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Population genomics



The study of polymorphism (within species) and 
divergence (between species). [Hartl 2003]

Aims to understand evolution

Changes in frequency of alleles within populations 
over space and time

o natural selection
o genetic drift
o gene flow
o mutation
o recombination

Population genetics:
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Population genomics:

The field of population genomics surveys patterns in the 
genome within and among populations to make 
inferences about evolution and the genome. (Nosil and 
Buerkle 2010)

Population genomics is the use of genome-wide sampling to identify and to 
separate locus-specific effects (such as selection, mutation, assortative mating and 
recombination) from genome-wide effects (such as drift or bottlenecks, gene flow 
and inbreeding) to improve our understanding of microevolution. (Black et al 2001)

Population genomics can be broadly defined as the simultaneous study of 
numerous loci or genome regions to better understand the roles of evolutionary 
processes (such as mutation, random genetic drift, gene flow and natural selection) 
that influence variation across genomes and populations. (Luikart et al 2003)
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Population genomics:

Molecular 
Biology

Sequencing 
strategy

Bioinformatics
QC, mapping, variant calling …Outlier detection -- Fst

Neutral loci



• Measure of population differentiation. 
• Most widely used index of genetic divergence b/w populations.
• High Fst two populations are fixed for allelic differences. 

Drift or selection
•Fst scans across genome (locus-by-locus  e.g., manhattan plots)

Fixation index – FST
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What genes are under selection? [speciation genes, 
domestication]

Has selection been acting or can drift be sufficient explanation? 
[allele frequency clines]

What gene contributes to a trait? [agriculturally important genes]

What was past demographic history? [out of Africa]

Is this one big population or many small ones? [climate change]

“Just so” stories of selection are easy to invoke…

… but there might be alternative scenarios, e.g. genetic surfing

Some population genomics/genetics questions





Approaches

• Reduced representation sequencing (various)

• Low coverage sequencing  Pool-seq

• Whole genome re-sequencing (WGS)



Reduced representation sequencing approaches

• RAD-seq [genotyping-by-synthesis]
• Exon capture (targeted sequencing)
• Transcriptome (RNA-seq)
• Restriction enzyme size selection



Genotyping-by-sequencing

e.g., RADseq



GCCGT

AATTG

A

T

Baird et al 2008, PLoS One

Restriction site associated DNA (RAD) marker 
sequencing with barcoding
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This is really clever:
Only PCR’s what you want

Baird et al 2008, PLoS One



Baird et al 2008, PLoS One



Slide courtesy of E. Johnson
Baird et al 2008, PLoS One



There are several variants of RAD-seq

Peterson et al 2012, PLoS One

ddRAD
ezRAD
2bRAD
…



Peterson et al 2012, PLoS One

ddRAD-seq
Easier tunability; better reproducibility But PCR duplicates unknowable







Fire ant Solenopsis invicta

Goals:
1) Build genetic map 

2) test for the presence of a supergene

Monogyne Polygyne

Our RADseq example



Bb Queen

Isolate DNA, barcode each
Sequence RAD tags with Illumina
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192,236 RAD tags in genome
(96,118 EcoRI sites)

Bb Queen

Isolate DNA, barcode each
Sequence RAD tags with Illumina

88 males

12,684 RAD tags with multiple alleles

4,232 w/ unambiguous genotype info

2,724 w/ <25% missing data

16 linkage groups
(+1 locus outlier)
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…

barcodeAAAAA AGAGT CAACT GGAAG

Sequenced in 1 lane

1) Split by barcode
2) Trim off barcode
3) Quality trimmer
4) Chop to 50 bp
5) Merge identical
6) Make fake FASTQ file
7) Run MAQ or bwa

GGAAGaattcacgtac … gtacgt … acgtacgt … acgt(76)

_____aattcacgtac … gtacgt … acgtacgt … acgt(76)

_____aattcacgtac … gtacgt … acgtacgt(63)

_____aattcacgtac … gtacgt(50)

_____aattcacgtac … gtacgt(50)

8) Insert data into MySQL database (persistence)
9) New automatic scripts for filtering and QC of SNPs
10) MSTMap to determine genetic linkage



http://creskolab.uoregon.edu/stacks/



P034

unil0001..unil00080.0
unil00092.5
unil0010..unil00132.8
unil0014..unil00164.5

unil0017..unil002810.4
unil002912.0
unil0030..unil003112.6
unil0032..unil003514.8
unil003615.9
unil0037..unil003917.0
unil0040..unil004218.2
unil0043..unil004420.0
unil0045..unil004722.4
unil0048..unil005424.5
unil005528.2
unil0056..unil005932.5
unil006033.4
unil0061..unil006733.6
unil0068..unil007034.9
unil007138.9
unil0072..unil008341.4
unil008442.0
unil0085..unil008644.1
unil0087..unil008846.7
unil008948.0
unil0090..unil009250.0
unil009351.0

