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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??



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)
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2

CCTGCAGGTTGTGACTAACAGGCAATAAAGTAGTAAACAACCCTGCAGGTTCTGTTCACTGAAGCAGACGCGCGTGTATGGA GTTGTTTACTACTTTATTGCCTGTTAGTCACAA

TCCATACACGCGCGTCTGCTTCAGTGAACAGAA

TGCAGGTTGTGACTAACAGGCAATAAAGTAGTAAACAAC

TGCAGGTTCTGTTCACTGAAGCAGACGCGCGTGTATGGA

SbfI
1

CCTGCAGGTTGTGACTAACAGGCAATAAAGTAGTAAACAACCCTGCAGGTTCTGTTCACTGAAGCAGACGCGCGTGTATGGA GTTGTTTACTACTTTATTGCCTGTTAGTCACAA

TCCATACACGCGCGTCTGCTTCAGTGAACAGAA

SbfI
CCTGCAGGTTGTGACTAACAGGCAATAAAGTAGTAAACAACCCTGCAGGTTCTGTTCACTGAAGCAGACGCGCGTGTATGGA GTTGTTTACTACTTTATTGCCTGTTAGTCACAA

TCCATACACGCGCGTCTGCTTCAGTGAACAGAA

TGCAGGTTGTGACTAACAGGCAATAAAGTAGTAAACAAC

TGCAGGTTCTGTTCACTGAAGCAGACGCGCGTGTATGGA

SbfI
2

Chr I

Chr III

Chr II

22,830 SbfI sites in threespine stickleback genome

~ 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



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

Marie Cariou, Laurent Duret & Sylvain Charlat

Universit!e de Lyon, Universit!e Lyon 1, CNRS, UMR 5558, Laboratoire de Biom!etrie et Biologie Evolutive, 43 boulevard du 11 novembre 1918,

Villeurbanne F-69622, France
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Phylogenetic relationships



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

Phylogenetic relationships



Improve genome assemblies with genetic maps
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58930.9
16077 896831.8
2409232.2
2312532.5
432633.3
465333.6
1107534.2
1151134.7
783435.1
2170635.2
1584136.1
1221636.5
146336.8
1814136.9
428237.0
2147737.1
1689237.4
1887337.7
1949738.0
9508 2335439.1
1416939.3
3825 442139.5
24524 666940.2
1785040.4
1537440.9
1598641.0
643741.5
270341.9
598042.1
10245 1548042.2
9758 16096 19087 12054 13901
21462 24185 8611 1635 19091
23313 6626 23773 15246

42.3

1016 24080 15890 14687 16499
19822 12130 21679

42.4

14457 2144742.6
1334642.7
8930 1360542.8
6607 638142.9
304143.1
551943.2
1313443.4
20153 2446943.8
640744.1
23601 2106044.3
19707 4615 1307344.4
1726444.5
587344.7
2290044.8
4136 938344.9
20211 4106 3049 19517 216645.0
2141 2441045.9
141346.0
13542 21549 763346.1
23898 14586 15679 10739 9391
7311 5448 13079 14014 22186
17024 13442 15640 2953 14658
12823 18516 11226 9840 22653
21230 1199

46.2

367 1995846.8
650347.1
650047.9
1220 1826 23217 19191 8224
13450

48.1

1845449.2
3867 2026949.6
24690 4658 811150.4
18406 273250.5

16144 10094 165920.0

18950 5312 11116 15070 19101
7776

0.8

147882.4
199032.5
13241 10803 9930 82183.1
242403.4
21638 11117 6656 11465 68523.9
173444.0
235964.2
12972 4169 19744 23011 11164
19430 235844.5

39184.8
4335 11023 2613 1955 4204
22687 1930 6812 11434 4683
20304 21647 20766 16100 14301
1859 6853 19321 23504 9610
15556 4094 6735 1269 5942
14107 6856 16517 23690 1581
160 9513 1450 23264 5569
9306 14026 10141 7982 16228
18020 14165 12507 10014 5277
14963 14708 11629 11463 4203
19135 11196 11987 19205 21390
17904 22483 4307 10223

4.9

10945 12122 9739 24573 18740
9236 3258 23326 11994 15767
20075 25581 16168 7117 11903
6506 15129 2615 16072 4726
7153 16346 377 5838 8877
14356 7480 15656 9899 5040
4685 23414 14141 8966 11841
13511 13326 16112 14930 16968
20765 23869 1250 10607 19532
17460 9720 15639 11870 1552
20387

5.0

13567 14619 18932 11782 5348
14986 7415 7195 3509 7666
4234 7774 4515

5.1

162925.2
55685.6
20491 24657 6231 894 14179
4252 9791

5.7

25228 3335 104835.8
89825.9
56816.1
146677.0
7975 13677.1
5940 17451 1244 23367.4
231297.8
58378.4
21000 212259.6
34319.7
92289.8
2204911.3
797212.9
690813.0
16859 214214.3
2254514.4
536915.3
1263715.4
1137715.5
1687916.9
2148517.6
590718.2
1930418.3
2186119.9
1804621.1
1011221.3

781324.2

283925.1

1404826.1
923926.2
1469026.6

215328.6
234028.8
6731 19872 804029.1
1801829.2
203729.6

18203 260631.3
1454131.6

649733.0

522033.6
1173433.8

695634.3
286634.7
1456634.9
3726 1259635.2
441935.5

1754136.2
1360436.4

1213636.9

1966737.8
3331 514237.9
1033238.0
331738.4
19501 2421938.9

1781339.7

59440.6

18444 1852141.6

2061844.0
21344.1

19972 2509644.7

148230.0

10067 12733 100841.4
3255 16434 8605 1112 23517
8663 6947 21190 11112 18430
3492 23576 2913 9553 190
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

536520.5

1451121.3

167824.2

2425127.5

78030.2

748330.7

1272531.2
1691832.5
2042433.3
22633.4
1969433.8
1234234.0
1701935.5
631636.2
1599236.7
1467836.8
626737.3
2208237.4
2140137.5
498537.7
2135537.8
1385538.2
486438.5
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

178940.0
16751 210210.1

55340.6

2461.4

129543.1

127114.2

117395.4

4612 8292 170897.3

20475 2418.9
20624 13250 8180 21615 10677
12025

9.0

2738 55309.2
190119.3
67259.4
225859.9
1298210.0
2126910.1
485010.2
1051710.7
9614 1032911.3

790112.4

1128813.0

1987614.2

332214.8

396515.3

2259015.7

1342418.5
189218.7

327119.2

571119.7

717 1941820.1

2183620.7

5858 1780922.6

1458223.9
1244824.1

718125.3
1864125.6
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
15635 2545 22542 5529 14814
9526 1181

48.6

563348.7
20014 1496648.8
1934348.9

20381-0.1
7689 11777 6955 579 1411
7621

0.0

5476 74310.3
168530.4
158371.3
72291.7
174442.3
1991 15475 151692.4
138452.5
125462.9
5224 7323.9
34484.0
13774.1
143934.3
98834.5
141305.1
22839 64545.2
20810 1459 13127 50005.5
126935.6
13381 239745.7
25588 191755.9
22099 13736 13082 2484 2003
14319 18041 710 24466 21139
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
16624 11483 17746 26598.9
101119.3
64509.4
192729.6
54709.9
70610.0
1005010.1
1170310.2
1747010.9
152111.5
198911.9
1445512.0
14800 1172112.3
1092012.4
2546112.7
27712.8
569213.0
2177313.4
363213.7
2186315.2
2464015.6
421215.8
4834 2404216.1
21046 926016.5
17158 281516.6
61716.9
1862217.6
19847 21084 2354918.4
978318.5
1696618.7
1802719.4
1428219.5
2035 1775219.7
617920.0
394920.2
833420.7
1734120.9
1986421.3
641521.8
1109022.2
1443623.2
25407 1590223.4
20323.7
500824.8
941925.0
692126.0

1751327.5
5998 595527.6
1965828.1
1374628.6
7273 447828.8
2165828.9
447929.1
686129.4
4418 740729.5
13745 7552 11524 1856929.8

