
marine comparators (131 marine fish 
from Mi17, Mi23, and Da02) (Table S3). Marine populations that were sampled at great 
geographic distances from one another - at Middleton Island, at Danger Island (> 100 km 
mainly across open ocean from Middleton) and even as far as the southern Oregon coast 
(> 2500 km away, along a coastal route) – carry many of the freshwater majority haplotypes 
identified on Middleton Is. (Fig 7). 
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Fig 5. Regions of parallel divergence contain loci with alternative FW versus OC haplo-
types. A) To characterize the nature of loci with high FST´ in OC-FW comparisons, we 
assign these loci to several categories: at Case 1 loci OC and FW populations have single 
but alternative majority haplotypes (i.e., accounting for at least 60% of population haplo-
types); at Case 2 loci, the FW population has one or more haplotypes that are majority 
(accounting singly or in sum for at least 60% of haplotypes) but are not majority in the sea, 
and they have at least one majority haplotype that is also a majority haplotype in the sea; at 
Case 3 loci, the FW population has more than one majority haplotype that is not majority in 
the sea and no majority haplotypes in common with the sea; and at Case 4 loci, the FW 
population has majority haplotypes that are a subset of the majority haplotypes in the sea. B) 
Loci of FST´ ≥ 0.2 are assigned to cases and plotted across the genome for two FW groups 
from Middleton Is. FW and one Montague Is. While these cases are not strictly discreet, we 
do think they broadly capture qualitatively different patterns of population genomic process-
es. Sampling effects could move some loci with borderline allele frequencies (i.e., those with 
frequencies near our parameter boundaries) between Cases 1-3, but are less likely to move 
such loci to Case 4 (for example, see Table S3).



Marine stickleback carry haplotypes at low frequency 
that are the majority alleles in freshwater populations

holds regardless of whether they were calculated for freshwater majority haplotype sets 
defined by freshwater populations that are geographically nearby or distant from each 
marine population (Fig 8; Fig S6; Fig S7). Although the AFS of the entire genome was 
similar across populations, there was appreciable variation among chromosomes within 
populations with regards to median and mean freshwater allele frequencies as well as AFS 
(Table S4; Fig S8), as might be expected given different patterns of divergence across the 
chromosomes. 

 The same allele frequencies can be generated if many marine fish each carry a few 
freshwater haplotypes or if a few marine fish carry a majority or “jackpot” numbers of such 
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Fig 7. Marine stickleback carry rare haplotypes that are found at high frequency in freshwater fish. Plotted for three geographically distant 
marine populations are all RAD loci that fit two criteria: the locus falls into Case 1 or Case 3 (as defined in Fig 5) in a comparison between the 
marine population and a Middleton Island freshwater (Mi11), and at the same locus at least one marine fish carries a FW majority haplotype that is 
alternative to majority haplotype/s in the sea. Rings are numbered from the center out. Loci are colored by which Case they belong to.



• 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 

• The 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)



Noah A. Rosenberg & Magnus Nordborg

The coalescent in population genetics



Neutral coalescent expectations



Natural selection and the coalescent

Divergent Selection

Balancing Selection



Coalescent analyses in stickleback
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Coalescent analyses in stickleback
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Coalescent analyses with RAD-seq

Genomic
DNA

SbfI cutsites
Sequence reads



Coalescent analyses with RAD-seq
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Coalescent analyses with RAD-seq

Indiv. 1

Indiv. 2

Indiv. 13

locus 1 locus 2 locus 13,070



Selection in one population reduces coalescence time
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Selection in one population reduces coalescence time



However, across populations the coalescence time 
can increases significantly in a genomic region



Reciprocal monophyly across different habitats



Increased absolute divergence between habitats



Habitat associated haplotypes evolved 
millions of years ago



Habitat associated haplotypes evolved 
over millions of years ago



Habitat associated haplotypes evolved 
over millions of years



How do the genomic patterns of divergence link to 
phenotypic diversification? 

Kristin Alligood



Lateral plate and opercle shape co-vary in the wild



An interesting stickleback hybrid population in Oregon



An interesting stickleback hybrid population in Oregon

Zhou and Stephens 2012



An interesting stickleback hybrid population in Oregon

Genome Wide Association: 
GEMMA 

Zhou and Stephens 2012



Pairwise relatedness among individuals



Lateral plate count:  
A good hit to a novel locus on LGXX



Lateral plate count:  
A good hit to a novel locus on LGXX



Opercle shape:  
Good hits on LGVII and LGVIII



Opercle shape:  
Good hits on LGVII and LGVIII



• Previous work has shown that the freshwater genomes 
evolve in 13,000 years

• Uplift island data shows that the evolution can appear in as 
little 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 subsequent rapid evolution.