unil0094..unil009659.2
unil009761.6
unil009863.9
unil0099..unil010565.5

unil010670.3
unil0107..unil011072.1
unil0111..unil011373.8

unil011477.7

unil0115..unil011682.0

unil0117..unil011985.4

unil012090.5
unil0121..unil012592.9
unil012693.4
unil0127..unil013194.8
unil013295.6
unil013397.5
unil013499.1
unil0135..unil0143102.0
unil0144104.1

unil0145..unil0148107.8
unil0149..unil0151110.3
unil0152112.6
unil0153..unil0155114.2
unil0156..unil0158117.0
unil0159..unil0165118.7
unil0166..unil0168120.7
unil0169..unil0175123.1
unil0176124.1
unil0177..unil0178127.1

unil0179..unil0180131.4
unil0181..unil0203133.9

unil0204137.5
unil0205..unil0206139.5
unil0207141.2
unil0208142.3
unil0209144.0

unil0210..unil0217148.2
unil0218..unil0219150.2
unil0220151.8
unil0221..unil0223151.9

unil0224158.6
unil0225161.3

unil0226171.7
unil0227173.7
unil0228175.4

unil0229..unil0249183.4
unil0250184.4
unil0251..unil0256186.0

lg1

unil0257..unil02580.0
unil02591.8
unil0260..unil02892.9
unil02904.3

unil0291..unil02928.1
unil0293..unil029411.1
unil029512.7
unil0296..unil029713.5
unil0298..unil029915.9
unil0300..unil030117.2
unil0302..unil030318.6

unil0304..unil030524.6
unil0306..unil030726.4
unil0308..unil030928.4
unil031030.3

unil031145.3
unil0312..unil031346.1
unil0314..unil031548.8
unil031650.3
unil0317..unil031851.8
unil0319..unil032053.5
unil0321..unil032255.3
unil032355.5

unil032464.1
unil032564.7

unil0326..unil032769.4

unil0328..unil033073.1
unil0331..unil033575.7
unil0336..unil034178.1
unil034279.6

unil0343..unil034685.6

unil0347..unil034891.0
unil034992.6

unil0350..unil035396.9
unil035498.8
unil0355..unil0356100.0
unil0357..unil0358102.1
unil0359103.0

unil0360..unil0361109.4
unil0362..unil0368111.7
unil0369114.5
unil0370..unil0371116.5
unil0372..unil0373118.6
unil0374..unil0376121.8
unil0377123.0
unil0378..unil0380124.8
unil0381..unil0387128.1
unil0388128.6
unil0389130.1
unil0390..unil0393131.4
unil0394..unil0397132.5
unil0398..unil0404133.6
unil0405..unil0417134.8
unil0418134.9
unil0419135.7
unil0420..unil0436136.3

lg2

unil04370.0
unil0438..unil04511.0
unil0452..unil04953.4

unil0496..unil05007.7
unil050111.0
unil0502..unil050414.5
unil0505..unil050619.0
unil0507..unil050820.1
unil0509..unil051222.3
unil051323.2
unil0514..unil051624.9
unil0517..unil051826.2
unil051927.4
unil052028.7
unil052128.8
unil0522..unil052433.4
unil052534.5
unil0526..unil052735.8
unil052839.9
unil0529..unil053040.1
unil053141.4
unil0532..unil053841.6
unil0539..unil054642.9
unil054746.6
unil0548..unil054949.7
unil0550..unil055152.5
unil0552..unil056453.6
unil0565..unil057354.7
unil0574..unil058055.8
unil0581..unil058858.6
unil058960.3
unil059061.4
unil0591..unil060262.1
unil060363.1
unil060463.5
unil0605..unil060965.5

unil0610..unil061970.6
unil062072.4
unil062175.1
unil0622..unil062376.7
unil0624..unil062978.6

unil0630..unil063283.3
unil063385.3

unil0634..unil063689.9
unil0637..unil063891.3
unil0639..unil064193.1
unil064294.8
unil0643..unil064897.1
unil064999.1
unil0650..unil0652100.0
unil0653102.3
unil0654..unil0660102.4
unil0661..unil0664103.9
unil0665105.9

unil06660.0

lg3

unil0667..unil06710.0
unil0672..unil06741.7
unil06752.3

unil067610.3
unil0677..unil068110.6
unil0682..unil068612.1
unil068713.6
unil0688..unil069015.9
unil0691..unil069218.6

unil0693..unil069422.1
unil0695..unil070323.9
unil0704..unil070726.2
unil0708..unil071028.9
unil0711..unil071230.5