1635731.1
2497831.3
209631.6

448532.5
66832.6
1242532.7

1235433.5
1196933.6

1500134.1

20137 625934.6

1661935.5
18542 11432 11638 982535.6
32635.7
2105235.9

1861737.8

226538.2

878338.9

1187939.7

1011042.5
7721 6112 1240542.6

908743.1

993843.5

339045.4

2426247.0

631747.5

4969-0.7

227930.0

23842 24961 8072 57842.0

194874.2
4494.6
14697 79224.7

95235.5

187086.3

10438 9304 3894 3737 10963
47597.6

7487.8
8477.9

20261 26518.6

71649.2

2219410.7

8166 1071612.5

31817.1
1101417.3

1688018.2
1246918.5

814819.4

1122220.1
781820.4

628422.1
476322.2

1905024.1
1306124.4
1489024.5
1939924.6
1405424.8
10173 2093125.0
786 2869 292926.1
14466 18763 2290826.2
1015826.4
1308726.5
2499926.6
15396 535226.7
887227.7
765228.1
1438 2008929.4
12067 15916 20857 9489 11996
12302 2864

30.0

8923 16883 4574 606230.1
399930.3
3073 827030.5
2042231.1
17419 1153831.2
20698 6628 667431.3
1589531.4
24638 12160 58031.5
2302 1330531.6
9058 1439631.7
2302032.0
4578 23860 886932.1
5935 6939 7009 987032.5
318832.6
454832.7
2396532.8
14039 14078 25312 8936 17681
10136 1381 6813 10966 25175
1015 13653 19619 9124 8602
12157 1408 21483 22060 4882
14036 12121 8703 2657 18998
10801 21629 6373

33.5

2343033.6
1870433.7
23856 12400 5358 20009 2144
17764 955734.2

6194 20167 1570234.4
1915734.8
83734.9
1442935.1
16416 2111135.4
40535.5
7414 1542435.6
611735.7
350535.8
1625836.1
21098 9196 6811 13889 8484
24658

36.2

1473536.3
1905236.5
256536.8
320237.0
1839737.1
1006837.2
2182838.0
1922 1513138.3
822538.4
1746738.6
867838.9
541839.0
2519639.3
7691 84339.6
455840.3
1038040.6
16496 2340542.6
330443.5
1270344.5

14237-0.3
6201 156910.0
130440.1
2982 209350.2

208270.9

127061.4

114412.0

251044.3
163174.6
70794.8
169444.9
95985.0
14148 22175.1
200205.2
44035.4
124236.4
68876.5
132136.6
49677.1
150927.5
139938.0
2957 21455 6396 18513 7019
8006 9928 11446 18875 29158.1

105198.2
201728.3
8938.8
100289.0
68799.1
107829.6
900710.0
17045 880710.1
1030811.2
8323 1540811.3
1944411.6
1715611.7
212011.8
142911.9
846712.1
13587 90012.2
1667113.2

1124214.2

967015.0
1335615.3

762217.0

354622.5
1760122.9
1205923.5
21342 19863 4055 15864 1544
7749

23.6

6895 6985 16471 19647 16197
19408 4705 6282 17017 1041
19047 19309

23.9

16589 766424.0
1916924.1
2201924.3
19908 18442 1531824.4
1938924.9
12230 663325.7
6247 10621 2198825.8
408326.1
1037626.4
15624 13692 754127.0
8718 17651 8463 24621 425027.1
1217727.7
388028.6
1400728.7
701228.8
1376129.0
1122529.3
11353 442029.4
826130.2
168 4852 3063 25400 19122
8880 18859 2206 20022 17200
452 23222 20885 5294 7491
24683 14299 16247

30.3

2166430.7
1084730.9
13436 10624 4077 4573 858
11731 20556 24695 13292 5588
14767 6356 22124 8066 4227
25411 1401 2642

31.1

10434 268231.3
729431.6
22999 107631.7
737031.8
1682532.0
525332.3
267932.5
1657732.7
5668 1792732.8
2544933.0
3345 1521033.1
670433.4
13168 737933.6
308833.7
857 926634.1
1509834.9
52435.6
673235.8
2154136.3
254436.8
968838.0
379838.3
10250 1278438.6
1340138.8
1352639.1

1206040.7

394741.6

1311742.4

19515 368543.1

1155 331143.5

249400.0

211871.6

6681 250913.6

147424.1

125125.1

173675.9

142817.1
49907.4
147927.5
46368.0
41598.4
9909 9105 9581 4045 24408
11299 3982 11728 14086 5504
17387 10423 15061 3220 5341

8.6

161398.7
93458.9
79189.3
80399.8
168219.9
2058910.5
558211.0
22511.4

858313.0

1098613.6

17685 21509 15676 573414.3
16719 347 853214.5

1302015.7
2130815.9

1976416.6

143117.8

1779218.2

1662518.8

358719.7

1815622.4
1881622.7
30724.1
1682724.8
79425.0
1579725.5
499726.4
512827.0
359227.4
423527.7
1078028.5
111628.7
217929.5
454630.9
14058 14951 2532631.2
2215631.9
912932.2
933332.7
454333.0
18126 10460 1968733.7
2036133.9
163434.2
1983834.6
1933034.9
1391535.0
19520 211735.4
1458035.7
4785 2057335.9
1146136.0
229736.1
4438 23662 1303636.4
14406 1090736.5
200137.0
160737.5
25068 1999538.0
25067 12556 13140 9147 7212
19270

38.1

252538.4
1259138.5
20785 7167 1590738.7
1618238.9
2393 694539.1
1131239.6
1859139.8
644340.0
1596140.3
1457940.7
5970 23283 1643341.1
36141.5
513741.7
1552941.8
1126442.0
13652 22799 25329 4284 16641
15240

42.1

20265 1275042.4
368442.5
941843.0
1620043.7
21837 21423 12116 17901 17780
5615 8918 9650 13927 6532
7486 6456 19594 10214 17300
21017 17129 12285 20095 16630

44.0

662944.1
2317044.2
2225744.4
11048 13971 867644.6
908144.7
895744.8
1160845.1
15445 19332 181545.3
1749645.8
750246.0
13025 658 10451 2148046.2
1215946.3
1141746.4
2279646.6
2788 1124446.9
4410 996847.1
259547.2
957249.4
7617 17174 433849.5
1207250.1
19388 3595 3189 5138 9525
1280 12341 2383 12143 9706
2304

50.7

3329 4917 1004 8545 13656
14611 16552

50.8

21448-0.6

113060.0
180760.2

38581.5

11527 24800 16359 205573.7

156095.6
137496.2
198446.6
142157.0
2647.1
251147.2
11590 136228.3
22632 6710 5345 7034 13299
11853 1823 1520

8.4

68298.5
6448.7
29638.9
8289.0

2501810.2

2269 1015311.4

533012.2
548312.4
658312.5

1178413.4
39913.6
821914.1
15703 186314.2

1327214.9
2123915.2

690216.1

2016 1055916.9

267618.3

1687719.8
209819.9
1860420.5
17683 9146 902020.6
198420.7
1997421.3

13548 2146722.3

2484324.7

727225.5

434326.8

219527.2

2007927.6
2125327.9

485729.0
9997 11553 437829.9
2112030.0
1869230.2
2142730.5
2026630.9
1652231.0
1404231.7
995631.9
524533.7
1030534.4
2031734.5
408235.1
142635.4
353135.5
137235.6
3520 392635.7
750735.8
806436.2
1945436.7
1458437.0
343437.6
1038837.8
1277838.0
1326738.3
1540439.3
13682 16176 22135 15686 2934
16458 20005 25217

39.4

12987 10970 9003 21870 1404
19134 17267 745 16999 3514
14253 12314 3216 10614 4838
2380 6143 1799 21221 343
14550 24919 4757 19762 12347
15247 1773 1906 2249 16351
24139 21613 6665

39.5

25534 70339.6
2310640.1
11559 2637 756340.2
72540.3
22661 16191 526940.4
20530 10306 9346 6516 1309341.0
12870 2721 10118 95441.1
17650 1048741.2
1172441.3
6582 205941.4
12329 18709 5252 14292 574
23352 648 16177 9501 20673
10863 3467 22763 2293 2254
4075 12058 8062 11948 877
22567 17734 3508 19624 8044
1736 2767 14695 24153 5274
1945

42.9

8781 5326 4491 1098343.0
161343.1
690545.0
1176 10905 642146.2
1448246.8
10070 235247.4
656747.5
226247.8
2525247.9
852848.4
593848.5