Ocean

Freshwater

Ocean

Freshwater Freshwater

Ocean

15 Million years ago Present



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 

Genomically enabling the Gulf pipefish



What if you don’t have a genome sequence? 

A case study of RAD-seq and genome assembly



Seahorses, sea dragons and pipefishes



BLANK



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 RAD reference map



Illumina genomic libraries for pipefish genome

25x

2x

15-25x of
3% of the 
genome

paired end 101bp
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Nearly the whole genome is covered 



Created a genetic map

Generated an F1 family of 103 individuals 

RAD sequenced the parents and offspring 

Analyzed the data using Stacks 

Output to JoinMap format 

Created Linkage map



22 LGs; 6000 segregating SNPs; 30,000 RAD sites
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4.9
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20075 25581 16168 7117 11903
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215328.6
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250 15482 51432.9
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21334.4
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99535.0
14426 170015.7
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20999 709 11371

6.0

9079 101286.1
17066.3
10036 102356.4
17866.5
21495 130536.6
13609 60246.7
1266 20644 209636.9
41917.0
24846 37227.8
16858 129117.9
87778.0
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107039.6
240559.7
453810.0
225110.5
216810.8
2303211.4
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17613.1
922713.6
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118440.2
22171 12721 15074 22850 13210
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1272 16636 5028 15106 19708
906

40.3

12551 21115 792740.5
20410 601740.6
479140.7
565641.1
19298 433241.3
1167441.5
2809 1668841.9
1506442.0
1266242.3
1835542.7
570542.8
868643.0
597543.4
2466543.7
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154744.3
775044.6
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12234 576 1294139.0
359739.4
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1315540.0
801840.4
20899 2119240.9
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2333841.3
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1363741.7
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23038 14660 6365 15397 554
21494 8624 15494 22371 2574
16604 11055 12452 19244 5750
7403 18761 22809 2349 24736
3461 8338 14013 12362 17783
481 8269 11531 23653 4881
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12229 2811 16165 4065 18995
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41.9

21236 209942.0
1861942.2
19842 562142.4
509642.5
400942.6
1076142.8
5188 98443.1
1627743.2
14046 6367 196843.3
22219 15620 14629 2105143.5
2502843.6
1381043.7
2182143.9
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Two instances of chromosome fusion in pipefish



Two instances of chromosome fusion in pipefish



Key losses in Hox gene clusters



Key losses in conserved non-coding elements



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



Expansion of male pregnancy specific gene family



Ecological & evolutionary genomic 
analyses using RAD-seq - 

what have we learned?

1. batch_1.fst_4-13.tsv
2. batch_1.fst_1-3.tsv
3. batch_1.fst_1-4.tsv
4. batch_1.fst_1-7.tsv
5. batch_1.fst_1-8.tsv
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Overall Conclusions

RAD-seq can be a tool for enabling new research in models & nonmodels 
- 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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Lab bench considerations for 
RADseq studies



Tradeoffs:
Number of sites versus Depth of sequencing per site versus Number of samples 

Experimental design considerations for RAD



Tradeoffs:
Number of sites versus Depth of sequencing per site versus Number of samples 

Experimental design considerations for RAD

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 is a good goal



Things to consider

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

Genomes are biased:

Tradeoffs:
Number of sites versus Depth of sequencing per site versus Number of samples 

How many tags do I need?

Experimental design considerations for RAD

expect 112,300 six-cutter sites in stickleback (460 Mb) actual EcoRI sites = 90,000

expect 7000 eight-cutter sites in stickleback actual SbfI sites = 22, 800

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



Tradeoffs:
Number of sites versus Depth of sequencing per site versus Number of samples 

How many tags do I need?

Things to consider

Choice of enzyme and genome size
Polymorphism and read length

Nucleotide polymorphism rate = 0.01 to 0.001 for most vertebrates

Stickleback populations: 0.01 to 0.02. At least 1 SNP every 100 bp, on average

Experimental design considerations for RAD



Things to consider

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

Barcode distance - two mismatches

Tradeoffs:
Number of sites versus Depth of sequencing per site versus Number of samples 

How many samples should be multiplexed?

Experimental design considerations for RAD



Things to consider

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

A B C D

How many samples should be multiplexed?

Molecular considerations in library building



Things to consider

DNA Quality
Diversify barcodes

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

CGATA GTACA TAGCC ACTGC

How many samples should be multiplexed?

Molecular considerations in library building



Agilent BioanalyzerThings to consider

Fragment size
Smaller/tighter is better

How can I get the best depth of coverage?

Molecular considerations in library building



qPCR control should be similar to measured sample:

Things to consider

Fragment size
Library quality

qPCR

How can I get the best depth of coverage?

Molecular considerations in library building



Things to consider

Fragment size
Library quality

qPCR
Pilot Experiment:
    Spike or split a lane

How can I get the best depth of coverage?

Molecular considerations in library building