unil0713..unil071436.6

unil0715..unil072040.1

unil0721..unil072743.2
unil072846.0

unil072953.0
unil0730..unil073153.6
unil073255.3

unil0733..unil073666.5

unil073771.3

unil0738..unil073979.0
unil0740..unil074281.2
unil0743..unil074483.1
unil0745..unil074785.8
unil074887.8
unil0749..unil075289.1
unil0753..unil077690.4
unil0777..unil077991.8
unil078092.0
unil078195.5
unil0782..unil078395.7

unil0784..unil0792101.4

unil0793..unil0797105.6

unil0798109.4
unil0799..unil0800111.8

unil0801..unil0802115.8

unil0803..unil0810120.3
unil0811..unil0814121.4

unil0815125.9

unil0816..unil0818129.7

unil0819137.5

unil0820141.4

unil0821144.5

unil0822..unil0823148.5
unil0824150.6

unil0825..unil0826154.2
unil0827156.8
unil0828..unil0833157.9
unil0834..unil0845160.2
unil0846..unil0848161.9
unil0849..unil0850163.6

lg4

unil0851..unil08560.0
unil0857..unil08581.4
unil0859..unil08632.6
unil0864..unil08663.8
unil0867..unil08695.2
unil08708.5
unil0871..unil087211.3
unil0873..unil087413.9
unil087515.3
unil0876..unil088216.5

unil0883..unil088420.5

unil0885..unil088723.8

unil088826.8

unil088931.0
unil0890..unil089533.7

unil089638.3
unil089740.6
unil089843.2

unil0899..unil090548.3

unil090653.4
unil0907..unil090854.9
unil0909..unil091256.2

unil091360.3

unil0914..unil092065.5
unil092165.7

unil0922..unil092470.4
unil0925..unil092672.6

unil0927..unil092876.2

unil0929..unil093082.4

unil093185.9
unil0932..unil093487.8
unil0935..unil094189.7

unil0942..unil095492.7
unil0955..unil096594.4

unil0966100.5

unil0967105.0

unil0968110.1

unil0969118.1

unil0970..unil0972123.8
unil0973125.4
unil0974127.1
unil0975..unil0978131.1
unil0979..unil0983133.2
unil0984135.3
unil0985..unil0990137.2
unil0991137.5
unil0992140.0
unil0993141.6
unil0994..unil0997142.8
unil0998144.5
unil0999147.1
unil1000148.8
unil1001..unil1003151.5
unil1004153.0
unil1005153.3
unil1006153.5
unil1007..unil1019153.9
unil1020..unil1022156.0
unil1023..unil1025157.6
unil1026..unil1041160.4
unil1042..unil1045161.5
unil1046162.7
unil1047..unil1049164.0
unil1050166.0
unil1051..unil1053168.3
unil1054171.4
unil1055173.1
unil1056..unil1057174.5
unil1058..unil1071176.8
unil1072..unil1074177.9

lg5

unil10750.0
unil10760.4
unil10770.7
unil1078..unil10871.1
unil1088..unil10902.6
unil1091..unil10925.2
unil1093..unil11016.7
unil11027.9
unil1103..unil11099.1
unil11109.6
unil1111..unil111211.2
unil1113..unil111514.9
unil1116..unil111816.4
unil1119..unil112117.9
unil112219.5
unil112321.2
unil1124..unil112622.8
unil112724.4
unil1128..unil113126.0
unil113226.2
unil1133..unil114630.7
unil1147..unil115231.9
unil1153..unil115734.2
unil1158..unil116138.5
unil1162..unil116339.9
unil1164..unil116542.3

unil1166..unil116850.5

unil1169..unil117458.3
unil117558.4
unil117660.7

unil117767.7
unil1178..unil117969.3
unil118070.6
unil118173.6

unil1182..unil118379.5

unil1184..unil118583.7

unil118690.1

unil1187..unil118994.0

unil119097.8

unil1191..unil1192101.2

unil1193109.1

unil1194..unil1195113.0

unil1196119.8
unil1197..unil1206121.9

unil1207..unil1211125.8
unil1212126.7

unil1213..unil1215130.7
unil1216..unil1226131.9
unil1227..unil1228133.3
unil1229..unil1239136.2
unil1240137.2

unil1241..unil1242140.7
unil1243142.4
unil1244..unil1246144.2
unil1247..unil1249146.5

lg6

unil1250..unil12580.0
unil1259..unil12621.1
unil12633.3
unil1264..unil12654.3
unil12668.3
unil126712.1
unil126812.3
unil126914.5
unil1270..unil127314.8
unil127415.0
unil127516.3
unil127617.5
unil1277..unil128118.9
unil1282..unil128622.5

unil128727.3
unil1288..unil129027.8
unil1291..unil129229.4

unil1293..unil130433.2

unil130538.3
unil130641.5
unil1307..unil130842.2

unil1309..unil131248.8
unil1313..unil131450.2

unil131554.0

unil1316..unil131758.8

unil1318..unil132666.2

unil132770.5
unil132870.9

unil132975.4
unil133075.6
unil1331..unil133377.8
unil1334..unil133881.1
unil133982.9
unil1340..unil134283.9
unil1343..unil134486.8