1942316.9
1328519.0
1001319.2
277719.6
992620.6
1062221.1
1470421.3
894622.5
978922.7
1739123.4
796825.6
8721 1902726.2
165326.7
976027.0
1450627.1
945227.3
771627.8
2320527.9
1958328.4
1188128.9
2090429.4
381629.6
723830.2
582131.4
624631.5
5153 6989 12465 1445431.6
841231.9
14685 314632.1
1655832.4
22715 557832.9
20842 13190 2311634.3
86434.5
2275335.3
1628835.4
612735.7
2042035.9
1273736.2
674736.4
307236.7
751837.5
1293437.6
1656237.9
678738.0
1760338.5
2278339.0
1753 10097 23244 6890 10213
19993

39.2

969939.4
867539.5
1061339.6
12254 819339.7
1534339.9
11857 223740.1
17148 5695 12439 13291 23258
7804 17870 4027 5515 7896
6372 2176

40.2

26040.4
6602 7227 1000941.0
1270841.1
2954 18050 16211 5548 22662
6857 21653 11943 14447 13521
10253 21176 6022 15990 11118
20717 4614 13257 18665

41.2

2253941.3
22340 1518441.6
210441.7
1668741.8
1604042.1
1129642.3
23670 1881942.7
311442.9
3734 1280043.1
1548743.2
1534043.3
1143743.4
896043.5
1728043.6
9132 566643.9
99944.0
633844.1
2283444.2
336 1240744.4
445344.7
641144.8
22812 14104 19660 1812 19962
7405 12949

45.5

982346.1
8213 901046.2
1276 674646.4
2333 7436 1345247.6
739847.7
661947.9
1619648.2
1232648.3
310348.4
2619 22771 5258 24511 14537
21294 4643 22776 19413 17687
20281 21333 14201 4222 4826
6761 8553 5868 14358 3521
7145 10019 6410

48.5

3602 99548.6

152240.0
239830.2
25501 24964 7140.3
182600.6
33161.1
68491.4

4690 134142.0

117412.6
31672.9
20725 126273.2
162833.6

9164 91144.6
4891 251934.7
63514.8
214994.9
17146 223205.1
200535.5
20955.7
105816.0
26926.5
121177.0
87147.2
4243 8677 10448 2739 50247.3
137007.6
24958 21551 100668.4

142399.2
20972 185589.5

377410.5
1301910.8

2133511.7

780212.6

6984 715413.3

147214.3

199515.0

23757 185017.3

559718.1
317118.3

1171119.3
1419719.7
1077119.9

1357820.4
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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 - type 2b restriction enzyme
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2bRAD - can scale number of markers easily



2bRAD - size selection is more difficult and reads are shorter
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Single (GBS) or Double Digest RAD (ddRAD)
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A = Amplification primer

B = Sequencing primer
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0.0
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0.5
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Size selection is more problematic without shearing
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of RAD family
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Local paired end assemblies to create haplotypes 

One RAD site within an individual

stack

Read 1 

‘Anchored’ to 

Restriction Site

Read 2 

Randomly Sheared

Haplotype 
200 - 800bp in length



‘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

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

Mean

Recombination

hwe/hwa pe/pa

Standard 0.0001 0.994 0.995

0.001 0.987 0.982

0.01 0.956 0.933

Double digest 0.0001 0.835 0.836

0.001 0.858 0.851

0.01 0.829 0.797

‘Bias’ in RADseq is increased in some RAD protocols
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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



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

Any study where 
increasing biological 
sample size would be 

beneficial



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?



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

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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Population genomics of ordered markers



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











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
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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 

same 

alleles

LGI

LGXXI



Susan

Bassham

Emily 

Lescak
Mary

Sherbick

Frank

von Hippel
Julian 

Catchen
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Photo Credits: BLM, E-Terra

Middleton Island - 50 year old populations
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Middleton Island - 50 year old populations



1955

Photo Credits: BLM, E-Terra

2008

2km

Middleton Island - 50 year old locations
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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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Fig 2. Patterns of genomic divergence are similar among young, independently colonized freshwater locales. Smoothed, haplotype-based 
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Significant overlap of divergence among populations
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Significant overlap of divergence among populations
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proportion of the genome diverged from marine in the compared freshwater populations ranges nearly to 30%, the majority of which (totaling ≈15% of 

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 



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
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Regions of divergence contain alternative haplotypes

 

 

Case 1

H
2

H
3

H
4

H
n H
2

H
1

H
4

Case 2

H
3

H
4

Case 3

Marine Freshwater

H
2

H
3

H
4 H

1

H
4

Case 4

Marine Freshwater

H4

Majority Haplotypes

H
2

Majority Haplotypes Majority Haplotypes Majority Haplotypes

Majority Haplotypes Majority Haplotypes Majority Haplotypes Majority Haplotypes

H
1

H
2

H
3H3 H2

H1

H1
H

1

H
2

H
3

H
4

H
1H3

H
1

H
3

XXI

A)

Loci of FST´ ≥ 0.2 are assigned to cases and plotted across the genome for two FW groups 



Regions of divergence contain alternative haplotypes
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Marine stickleback carry haplotypes at low frequency 

that are the majority alleles in freshwater populations

3. Cushman Slough, Oregon 

2. Danger Island (Da02)
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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 

• 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

Genomic

DNA

SbfI cutsites

Sequence reads

Genomic

DNA

SbfI cutsites

Sequence reads

350 bp
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T
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G

696 bp

PHASEStacks



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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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

mate pair

overlapping

paired end RAD
ACTCTC

500-1200bp

4500-7500bp

500-700bp

150-250bp

40x



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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1150032.5
621933.2
8629 1335133.4
1955633.6
5405 397134.5
1325234.8
24121 215434.9
895435.1
750535.4
1416035.5
448635.6
1042535.7
1729 1794935.8
1130335.9
468436.1
1236136.3
757136.5
1668136.6
2291837.1
1907 18099 1143537.2
2016637.3
11824 20417 17369 1575537.5
1079237.6
17822 9955 1489537.8
220438.7
65039.0
1859839.8
552439.9
835540.3
1702240.8
445141.0
1069841.3
7534 2285241.4
2373841.7
433642.0
2240443.1
1323143.5
2082143.7
2287244.5
167344.9

103750.0
5948 6057 9947 4435 16982
23377 17868 3328 20490 5605
2373 2818 6676 12568 6377
981 17542

0.1

67480.4
23448 143921.1
164211.3
20671 10191.4
11445 23628 2101 9920 14280
13179 223 21110 2347

1.5

1707 22524 185671.8
173 22575 14953 22105 5267
14668 5783

1.9

23419 33492.0
51362.2
135962.3
92932.4
9018 6560 6831 68012.6
4696 801 18088 7572.7
148392.8
14790 19596 17872.9
17592 15309 12560 6131 6523
3977 5737 18935 4721 9577
9519 14246 5389 21631 20702
6185 6969 434 20428 4846
11468 18125 17055 2578 9982
13829 13992 5675 13536 9794
6074 3046 19366 986 17005
4480 1183 462 306 10518
9815 4950 3008 15644 12813

3.0

12384 205813.1
69443.2
1785 111533.3
286 18144 23412 23203 137783.4
7824 5151 23250 183483.5
19345 11173.6
90053.7
46403.8
9360 21716 6335 2573 5032
151614.0

21624.2
3190 79744.9
151385.0
119215.3
207306.0
113406.1
206037.2
14383 1089 244927.7
175498.4
10318.9
93499.1
15782 40489.4
21231 83009.5
2464611.1
621711.5
939811.6
1749112.0
1901912.1
707012.5
2554313.0
1198413.1
421614.8
1217315.4
1363116.1
1684216.5
989317.0
1758417.4
810317.6
12742 1279217.8
2253218.8
1476118.9
1416820.4
351920.7
9502 716 721821.6
158921.7
939022.3
1931 1287422.7
16576 2340023.3
19799 282523.9
2240625.4
1487726.4
1332526.8

8633 751529.8
980829.9
128430.3
1764030.6
221931.0

1414432.0
1748132.3
1993432.6

1178034.3

2180335.9
309636.0

1360136.9

28537.9
931238.4
2281638.8
17919 12389 24875 6345 3733
6046 4849

38.9

801139.1
294139.6

259140.4

2558 510141.4

619142.4

347743.2
714943.4

8770 20561 654849.2

755150.6
199450.7

9604 1712351.6

2294552.2

20066-1.1

8973-0.5

17550.0
116650.3

242441.1
230051.5

233632.6

11593.4

153177.5
115288.6
12259.5
21859.6
7994 962010.1
156111.3
531512.3
629712.4
2069112.5
2183 1089212.7
849412.8
19235 1371 1374 950 242
23436 1621 11020 4180 1091812.9