unil1345..unil135094.7
unil135195.2
unil1352..unil135397.8
unil1354..unil135799.4
unil1358102.8
unil1359105.4
unil1360107.0
unil1361..unil1362108.4
unil1363108.7
unil1364110.0
unil1365111.3
unil1366111.8

unil1367..unil1368123.0

unil1369126.7

unil1370131.6
unil1371132.2
unil1372134.9
unil1373..unil1375136.0
unil1376139.6
unil1377141.1

unil1378..unil1380148.8
unil1381152.3
unil1382..unil1385152.6
unil1386154.0
unil1387155.5
unil1388..unil1389156.1
unil1390156.8
unil1391160.6

lg7

unil13920.0
unil1393..unil13980.4
unil13991.8
unil14002.3
unil1401..unil14193.1
unil14205.0
unil1421..unil14305.6
unil1431..unil14348.6
unil143510.9
unil1436..unil144112.1
unil144215.1

unil1443..unil144420.4
unil1445..unil145323.3

unil1454..unil146026.4

unil146129.5

unil1462..unil147332.7
unil147436.5
unil147538.5
unil1476..unil147739.5
unil147841.3
unil1479..unil148143.5
unil1482..unil148444.8
unil148545.4

unil1486..unil148755.7
unil1488..unil149057.0
unil1491..unil149359.0
unil1494..unil149761.1
unil149862.9
unil1499..unil150764.5
unil1508..unil150967.1
unil1510..unil151269.0
unil151371.2
unil1514..unil151672.9
unil1517..unil152374.2
unil1524..unil152575.9
unil1526..unil153377.8
unil153478.0
unil1535..unil153681.4
unil153783.7

unil1538..unil153986.9

unil1540..unil154290.0
unil1543..unil154595.2
unil154697.5
unil1547103.7
unil1548..unil1552104.5
unil1553106.2
unil1554..unil1556108.6
unil1557109.9
unil1558..unil1564110.0
unil1565111.4
unil1566..unil1567112.9
unil1568..unil1569114.5
unil1570..unil1572115.6
unil1573115.8
unil1574117.2
unil1575118.3
unil1576..unil1587119.4
unil1588..unil1591120.7
unil1592..unil1596121.8
unil1597124.0
unil1598..unil1604124.3

lg8
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unil16050.0

unil1606..unil16123.4

unil161310.5

unil161416.5

unil1615..unil161629.8
unil161730.3

unil161838.5

unil1619..unil162041.6
unil162143.5

unil162250.5

unil162353.9

unil162459.8
unil162561.3
unil1626..unil162763.4

unil1628..unil163669.7
unil1637..unil164273.0
unil1643..unil164874.5
unil164976.0
unil165077.1
unil1651..unil165678.5
unil165781.3
unil165883.0
unil1659..unil166185.6
unil1662..unil166687.3
unil166789.1

unil1668..unil167093.0

unil167196.2

unil1672..unil1673103.7
unil1674..unil1675106.2
unil1676108.7

unil1677..unil1678112.9
unil1679..unil1681114.2

unil1682117.6
unil1683..unil1695119.4

unil1696..unil1706122.9
unil1707..unil1708124.4
unil1709..unil1712126.9

lg9

unil17130.0
unil1714..unil17151.5

unil171610.7
unil1717..unil171813.3

unil171920.0
unil1720..unil172821.3
unil172922.5

unil1730..unil173327.5
unil1734..unil173628.6
unil173728.9
unil173830.3

unil173936.8
unil1740..unil174237.1
unil1743..unil174738.3
unil1748..unil175039.4

unil175143.9
unil1752..unil175447.3
unil175548.3
unil175649.5

unil1757..unil175957.3
unil1760..unil176159.5
unil1762..unil177160.7
unil1772..unil177362.9
unil177465.1
unil1775..unil177766.4
unil177866.6
unil1779..unil178067.9
unil1781..unil178369.1
unil1784..unil178570.4
unil1786..unil178872.7
unil1789..unil179174.9
unil179276.1
unil1793..unil180576.4
unil1806..unil180977.6
unil1810..unil182078.7
unil1821..unil182279.8
unil1823..unil182580.9
unil1826..unil182882.9
unil1829..unil183184.4

lg10

unil1832..unil18400.0
unil1841..unil18422.1
unil18433.4
unil1844..unil18454.3
unil18464.6
unil18476.4
unil18487.4
unil18498.7