191513.3
11794 324713.6
2059013.7
899313.9
1485314.1
11304 47114.2
1133814.3
69214.5
21645 136614.9
684415.6
384715.7
14699 2125216.0
1261116.6
11174 10567 1433816.9
1805617.3
1322417.4
336917.6
1469417.8
542818.3
20674 23893 126419.0
1938119.4
996419.6
1673319.9
1113420.6
17534 24135 939521.0
1992021.8
1128121.9
166422.3
1092222.7
17998 15800 313623.0
311523.4
724823.6
236524.4
11694 292024.8
7981 2149225.7
1742 645726.1
238426.2
771926.3
1720926.4
1064826.5
1422926.7
1416327.6
1013927.8
813227.9
1194228.1
1745728.3
477328.5
11952 23904 8541 1562728.7
1654828.8
691128.9
18228 2487029.1
8632 1715329.3
15982 20242 2112929.6
7345 303329.7
1008329.8
2425030.2
706630.7
58930.9
16077 896831.8
2409232.2
2312532.5
432633.3
465333.6
1107534.2
1151134.7
783435.1
2170635.2
1584136.1
1221636.5
146336.8
1814136.9
428237.0
2147737.1
1689237.4
1887337.7
1949738.0
9508 2335439.1
1416939.3
3825 442139.5
24524 666940.2
1785040.4
1537440.9
1598641.0
643741.5
270341.9
598042.1
10245 1548042.2
9758 16096 19087 12054 13901
21462 24185 8611 1635 19091
23313 6626 23773 15246

42.3

1016 24080 15890 14687 16499
19822 12130 21679

42.4

14457 2144742.6
1334642.7
8930 1360542.8
6607 638142.9
304143.1
551943.2
1313443.4
20153 2446943.8
640744.1
23601 2106044.3
19707 4615 1307344.4
1726444.5
587344.7
2290044.8
4136 938344.9
20211 4106 3049 19517 216645.0
2141 2441045.9
141346.0
13542 21549 763346.1
23898 14586 15679 10739 9391
7311 5448 13079 14014 22186
17024 13442 15640 2953 14658
12823 18516 11226 9840 22653
21230 1199

46.2

367 1995846.8
650347.1
650047.9
1220 1826 23217 19191 8224
13450

48.1

1845449.2
3867 2026949.6
24690 4658 811150.4
18406 273250.5

16144 10094 165920.0

18950 5312 11116 15070 19101
7776

0.8

147882.4
199032.5
13241 10803 9930 82183.1
242403.4
21638 11117 6656 11465 68523.9
173444.0
235964.2
12972 4169 19744 23011 11164
19430 235844.5

39184.8
4335 11023 2613 1955 4204
22687 1930 6812 11434 4683
20304 21647 20766 16100 14301
1859 6853 19321 23504 9610
15556 4094 6735 1269 5942
14107 6856 16517 23690 1581
160 9513 1450 23264 5569
9306 14026 10141 7982 16228
18020 14165 12507 10014 5277
14963 14708 11629 11463 4203
19135 11196 11987 19205 21390
17904 22483 4307 10223

4.9

10945 12122 9739 24573 18740
9236 3258 23326 11994 15767
20075 25581 16168 7117 11903
6506 15129 2615 16072 4726
7153 16346 377 5838 8877
14356 7480 15656 9899 5040
4685 23414 14141 8966 11841
13511 13326 16112 14930 16968
20765 23869 1250 10607 19532
17460 9720 15639 11870 1552
20387

5.0

13567 14619 18932 11782 5348
14986 7415 7195 3509 7666
4234 7774 4515

5.1

162925.2
55685.6
20491 24657 6231 894 14179
4252 9791

5.7

25228 3335 104835.8
89825.9
56816.1
146677.0
7975 13677.1
5940 17451 1244 23367.4
231297.8
58378.4
21000 212259.6
34319.7
92289.8
2204911.3
797212.9
690813.0
16859 214214.3
2254514.4
536915.3
1263715.4
1137715.5
1687916.9
2148517.6
590718.2
1930418.3
2186119.9
1804621.1
1011221.3

781324.2

283925.1

1404826.1
923926.2
1469026.6

215328.6
234028.8
6731 19872 804029.1
1801829.2
203729.6

18203 260631.3
1454131.6

649733.0

522033.6
1173433.8

695634.3
286634.7
1456634.9
3726 1259635.2
441935.5

1754136.2
1360436.4

1213636.9

1966737.8
3331 514237.9
1033238.0
331738.4
19501 2421938.9

1781339.7

59440.6

18444 1852141.6

2061844.0
21344.1

19972 2509644.7

148230.0

10067 12733 100841.4
3255 16434 8605 1112 23517
8663 6947 21190 11112 18430
3492 23576 2913 9553 190
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

536520.5

1451121.3

167824.2

2425127.5

78030.2

748330.7

1272531.2
1691832.5
2042433.3
22633.4
1969433.8
1234234.0
1701935.5
631636.2
1599236.7
1467836.8
626737.3
2208237.4
2140137.5
498537.7
2135537.8
1385538.2
486438.5
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

178940.0
16751 210210.1

55340.6

2461.4

129543.1

127114.2

117395.4

4612 8292 170897.3

20475 2418.9
20624 13250 8180 21615 10677
12025

9.0

2738 55309.2
190119.3
67259.4
225859.9
1298210.0
2126910.1
485010.2
1051710.7
9614 1032911.3

790112.4

1128813.0

1987614.2

332214.8

396515.3

2259015.7

1342418.5
189218.7

327119.2

571119.7

717 1941820.1

2183620.7

5858 1780922.6

1458223.9
1244824.1

718125.3
1864125.6
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
15635 2545 22542 5529 14814
9526 1181

48.6

563348.7
20014 1496648.8
1934348.9

20381-0.1
7689 11777 6955 579 1411
7621

0.0

5476 74310.3
168530.4
158371.3
72291.7
174442.3
1991 15475 151692.4
138452.5
125462.9
5224 7323.9
34484.0
13774.1
143934.3
98834.5
141305.1
22839 64545.2
20810 1459 13127 50005.5
126935.6
13381 239745.7
25588 191755.9
22099 13736 13082 2484 2003
14319 18041 710 24466 21139
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
16624 11483 17746 26598.9
101119.3
64509.4
192729.6
54709.9
70610.0
1005010.1
1170310.2
1747010.9
152111.5
198911.9
1445512.0
14800 1172112.3
1092012.4
2546112.7
27712.8
569213.0
2177313.4
363213.7
2186315.2
2464015.6
421215.8
4834 2404216.1
21046 926016.5
17158 281516.6
61716.9
1862217.6
19847 21084 2354918.4
978318.5
1696618.7
1802719.4
1428219.5
2035 1775219.7
617920.0
394920.2
833420.7
1734120.9
1986421.3
641521.8
1109022.2
1443623.2
25407 1590223.4
20323.7
500824.8
941925.0
692126.0

1751327.5
5998 595527.6
1965828.1
1374628.6
7273 447828.8
2165828.9
447929.1
686129.4
4418 740729.5
13745 7552 11524 1856929.8

1635731.1
2497831.3
209631.6

448532.5
66832.6
1242532.7

1235433.5
1196933.6

1500134.1

20137 625934.6

1661935.5
18542 11432 11638 982535.6
32635.7
2105235.9

1861737.8

226538.2

878338.9

1187939.7

1011042.5
7721 6112 1240542.6

908743.1

993843.5

339045.4

2426247.0

631747.5

4969-0.7

227930.0

23842 24961 8072 57842.0

194874.2
4494.6
14697 79224.7

95235.5

187086.3

10438 9304 3894 3737 10963
47597.6

7487.8
8477.9

20261 26518.6

71649.2

2219410.7

8166 1071612.5

31817.1
1101417.3

1688018.2
1246918.5

814819.4

1122220.1
781820.4

628422.1
476322.2

1905024.1
1306124.4
1489024.5
1939924.6
1405424.8
10173 2093125.0
786 2869 292926.1
14466 18763 2290826.2
1015826.4
1308726.5
2499926.6
15396 535226.7
887227.7
765228.1
1438 2008929.4
12067 15916 20857 9489 11996
12302 2864

30.0

8923 16883 4574 606230.1
399930.3
3073 827030.5
2042231.1
17419 1153831.2
20698 6628 667431.3
1589531.4
24638 12160 58031.5
2302 1330531.6
9058 1439631.7
2302032.0
4578 23860 886932.1
5935 6939 7009 987032.5
318832.6
454832.7
2396532.8
14039 14078 25312 8936 17681
10136 1381 6813 10966 25175
1015 13653 19619 9124 8602
12157 1408 21483 22060 4882
14036 12121 8703 2657 18998
10801 21629 6373