unil1850..unil185117.0

unil185222.9
unil1853..unil185423.1
unil1855..unil185624.4

unil1857..unil185830.8
unil185932.5

unil186039.7
unil1861..unil186242.6

unil186346.1
unil186447.5

unil1865..unil186756.3

unil1868..unil187061.2
unil187164.1
unil187264.9
unil187367.5
unil1874..unil187868.0
unil187968.6
unil1880..unil188373.1
unil1884..unil188575.2
unil1886..unil188777.0
unil1888..unil189778.7
unil1898..unil190279.8
unil1903..unil190680.9
unil1907..unil191582.0
unil1916..unil192383.2
unil1924..unil192784.6
unil192888.2
unil1929..unil193389.5
unil193490.6
unil1935..unil194396.8
unil194497.1
unil1945..unil194698.5
unil194799.7
unil1948..unil1952103.5
unil1953..unil1956105.4
unil1957105.9
unil1958107.1
unil1959..unil1967107.6
unil1968108.4
unil1969..unil1971110.8

lg11

unil19720.0

unil1973..unil19773.1

unil1978..unil197918.7

unil198023.6

unil198128.8

unil198232.3

unil198336.6
unil1984..unil198539.1

unil198642.6

unil1987..unil199046.7

unil1991..unil199250.2

unil199359.5
unil199461.6
unil199564.2
unil1996..unil199867.3
unil1999..unil200068.9
unil2001..unil200670.4
unil200771.6
unil2008..unil201573.2
unil2016..unil202074.8
unil202177.1
unil2022..unil203577.9
unil203678.3
unil2037..unil204280.9
unil2043..unil204783.6
unil204884.4
unil2049..unil205086.0
unil2051..unil205488.9
unil2055..unil206290.1
unil206390.2
unil206490.4
unil2065..unil206691.5
unil2067..unil206996.1
unil2070..unil207198.0
unil2072..unil2078100.4
unil2079..unil2080102.2
unil2081..unil2083103.7
unil2084..unil2093104.9
unil2094..unil2096106.5
unil2097..unil2100108.9
unil2101..unil2103110.1
unil2104..unil2105111.2
unil2106112.3
unil2107113.1
unil2108..unil2113113.7

lg12

unil2114..unil21250.0
unil21260.1
unil2127..unil21281.3
unil2129..unil21365.9
unil21376.6
unil21388.5
unil21399.9
unil2140..unil214112.9
unil2142..unil214415.9
unil2145..unil214717.6
unil214819.2

unil2149..unil215122.3
unil2152..unil215524.5
unil2156..unil215728.0
unil2158..unil215929.9
unil216030.0
unil2161..unil216331.3
unil2164..unil217034.9
unil2171..unil217236.3

unil217340.5
unil2174..unil217543.4
unil2176..unil217746.1
unil217849.0
unil2179..unil218350.1
unil218451.3
unil218553.5

unil218662.5
unil2187..unil219564.8
unil219667.2
unil219768.4
unil219869.5
unil2199..unil220270.2

unil2203..unil220475.2

unil220582.4

unil2206..unil220887.9

unil220992.2
unil221093.4
unil2211..unil222195.4

lg13

unil2222..unil22360.0
unil2237..unil22381.1
unil22393.4
unil2240..unil22443.6

unil2245..unil224621.7
unil224724.5
unil224826.5

unil224931.6
unil2250..unil225232.0
unil2253..unil225534.5
unil2256..unil225735.9
unil225838.5
unil2259..unil226341.1

unil226447.0
unil2265..unil226847.8
unil226948.5
unil2270..unil227151.3
unil2272..unil227452.9
unil227553.2

unil227663.3
unil2277..unil227864.9
unil2279..unil228367.9

unil2284..unil228571.3
unil228673.0

unil228785.2
unil228886.1
unil2289..unil229287.4

unil2293..unil229691.4
unil2297..unil229893.6
unil229995.8
unil230096.7
unil2301..unil230399.7
unil2304..unil2311102.7
unil2312103.0

unil2313108.7
unil2314109.0
unil2315..unil2339109.4

lg14

unil2340..unil23470.0
unil2348..unil23521.7

unil23536.7
unil23549.3
unil2355..unil23609.9
unil236112.4
unil2362..unil236314.2

unil236418.2
unil236520.6

unil236624.8
unil2367..unil236826.1

unil2369..unil237329.3

unil2374..unil237832.5
unil237934.1
unil2380..unil238136.7

unil2382..unil238441.8
unil238542.9
unil2386..unil238745.0
unil238847.0
unil238948.5
unil239049.7
unil2391..unil239351.7
unil2394..unil239653.8
unil239756.6
unil239859.2
unil2399..unil240060.5
unil2401..unil240461.9
unil2405..unil241263.4

unil2413..unil241669.3
unil241771.0
unil241872.6
unil2419..unil242475.3
unil242576.1
unil2426..unil242778.3
unil2428..unil243180.7
unil2432..unil243383.6

unil243487.2
unil2435..unil243688.9
unil243790.9

lg15

unil2438..unil24450.0
unil2446..unil24511.2
unil24522.6
unil2453..unil24544.2
unil2455..unil24626.7