33.5

2343033.6
1870433.7
23856 12400 5358 20009 2144
17764 955734.2

6194 20167 1570234.4
1915734.8
83734.9
1442935.1
16416 2111135.4
40535.5
7414 1542435.6
611735.7
350535.8
1625836.1
21098 9196 6811 13889 8484
24658

36.2

1473536.3
1905236.5
256536.8
320237.0
1839737.1
1006837.2
2182838.0
1922 1513138.3
822538.4
1746738.6
867838.9
541839.0
2519639.3
7691 84339.6
455840.3
1038040.6
16496 2340542.6
330443.5
1270344.5

14237-0.3
6201 156910.0
130440.1
2982 209350.2

208270.9

127061.4

114412.0

251044.3
163174.6
70794.8
169444.9
95985.0
14148 22175.1
200205.2
44035.4
124236.4
68876.5
132136.6
49677.1
150927.5
139938.0
2957 21455 6396 18513 7019
8006 9928 11446 18875 29158.1

105198.2
201728.3
8938.8
100289.0
68799.1
107829.6
900710.0
17045 880710.1
1030811.2
8323 1540811.3
1944411.6
1715611.7
212011.8
142911.9
846712.1
13587 90012.2
1667113.2

1124214.2

967015.0
1335615.3

762217.0

354622.5
1760122.9
1205923.5
21342 19863 4055 15864 1544
7749

23.6

6895 6985 16471 19647 16197
19408 4705 6282 17017 1041
19047 19309

23.9

16589 766424.0
1916924.1
2201924.3
19908 18442 1531824.4
1938924.9
12230 663325.7
6247 10621 2198825.8
408326.1
1037626.4
15624 13692 754127.0
8718 17651 8463 24621 425027.1
1217727.7
388028.6
1400728.7
701228.8
1376129.0
1122529.3
11353 442029.4
826130.2
168 4852 3063 25400 19122
8880 18859 2206 20022 17200
452 23222 20885 5294 7491
24683 14299 16247

30.3

2166430.7
1084730.9
13436 10624 4077 4573 858
11731 20556 24695 13292 5588
14767 6356 22124 8066 4227
25411 1401 2642

31.1

10434 268231.3
729431.6
22999 107631.7
737031.8
1682532.0
525332.3
267932.5
1657732.7
5668 1792732.8
2544933.0
3345 1521033.1
670433.4
13168 737933.6
308833.7
857 926634.1
1509834.9
52435.6
673235.8
2154136.3
254436.8
968838.0
379838.3
10250 1278438.6
1340138.8
1352639.1

1206040.7

394741.6

1311742.4

19515 368543.1

1155 331143.5

249400.0

211871.6

6681 250913.6

147424.1

125125.1

173675.9

142817.1
49907.4
147927.5
46368.0
41598.4
9909 9105 9581 4045 24408
11299 3982 11728 14086 5504
17387 10423 15061 3220 5341

8.6

161398.7
93458.9
79189.3
80399.8
168219.9
2058910.5
558211.0
22511.4

858313.0

1098613.6

17685 21509 15676 573414.3
16719 347 853214.5

1302015.7
2130815.9

1976416.6

143117.8

1779218.2

1662518.8

358719.7

1815622.4
1881622.7
30724.1
1682724.8
79425.0
1579725.5
499726.4
512827.0
359227.4
423527.7
1078028.5
111628.7
217929.5
454630.9
14058 14951 2532631.2
2215631.9
912932.2
933332.7
454333.0
18126 10460 1968733.7
2036133.9
163434.2
1983834.6
1933034.9
1391535.0
19520 211735.4
1458035.7
4785 2057335.9
1146136.0
229736.1
4438 23662 1303636.4
14406 1090736.5
200137.0
160737.5
25068 1999538.0
25067 12556 13140 9147 7212
19270

38.1

252538.4
1259138.5
20785 7167 1590738.7
1618238.9
2393 694539.1
1131239.6
1859139.8
644340.0
1596140.3
1457940.7
5970 23283 1643341.1
36141.5
513741.7
1552941.8
1126442.0
13652 22799 25329 4284 16641
15240

42.1

20265 1275042.4
368442.5
941843.0
1620043.7
21837 21423 12116 17901 17780
5615 8918 9650 13927 6532
7486 6456 19594 10214 17300
21017 17129 12285 20095 16630

44.0

662944.1
2317044.2
2225744.4
11048 13971 867644.6
908144.7
895744.8
1160845.1
15445 19332 181545.3
1749645.8
750246.0
13025 658 10451 2148046.2
1215946.3
1141746.4
2279646.6
2788 1124446.9
4410 996847.1
259547.2
957249.4
7617 17174 433849.5
1207250.1
19388 3595 3189 5138 9525
1280 12341 2383 12143 9706
2304

50.7

3329 4917 1004 8545 13656
14611 16552

50.8

21448-0.6

113060.0
180760.2

38581.5

11527 24800 16359 205573.7

156095.6
137496.2
198446.6
142157.0
2647.1
251147.2
11590 136228.3
22632 6710 5345 7034 13299
11853 1823 1520

8.4

68298.5
6448.7
29638.9
8289.0

2501810.2

2269 1015311.4

533012.2
548312.4
658312.5

1178413.4
39913.6
821914.1
15703 186314.2

1327214.9
2123915.2

690216.1

2016 1055916.9

267618.3

1687719.8
209819.9
1860420.5
17683 9146 902020.6
198420.7
1997421.3

13548 2146722.3

2484324.7

727225.5

434326.8

219527.2

2007927.6
2125327.9

485729.0
9997 11553 437829.9
2112030.0
1869230.2
2142730.5
2026630.9
1652231.0
1404231.7
995631.9
524533.7
1030534.4
2031734.5
408235.1
142635.4
353135.5
137235.6
3520 392635.7
750735.8
806436.2
1945436.7
1458437.0
343437.6
1038837.8
1277838.0
1326738.3
1540439.3
13682 16176 22135 15686 2934
16458 20005 25217

39.4

12987 10970 9003 21870 1404
19134 17267 745 16999 3514
14253 12314 3216 10614 4838
2380 6143 1799 21221 343
14550 24919 4757 19762 12347
15247 1773 1906 2249 16351
24139 21613 6665

39.5

25534 70339.6
2310640.1
11559 2637 756340.2
72540.3
22661 16191 526940.4
20530 10306 9346 6516 1309341.0
12870 2721 10118 95441.1
17650 1048741.2
1172441.3
6582 205941.4
12329 18709 5252 14292 574
23352 648 16177 9501 20673
10863 3467 22763 2293 2254
4075 12058 8062 11948 877
22567 17734 3508 19624 8044
1736 2767 14695 24153 5274
1945

42.9

8781 5326 4491 1098343.0
161343.1
690545.0
1176 10905 642146.2
1448246.8
10070 235247.4
656747.5
226247.8
2525247.9
852848.4
593848.5

1942316.9
1328519.0
1001319.2
277719.6
992620.6
1062221.1
1470421.3
894622.5
978922.7
1739123.4
796825.6
8721 1902726.2
165326.7
976027.0
1450627.1
945227.3
771627.8
2320527.9
1958328.4
1188128.9
2090429.4
381629.6
723830.2
582131.4
624631.5
5153 6989 12465 1445431.6
841231.9
14685 314632.1
1655832.4
22715 557832.9
20842 13190 2311634.3
86434.5
2275335.3
1628835.4
612735.7
2042035.9
1273736.2
674736.4
307236.7
751837.5
1293437.6
1656237.9
678738.0
1760338.5
2278339.0
1753 10097 23244 6890 10213
19993

39.2

969939.4
867539.5
1061339.6
12254 819339.7
1534339.9
11857 223740.1
17148 5695 12439 13291 23258
7804 17870 4027 5515 7896
6372 2176

40.2

26040.4
6602 7227 1000941.0
1270841.1
2954 18050 16211 5548 22662
6857 21653 11943 14447 13521
10253 21176 6022 15990 11118
20717 4614 13257 18665

41.2

2253941.3
22340 1518441.6
210441.7
1668741.8
1604042.1
1129642.3
23670 1881942.7
311442.9
3734 1280043.1
1548743.2
1534043.3
1143743.4
896043.5
1728043.6
9132 566643.9
99944.0
633844.1
2283444.2
336 1240744.4
445344.7
641144.8
22812 14104 19660 1812 19962
7405 12949