unil2463..unil246412.5

unil2465..unil246617.4

unil2467..unil247022.2

unil2471..unil247325.3

unil2474..unil247529.2
unil247631.6
unil247732.9

unil2478..unil247937.3

unil248040.5
unil248143.0

unil248252.9
unil2483..unil248454.7

unil2485..unil248658.7
unil248760.4
unil2488..unil248961.9

unil249067.6

unil2491..unil249276.3
unil2493..unil249478.5
unil2495..unil249780.7

unil2498..unil278281.8
unil2783..unil278582.9
unil2786..unil278884.0
unil2789..unil279085.0
unil2791..unil279388.3
unil2794..unil279690.5

lg16

LG1 LG2 LG3 LG4 LG5 LG6 LG7 LG8

LG9 LG10 LG11 LG12 LG13 LG14 LG15 LG 16 or S
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unil0001..unil00080.0
unil00092.5
unil0010..unil00132.8
unil0014..unil00164.5

unil0017..unil002810.4
unil002912.0
unil0030..unil003112.6
unil0032..unil003514.8
unil003615.9
unil0037..unil003917.0
unil0040..unil004218.2
unil0043..unil004420.0
unil0045..unil004722.4
unil0048..unil005424.5
unil005528.2
unil0056..unil005932.5
unil006033.4
unil0061..unil006733.6
unil0068..unil007034.9
unil007138.9
unil0072..unil008341.4
unil008442.0
unil0085..unil008644.1
unil0087..unil008846.7
unil008948.0
unil0090..unil009250.0
unil009351.0

unil0094..unil009659.2
unil009761.6
unil009863.9
unil0099..unil010565.5

unil010670.3
unil0107..unil011072.1
unil0111..unil011373.8

unil011477.7

unil0115..unil011682.0

unil0117..unil011985.4

unil012090.5
unil0121..unil012592.9
unil012693.4
unil0127..unil013194.8
unil013295.6
unil013397.5
unil013499.1
unil0135..unil0143102.0
unil0144104.1

unil0145..unil0148107.8
unil0149..unil0151110.3
unil0152112.6
unil0153..unil0155114.2
unil0156..unil0158117.0
unil0159..unil0165118.7
unil0166..unil0168120.7
unil0169..unil0175123.1
unil0176124.1
unil0177..unil0178127.1

unil0179..unil0180131.4
unil0181..unil0203133.9

unil0204137.5
unil0205..unil0206139.5
unil0207141.2
unil0208142.3
unil0209144.0

unil0210..unil0217148.2
unil0218..unil0219150.2
unil0220151.8
unil0221..unil0223151.9

unil0224158.6
unil0225161.3

unil0226171.7
unil0227173.7
unil0228175.4

unil0229..unil0249183.4
unil0250184.4
unil0251..unil0256186.0

lg1

unil0257..unil02580.0
unil02591.8
unil0260..unil02892.9
unil02904.3

unil0291..unil02928.1
unil0293..unil029411.1
unil029512.7
unil0296..unil029713.5
unil0298..unil029915.9
unil0300..unil030117.2
unil0302..unil030318.6

unil0304..unil030524.6
unil0306..unil030726.4
unil0308..unil030928.4
unil031030.3

unil031145.3
unil0312..unil031346.1
unil0314..unil031548.8
unil031650.3
unil0317..unil031851.8
unil0319..unil032053.5
unil0321..unil032255.3
unil032355.5

unil032464.1
unil032564.7

unil0326..unil032769.4

unil0328..unil033073.1
unil0331..unil033575.7
unil0336..unil034178.1
unil034279.6

unil0343..unil034685.6

unil0347..unil034891.0
unil034992.6

unil0350..unil035396.9
unil035498.8
unil0355..unil0356100.0
unil0357..unil0358102.1
unil0359103.0

unil0360..unil0361109.4
unil0362..unil0368111.7
unil0369114.5
unil0370..unil0371116.5
unil0372..unil0373118.6
unil0374..unil0376121.8
unil0377123.0
unil0378..unil0380124.8
unil0381..unil0387128.1
unil0388128.6
unil0389130.1
unil0390..unil0393131.4
unil0394..unil0397132.5
unil0398..unil0404133.6
unil0405..unil0417134.8
unil0418134.9
unil0419135.7
unil0420..unil0436136.3

lg2

unil04370.0
unil0438..unil04511.0
unil0452..unil04953.4

unil0496..unil05007.7
unil050111.0
unil0502..unil050414.5
unil0505..unil050619.0
unil0507..unil050820.1
unil0509..unil051222.3
unil051323.2
unil0514..unil051624.9
unil0517..unil051826.2
unil051927.4
unil052028.7
unil052128.8
unil0522..unil052433.4
unil052534.5
unil0526..unil052735.8
unil052839.9
unil0529..unil053040.1
unil053141.4
unil0532..unil053841.6
unil0539..unil054642.9
unil054746.6
unil0548..unil054949.7
unil0550..unil055152.5
unil0552..unil056453.6
unil0565..unil057354.7
unil0574..unil058055.8
unil0581..unil058858.6
unil058960.3
unil059061.4
unil0591..unil060262.1
unil060363.1
unil060463.5
unil0605..unil060965.5

unil0610..unil061970.6
unil062072.4
unil062175.1
unil0622..unil062376.7
unil0624..unil062978.6

unil0630..unil063283.3
unil063385.3

unil0634..unil063689.9
unil0637..unil063891.3
unil0639..unil064193.1
unil064294.8
unil0643..unil064897.1
unil064999.1
unil0650..unil0652100.0
unil0653102.3
unil0654..unil0660102.4
unil0661..unil0664103.9
unil0665105.9

unil06660.0

lg3

unil0667..unil06710.0
unil0672..unil06741.7
unil06752.3

unil067610.3
unil0677..unil068110.6
unil0682..unil068612.1
unil068713.6
unil0688..unil069015.9
unil0691..unil069218.6

unil0693..unil069422.1
unil0695..unil070323.9
unil0704..unil070726.2
unil0708..unil071028.9
unil0711..unil071230.5

unil0713..unil071436.6

unil0715..unil072040.1

unil0721..unil072743.2
unil072846.0

unil072953.0
unil0730..unil073153.6
unil073255.3

unil0733..unil073666.5

unil073771.3

unil0738..unil073979.0
unil0740..unil074281.2
unil0743..unil074483.1
unil0745..unil074785.8
unil074887.8
unil0749..unil075289.1
unil0753..unil077690.4
unil0777..unil077991.8
unil078092.0
unil078195.5
unil0782..unil078395.7

unil0784..unil0792101.4

unil0793..unil0797105.6

unil0798109.4
unil0799..unil0800111.8

unil0801..unil0802115.8

unil0803..unil0810120.3
unil0811..unil0814121.4

unil0815125.9

unil0816..unil0818129.7

unil0819137.5

unil0820141.4

unil0821144.5

unil0822..unil0823148.5
unil0824150.6

unil0825..unil0826154.2
unil0827156.8
unil0828..unil0833157.9
unil0834..unil0845160.2
unil0846..unil0848161.9
unil0849..unil0850163.6

lg4

unil0851..unil08560.0
unil0857..unil08581.4
unil0859..unil08632.6
unil0864..unil08663.8
unil0867..unil08695.2
unil08708.5
unil0871..unil087211.3
unil0873..unil087413.9
unil087515.3
unil0876..unil088216.5

unil0883..unil088420.5

unil0885..unil088723.8

unil088826.8

unil088931.0
unil0890..unil089533.7

unil089638.3
unil089740.6
unil089843.2

unil0899..unil090548.3

unil090653.4
unil0907..unil090854.9
unil0909..unil091256.2

unil091360.3

unil0914..unil092065.5
unil092165.7

unil0922..unil092470.4
unil0925..unil092672.6

unil0927..unil092876.2

unil0929..unil093082.4

unil093185.9
unil0932..unil093487.8
unil0935..unil094189.7

unil0942..unil095492.7
unil0955..unil096594.4

unil0966100.5

unil0967105.0

unil0968110.1

unil0969118.1

unil0970..unil0972123.8
unil0973125.4
unil0974127.1
unil0975..unil0978131.1
unil0979..unil0983133.2
unil0984135.3
unil0985..unil0990137.2
unil0991137.5
unil0992140.0
unil0993141.6
unil0994..unil0997142.8
unil0998144.5
unil0999147.1
unil1000148.8
unil1001..unil1003151.5
unil1004153.0
unil1005153.3
unil1006153.5
unil1007..unil1019153.9
unil1020..unil1022156.0
unil1023..unil1025157.6
unil1026..unil1041160.4
unil1042..unil1045161.5
unil1046162.7
unil1047..unil1049164.0
unil1050166.0
unil1051..unil1053168.3
unil1054171.4
unil1055173.1
unil1056..unil1057174.5
unil1058..unil1071176.8
unil1072..unil1074177.9

lg5

unil10750.0
unil10760.4
unil10770.7
unil1078..unil10871.1
unil1088..unil10902.6
unil1091..unil10925.2
unil1093..unil11016.7
unil11027.9
unil1103..unil11099.1
unil11109.6
unil1111..unil111211.2
unil1113..unil111514.9
unil1116..unil111816.4
unil1119..unil112117.9
unil112219.5
unil112321.2
unil1124..unil112622.8
unil112724.4
unil1128..unil113126.0
unil113226.2
unil1133..unil114630.7
unil1147..unil115231.9
unil1153..unil115734.2
unil1158..unil116138.5
unil1162..unil116339.9
unil1164..unil116542.3