45.5

982346.1
8213 901046.2
1276 674646.4
2333 7436 1345247.6
739847.7
661947.9
1619648.2
1232648.3
310348.4
2619 22771 5258 24511 14537
21294 4643 22776 19413 17687
20281 21333 14201 4222 4826
6761 8553 5868 14358 3521
7145 10019 6410

48.5

3602 99548.6

152240.0
239830.2
25501 24964 7140.3
182600.6
33161.1
68491.4

4690 134142.0

117412.6
31672.9
20725 126273.2
162833.6

9164 91144.6
4891 251934.7
63514.8
214994.9
17146 223205.1
200535.5
20955.7
105816.0
26926.5
121177.0
87147.2
4243 8677 10448 2739 50247.3
137007.6
24958 21551 100668.4

142399.2
20972 185589.5

377410.5
1301910.8

2133511.7

780212.6

6984 715413.3

147214.3

199515.0

23757 185017.3

559718.1
317118.3

1171119.3
1419719.7
1077119.9

1357820.4
1103520.9
2360421.3
1732321.4
1453621.7

18109 1579222.4
361422.5

1156124.9
18060 1175125.1

581126.3

1647927.2

23723 415327.6

1275129.8
815729.9
799830.0

197730.8
2341531.0

1834031.6

1805332.2

2171832.8
1537233.0

824933.8
655034.2
1346834.4

588735.2
1403035.5

1510 2377436.1

233836.6
2414636.8

720438.0
683438.9
1865539.0
886139.1
21376 11635 10168 8294 11642
19723 24491

40.0

25124 1693440.2
482440.3
2456340.6
841340.7
9347 10459 2401140.8
10814 3567 11515 22727 2058
1136 21876 2717 22722 18023
1857 12296 11177 10276

40.9

6303 14835 17589 1211241.0
756641.6
1962742.1
2007142.5
1356642.7
74943.4
101143.7
1853944.5
825245.1

1425546.1

2295149.3
594150.0
18252 1034050.1
6310 5175 7133 10018 1716
25453 20729 9904 18165 7087
6357

50.3

170770.0

66181.8

243332.5

237343.4

221203.9

255484.3

77995.3

158305.8
62536.0

50716.9

180688.9
145519.4
217819.5
220879.6
1953110.2
1358910.3
893311.3
2433111.6
535711.7
8690 10750 16027 1639512.2
21964 21927 18962 5261 11325
10789 23760 5173

12.3

290212.6
2070012.7
2330113.0
2152413.5
1611513.9
409114.3
2180814.6
1872214.7
16787 662014.8
1231815.1
1318515.2
1062915.5
336215.6
1515916.3
491416.5
8806 8900 2849 530216.6
1212317.3
1933517.8
1698317.9

1278919.0
1667319.2

1487320.1

323021.5

1233022.7

803124.2

446625.0

851525.7

1426026.3

180727.4
1734327.5
2162227.7
1797028.2
1758728.3

2420 40729.1

21418 352530.7
2102030.9
785431.4
19731 1606731.5
399431.7
648631.9
1599432.1
677332.9
6291 16705 4319 770 8801
178 7632

33.0

1787734.7
1024334.8
725535.0
20183 1806235.3
15447 12050 20432 9729 584435.4
444836.3
233736.5
14335 2469336.6
8408 22820 7627 24669 1506
18366 12339 18422 21074 14628
20471 25469 11086 18580 947
1845 15195 5425 5494 4650
11026 4807 17965 15110

36.7

13537 13990 618636.9
27637.0
669837.5
2266737.7
2270838.0
1535638.6
1738038.8
2088139.0
12012 12246 1803139.2
10307 1873339.3
2249239.5
9618 2251939.8
2322840.1
1461740.3
9719 7920 1384040.8
13500 933740.9
14672 1285241.2
854641.3
8422 2089241.4
1340241.6
21605 1136541.7
489942.4

895645.2
2508845.4

1886746.8

111760.0
143750.4
20330 16063 12803 21530 102400.8
1910 7923 1695 3225 4139
2727 22441 17531 18561 24050
8134

1.4

28381.5

11261 7882 25125 171003.6
201843.7
222523.9
205704.0
7110 2110 96384.2
117764.7
73585.1
200915.3
192275.7
16889 15840 18207 16870 17762
14353 23200 22324 8878 16831
7354 24044 24210 13991 17082
22646 14861 796 21676 3654
19902 12635

5.8

9394 9663 13791 2556 224335.9
91656.0
22224 301 5216.1
129016.2
17466.6
14556 155976.8
68607.0
23827.1
15319 191257.4
19938 203667.7
97327.9
13288.9
18134 11359.2
119289.9
450610.3
1664810.8
1905611.3
2261011.6
248311.7
2458512.5

1913214.1

1074114.8

819515.6
145315.7
2218516.1
274316.5
1847016.6

481017.4

1862818.0

835018.5

1067818.9

716219.8
846120.0
19176 2435620.3

740921.5

132122.1

100022.7

1135223.5
234123.7
1814924.0

898324.6
777724.9
749825.2

150128.9

2229430.3

1178632.0

1732032.6
2546232.9

19976 1198334.5

1097435.4

681935.8
237036.1

62236.6

23435 1642737.1
1972537.5
244337.6
495337.9
2329338.1
2346038.5
1654438.8
1459839.3

17338 2357941.2

15163 651242.2
2485942.6
548642.9
18979 548943.1
15294 14589 16124 10513 18549
5535 22556 21731 21370 5492
24966 24037 24061 12657 18896
1487 5543 2081 9929 23840
10881 7061 19833

43.2

633043.3
2432243.5
568543.7
600544.5
163044.6
1574245.5
1311646.4

1201648.0

616748.4

291948.8

152240.0
239830.2
25501 24964 7140.3
182600.6
33161.1
68491.4

4690 134142.0

117412.6
31672.9
20725 126273.2
162833.6

9164 91144.6
4891 251934.7
63514.8
214994.9
17146 223205.1
200535.5
20955.7
105816.0
26926.5
121177.0
87147.2
4243 8677 10448 2739 50247.3
137007.6
24958 21551 100668.4

142399.2
20972 185589.5

377410.5
1301910.8

2133511.7

780212.6

6984 715413.3

147214.3

199515.0

23757 185017.3

559718.1
317118.3

1171119.3
1419719.7
1077119.9

1357820.4
1103520.9
2360421.3
1732321.4
1453621.7

18109 1579222.4
361422.5

1156124.9
18060 1175125.1

581126.3

1647927.2

23723 415327.6
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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 8141

39.6

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 12417

40.4

1928240.5
357840.6
2019340.7
883843.0
2005144.2

559852.6

172756.3

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

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 12217

8.5

190488.6
149168.7
172859.0
161729.3
832 11713 24732 13848 4253
12003

9.4

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

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

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 1161

12.4

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 5009

16.9

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
14997

38.8

10735 6016 18001 21266 20788
444

38.9

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

21916-1.1

120900.0

211261.2
216251.7
22248 8393 13522 4365 7754
22943

1.8

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
22637 8743 1229043.3
3609 22240 11285 25211 6878
15027 11444 12183 19307 15959
1504 7949 10320 12268 10755
8787 13929 21980 24680 14964
20483 1044 19377 10249 12713
266 5047 16799 13838 6684
14361 21031 10345 12951 9098
21678 8438 14499 15946 21345
4324 8382 3444 13304 175
5954 9276 4254 8948 21986
11964 1526 8472 17504

43.4

6207 24426 435 625143.6
764043.7
642544.1
25165 2387744.2
15573 1997344.4
1734 1807344.5
1747144.6
11835 2540244.7
384044.9
2357 1637545.0
1615945.1
446245.3
1136145.6
16066 16146.0
265846.1
12356 22774 998146.2
7437 1307 15940 1254 5344
237 10961 22493

46.3

2128546.4
960347.3
10058 38548.3
9358 924048.9
9894 14533 2284 5228 19907
86649.0

1955749.6
18588 10805 16949 11290 15772
12065 3204 8147 3874 4072
8789 13047

49.7

3616 501349.8
911649.9
14063 539450.0

217770.0
3110 13690 21446 5652 2684
19766

0.2

16940 15179 253510.9

93544.4

82765.0

113818.4
29119.9
24022 577810.4
1963713.2
2000313.7
931614.0
2089614.3
5877 11812 3541 24271 19616
11902 8524 14601 7978

14.5

11896 2170015.0
24861 637615.4
3284 17346 1693515.5
1153415.6
11095 1912915.7
947615.9
8863 14635 22675 3689 3912
23995 5557

16.0

20929 1203016.1
375 2522316.2
2201116.3
1158616.4
1400116.7
1372917.8
292618.5
1501918.7
623019.9
81820.5
2271221.0
19824 1777721.1
1628121.4
1289621.6
367221.7
926122.1
1141122.3
412 2010 120522.5
2226822.7
1348023.7
1158423.8
1418323.9
2374424.1
702 20973 1220424.4
10769 2164124.8
1720325.2
648025.6
5931 12936 911 668626.0
12535 3127 1877326.1
897026.5
7711 1771026.7
380126.8
1978226.9
4444 373227.7
7329 8137 23830 22968 8682
17846 7643 22273 17239 8833

27.8

9027 21380 6570 730127.9
1509928.0
1326428.1
2369828.3
7931 20285 7610 117528.4
1265 6120 1267128.7
10694 23429 12209 2521228.8
17944 18621 651529.0
20130 1482429.3
1917329.4
25194 2236129.5
24857 2289729.7
15029 13437 17527 24066 5390
7441

29.9

7112 15378 2053530.0
2369330.1
16189 1171030.2
2996 2181630.3
526530.4
13639 9067 25569 3723 17994
10043 12373 7456 14793 10600
18980 9583 8689 24099 2827
24508 13967 17227

30.6

20704 1317 1259730.7
4789 15190 8784 1444130.8
23552 2157930.9
9689 15115 2140031.4
1783431.6
1763831.7
738032.2
1682832.4
1150032.5
621933.2
8629 1335133.4
1955633.6
5405 397134.5
1325234.8
24121 215434.9
895435.1
750535.4
1416035.5
448635.6
1042535.7
1729 1794935.8
1130335.9
468436.1
1236136.3
757136.5
1668136.6
2291837.1
1907 18099 1143537.2
2016637.3
11824 20417 17369 1575537.5
1079237.6
17822 9955 1489537.8
220438.7
65039.0
1859839.8
552439.9
835540.3
1702240.8
445141.0
1069841.3
7534 2285241.4
2373841.7
433642.0
2240443.1
1323143.5
2082143.7
2287244.5
167344.9

103750.0
5948 6057 9947 4435 16982
23377 17868 3328 20490 5605
2373 2818 6676 12568 6377
981 17542

0.1

67480.4
23448 143921.1
164211.3
20671 10191.4
11445 23628 2101 9920 14280
13179 223 21110 2347

1.5

1707 22524 185671.8
173 22575 14953 22105 5267
14668 5783

1.9

23419 33492.0
51362.2
135962.3
92932.4
9018 6560 6831 68012.6
4696 801 18088 7572.7
148392.8
14790 19596 17872.9
17592 15309 12560 6131 6523
3977 5737 18935 4721 9577
9519 14246 5389 21631 20702
6185 6969 434 20428 4846
11468 18125 17055 2578 9982
13829 13992 5675 13536 9794
6074 3046 19366 986 17005
4480 1183 462 306 10518
9815 4950 3008 15644 12813

3.0

12384 205813.1
69443.2
1785 111533.3
286 18144 23412 23203 137783.4
7824 5151 23250 183483.5
19345 11173.6
90053.7
46403.8
9360 21716 6335 2573 5032
151614.0

21624.2
3190 79744.9
151385.0
119215.3
207306.0
113406.1
206037.2
14383 1089 244927.7
175498.4
10318.9
93499.1
15782 40489.4
21231 83009.5
2464611.1
621711.5
939811.6
1749112.0
1901912.1
707012.5
2554313.0
1198413.1
421614.8
1217315.4
1363116.1
1684216.5
989317.0
1758417.4
810317.6
12742 1279217.8
2253218.8
1476118.9
1416820.4
351920.7
9502 716 721821.6
158921.7
939022.3
1931 1287422.7
16576 2340023.3
19799 282523.9
2240625.4
1487726.4
1332526.8

8633 751529.8
980829.9
128430.3
1764030.6
221931.0

1414432.0
1748132.3
1993432.6

1178034.3

2180335.9
309636.0

1360136.9

28537.9
931238.4
2281638.8
17919 12389 24875 6345 3733
6046 4849

38.9

801139.1
294139.6

259140.4

2558 510141.4

619142.4

347743.2
714943.4

8770 20561 654849.2

755150.6
199450.7

9604 1712351.6

2294552.2

20066-1.1

8973-0.5

17550.0
116650.3

242441.1
230051.5

233632.6

11593.4

153177.5
115288.6
12259.5
21859.6
7994 962010.1
156111.3
531512.3
629712.4
2069112.5
2183 1089212.7
849412.8
19235 1371 1374 950 242
23436 1621 11020 4180 1091812.9

191513.3
11794 324713.6
2059013.7
899313.9
1485314.1
11304 47114.2
1133814.3
69214.5
21645 136614.9
684415.6
384715.7
14699 2125216.0
1261116.6
11174 10567 1433816.9
1805617.3
1322417.4
336917.6
1469417.8
542818.3
20674 23893 126419.0
1938119.4
996419.6
1673319.9
1113420.6
17534 24135 939521.0
1992021.8
1128121.9
166422.3
1092222.7
17998 15800 313623.0
311523.4
724823.6
236524.4
11694 292024.8
7981 2149225.7
1742 645726.1
238426.2
771926.3
1720926.4
1064826.5
1422926.7
1416327.6
1013927.8
813227.9
1194228.1
1745728.3
477328.5
11952 23904 8541 1562728.7
1654828.8
691128.9
18228 2487029.1
8632 1715329.3
15982 20242 2112929.6
7345 303329.7
1008329.8
2425030.2
706630.7
58930.9
16077 896831.8
2409232.2
2312532.5
432633.3
465333.6
1107534.2
1151134.7
783435.1
2170635.2
1584136.1
1221636.5
146336.8
1814136.9
428237.0
2147737.1
1689237.4
1887337.7
1949738.0
9508 2335439.1
1416939.3
3825 442139.5
24524 666940.2
1785040.4
1537440.9
1598641.0
643741.5
270341.9
598042.1
10245 1548042.2
9758 16096 19087 12054 13901
21462 24185 8611 1635 19091
23313 6626 23773 15246

42.3

1016 24080 15890 14687 16499
19822 12130 21679

42.4

14457 2144742.6
1334642.7
8930 1360542.8
6607 638142.9
304143.1
551943.2
1313443.4
20153 2446943.8
640744.1
23601 2106044.3
19707 4615 1307344.4
1726444.5
587344.7
2290044.8
4136 938344.9
20211 4106 3049 19517 216645.0
2141 2441045.9
141346.0
13542 21549 763346.1
23898 14586 15679 10739 9391
7311 5448 13079 14014 22186
17024 13442 15640 2953 14658
12823 18516 11226 9840 22653
21230 1199

46.2

367 1995846.8
650347.1
650047.9
1220 1826 23217 19191 8224
13450

48.1

1845449.2
3867 2026949.6
24690 4658 811150.4
18406 273250.5

16144 10094 165920.0

18950 5312 11116 15070 19101
7776

0.8

147882.4
199032.5
13241 10803 9930 82183.1
242403.4
21638 11117 6656 11465 68523.9
173444.0
235964.2
12972 4169 19744 23011 11164
19430 235844.5

39184.8
4335 11023 2613 1955 4204
22687 1930 6812 11434 4683
20304 21647 20766 16100 14301
1859 6853 19321 23504 9610
15556 4094 6735 1269 5942
14107 6856 16517 23690 1581
160 9513 1450 23264 5569
9306 14026 10141 7982 16228
18020 14165 12507 10014 5277
14963 14708 11629 11463 4203
19135 11196 11987 19205 21390
17904 22483 4307 10223

4.9

10945 12122 9739 24573 18740
9236 3258 23326 11994 15767
20075 25581 16168 7117 11903
6506 15129 2615 16072 4726
7153 16346 377 5838 8877
14356 7480 15656 9899 5040
4685 23414 14141 8966 11841
13511 13326 16112 14930 16968
20765 23869 1250 10607 19532
17460 9720 15639 11870 1552
20387

5.0

13567 14619 18932 11782 5348
14986 7415 7195 3509 7666
4234 7774 4515

5.1

162925.2
55685.6
20491 24657 6231 894 14179
4252 9791

5.7

25228 3335 104835.8
89825.9
56816.1
146677.0
7975 13677.1
5940 17451 1244 23367.4
231297.8
58378.4
21000 212259.6
34319.7
92289.8
2204911.3
797212.9
690813.0
16859 214214.3
2254514.4
536915.3
1263715.4
1137715.5
1687916.9
2148517.6
590718.2
1930418.3
2186119.9
1804621.1
1011221.3

781324.2

283925.1

1404826.1
923926.2
1469026.6

215328.6
234028.8
6731 19872 804029.1
1801829.2
203729.6

18203 260631.3
1454131.6

649733.0

522033.6
1173433.8

695634.3
286634.7
1456634.9
3726 1259635.2
441935.5

1754136.2
1360436.4

1213636.9

1966737.8
3331 514237.9
1033238.0
331738.4
19501 2421938.9

1781339.7

59440.6

18444 1852141.6

2061844.0
21344.1

19972 2509644.7

148230.0

10067 12733 100841.4
3255 16434 8605 1112 23517
8663 6947 21190 11112 18430
3492 23576 2913 9553 190
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

536520.5

1451121.3

167824.2

2425127.5

78030.2

748330.7

1272531.2
1691832.5
2042433.3
22633.4
1969433.8
1234234.0
1701935.5
631636.2
1599236.7
1467836.8
626737.3
2208237.4
2140137.5
498537.7
2135537.8
1385538.2
486438.5
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

178940.0
16751 210210.1

55340.6

2461.4

129543.1

127114.2

117395.4

4612 8292 170897.3

20475 2418.9
20624 13250 8180 21615 10677
12025

9.0

2738 55309.2
190119.3
67259.4
225859.9
1298210.0
2126910.1
485010.2
1051710.7
9614 1032911.3

790112.4

1128813.0

1987614.2

332214.8

396515.3

2259015.7

1342418.5
189218.7

327119.2

571119.7

717 1941820.1

2183620.7

5858 1780922.6

1458223.9
1244824.1

718125.3
1864125.6
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
15635 2545 22542 5529 14814
9526 1181

48.6

563348.7
20014 1496648.8
1934348.9

20381-0.1
7689 11777 6955 579 1411
7621

0.0

5476 74310.3
168530.4
158371.3
72291.7
174442.3
1991 15475 151692.4
138452.5
125462.9
5224 7323.9
34484.0
13774.1
143934.3
98834.5
141305.1
22839 64545.2
20810 1459 13127 50005.5
126935.6
13381 239745.7
25588 191755.9
22099 13736 13082 2484 2003
14319 18041 710 24466 21139
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
16624 11483 17746 26598.9
101119.3
64509.4
192729.6
54709.9
70610.0
1005010.1
1170310.2
1747010.9
152111.5
198911.9
1445512.0
14800 1172112.3
1092012.4
2546112.7
27712.8
569213.0
2177313.4
363213.7
2186315.2
2464015.6
421215.8
4834 2404216.1
21046 926016.5
17158 281516.6
61716.9
1862217.6
19847 21084 2354918.4
978318.5
1696618.7
1802719.4
1428219.5
2035 1775219.7
617920.0
394920.2
833420.7
1734120.9
1986421.3
641521.8
1109022.2
1443623.2
25407 1590223.4
20323.7
500824.8
941925.0
692126.0

1751327.5
5998 595527.6
1965828.1
1374628.6
7273 447828.8
2165828.9
447929.1
686129.4
4418 740729.5
13745 7552 11524 1856929.8

1635731.1
2497831.3
209631.6

448532.5
66832.6
1242532.7

1235433.5
1196933.6

1500134.1

20137 625934.6

1661935.5
18542 11432 11638 982535.6
32635.7
2105235.9

1861737.8

226538.2

878338.9

1187939.7

1011042.5
7721 6112 1240542.6

908743.1

993843.5

339045.4

2426247.0

631747.5

4969-0.7

227930.0

23842 24961 8072 57842.0

194874.2
4494.6
14697 79224.7

95235.5

187086.3

10438 9304 3894 3737 10963
47597.6

7487.8
8477.9

20261 26518.6

71649.2

2219410.7

8166 1071612.5

31817.1
1101417.3

1688018.2
1246918.5

814819.4

1122220.1
781820.4

628422.1
476322.2

1905024.1
1306124.4
1489024.5
1939924.6
1405424.8
10173 2093125.0
786 2869 292926.1
14466 18763 2290826.2
1015826.4
1308726.5
2499926.6
15396 535226.7
887227.7
765228.1
1438 2008929.4
12067 15916 20857 9489 11996
12302 2864

30.0

8923 16883 4574 606230.1
399930.3
3073 827030.5
2042231.1
17419 1153831.2
20698 6628 667431.3
1589531.4
24638 12160 58031.5
2302 1330531.6
9058 1439631.7
2302032.0
4578 23860 886932.1
5935 6939 7009 987032.5
318832.6
454832.7
2396532.8
14039 14078 25312 8936 17681
10136 1381 6813 10966 25175
1015 13653 19619 9124 8602
12157 1408 21483 22060 4882
14036 12121 8703 2657 18998
10801 21629 6373

33.5

2343033.6
1870433.7
23856 12400 5358 20009 2144
17764 955734.2

6194 20167 1570234.4
1915734.8
83734.9
1442935.1
16416 2111135.4
40535.5
7414 1542435.6
611735.7
350535.8
1625836.1
21098 9196 6811 13889 8484
24658

36.2

1473536.3
1905236.5
256536.8
320237.0
1839737.1
1006837.2
2182838.0
1922 1513138.3
822538.4
1746738.6
867838.9
541839.0
2519639.3
7691 84339.6
455840.3
1038040.6
16496 2340542.6
330443.5
1270344.5

14237-0.3
6201 156910.0
130440.1
2982 209350.2

208270.9

127061.4

114412.0

251044.3
163174.6
70794.8
169444.9
95985.0
14148 22175.1
200205.2
44035.4
124236.4
68876.5
132136.6
49677.1
150927.5
139938.0
2957 21455 6396 18513 7019
8006 9928 11446 18875 29158.1

105198.2
201728.3
8938.8
100289.0
68799.1
107829.6
900710.0
17045 880710.1
1030811.2
8323 1540811.3
1944411.6
1715611.7
212011.8
142911.9
846712.1
13587 90012.2
1667113.2

1124214.2

967015.0
1335615.3

762217.0

354622.5
1760122.9
1205923.5
21342 19863 4055 15864 1544
7749

23.6

6895 6985 16471 19647 16197
19408 4705 6282 17017 1041
19047 19309

23.9

16589 766424.0
1916924.1
2201924.3
19908 18442 1531824.4
1938924.9
12230 663325.7
6247 10621 2198825.8
408326.1
1037626.4
15624 13692 754127.0
8718 17651 8463 24621 425027.1
1217727.7
388028.6
1400728.7
701228.8
1376129.0
1122529.3
11353 442029.4
826130.2
168 4852 3063 25400 19122
8880 18859 2206 20022 17200
452 23222 20885 5294 7491
24683 14299 16247

30.3

2166430.7
1084730.9
13436 10624 4077 4573 858
11731 20556 24695 13292 5588
14767 6356 22124 8066 4227
25411 1401 2642

31.1

10434 268231.3
729431.6
22999 107631.7
737031.8
1682532.0
525332.3
267932.5
1657732.7
5668 1792732.8
2544933.0
3345 1521033.1
670433.4
13168 737933.6
308833.7
857 926634.1
1509834.9
52435.6
673235.8
2154136.3
254436.8
968838.0
379838.3
10250 1278438.6
1340138.8
1352639.1

1206040.7

394741.6

1311742.4

19515 368543.1

1155 331143.5

249400.0

211871.6

6681 250913.6

147424.1
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Software to help integrate 
genetic and physical maps
http://catchenlab.life.illinois.edu/

chromonomer/



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

10Mb

20Mb

10Mb

20Mb

10Mb

10Mb
20Mb30Mb10Mb

10Mb

10Mb

20Mb

10Mb

10Mb

20Mb

10Mb

10Mb

10Mb

10Mb
20Mb

10Mb
10Mb 10Mb

10Mb

10Mb

10Mb

20Mb

10Mb

10Mb

Fst

0.0

0.5

1.0

I

II

III

IV
V

VI

VII

VIII

IX

X

XI

XII

XIII

XIV

XV XVI
XVII

XVIII

XIX

XX

XXI



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 Bioanalyzer
Things 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