unil1166..unil116850.5

unil1169..unil117458.3
unil117558.4
unil117660.7

unil117767.7
unil1178..unil117969.3
unil118070.6
unil118173.6

unil1182..unil118379.5

unil1184..unil118583.7

unil118690.1

unil1187..unil118994.0

unil119097.8

unil1191..unil1192101.2

unil1193109.1

unil1194..unil1195113.0

unil1196119.8
unil1197..unil1206121.9

unil1207..unil1211125.8
unil1212126.7

unil1213..unil1215130.7
unil1216..unil1226131.9
unil1227..unil1228133.3
unil1229..unil1239136.2
unil1240137.2

unil1241..unil1242140.7
unil1243142.4
unil1244..unil1246144.2
unil1247..unil1249146.5

lg6

unil1250..unil12580.0
unil1259..unil12621.1
unil12633.3
unil1264..unil12654.3
unil12668.3
unil126712.1
unil126812.3
unil126914.5
unil1270..unil127314.8
unil127415.0
unil127516.3
unil127617.5
unil1277..unil128118.9
unil1282..unil128622.5

unil128727.3
unil1288..unil129027.8
unil1291..unil129229.4

unil1293..unil130433.2

unil130538.3
unil130641.5
unil1307..unil130842.2

unil1309..unil131248.8
unil1313..unil131450.2

unil131554.0

unil1316..unil131758.8

unil1318..unil132666.2

unil132770.5
unil132870.9

unil132975.4
unil133075.6
unil1331..unil133377.8
unil1334..unil133881.1
unil133982.9
unil1340..unil134283.9
unil1343..unil134486.8

unil1345..unil135094.7
unil135195.2
unil1352..unil135397.8
unil1354..unil135799.4
unil1358102.8
unil1359105.4
unil1360107.0
unil1361..unil1362108.4
unil1363108.7
unil1364110.0
unil1365111.3
unil1366111.8

unil1367..unil1368123.0

unil1369126.7
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2nd ant also has supergene

Formica selysi
Also monogyne and polygyne social forms

Purcell et al: GBS
Linkage map

Then population LD verified supergene

Purcell et al 2014

Fire ant case just RAD-seq
but not really population genomics



Linkage disequilibrium  supergene

Purcell et al 2014
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RAD-seq in phylogeography

photo: Leonora bug level

Wyeomyia smithii mosquito 

larvae live in 

Sarracenia purpurea carnivorous 
pitcher plant

What is their population structure in the Eastern USA?

Is there an expansion pattern associated with glacial retreat?

Emerson et al 2010
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W. smithii samples and phylogenetic tree from RAD
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Fine scale genetic divergence
Evidence for glacial retreat associated expansion



Emerson et al 2010

W. smithii samples and phylogenetic tree from RAD

Fine scale genetic divergence
Evidence for glacial retreat associated expansion

Future – local photoperiodic response adaptations



Vera Domingues/Hopi Hoekstra

Weber et al 2013





Tunnel building at least 4 loci

Crossed 2 species of mice:
oldfield mice (escape tunnels) x deer mice (simple nests)

QTL mapping with ddRAD-seq

Weber et al 2013



Exon sequencing



1

2
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Targeted (re)sequencing or exon capture

• Target for specific regions (e.g., exons)

• Subset of the genome can answer your question

• Reduce effort and cost
o Reduced data storage (sometimes never analyzed)

• Increase sample size

• Something of a stop gap until WGS is too cheap
• Genome too big



Mamanova et al 2010

Exon capture

1,000’s
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Exon capture

1,000’s

MIP
10,000’s



Mamanova et al 2010

Exon capture

100,000’s

Agilent
Nimblegen
Illumina



Exon capture – applications

Bamshad et al 2011



• Mendelian disease discovery
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Strategies:
Family based 
Extreme phenotypes (e.g., cardiovascular health)
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• Mendelian disease discovery
Since many are protein coding mutations

Strategies:
Family based 
Extreme phenotypes (e.g., cardiovascular health)

• Non-human organsims
Anything you can imagine with many (protein coding) loci

Cloning homozygous lethals (via heterozygotes)
Climate change driven subdivision

• Caveat: nontrivial (although not huge) cost of setup

Exon capture – applications

Bamshad et al 2011



Wang and Chen 2010 Gen Res

Exon capture – homozygous lethal case study
find in heterozygote

twisted bristles roughened eye (twr) mutant

twr/twr lethal

twr1/twr2  viable
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Exon capture – homozygous lethal case study
find in heterozygote

twisted bristles roughened eye (twr) mutant

twr/twr lethal

twr1/twr2  viable
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Exon capture – chipmunk with no 
reference genome

Agilent 1M arrays

Bi et al 2012



Bi et al 2013

Exon capture – chipmunk 
museum samples and range contraction



Exon capture – chipmunk 
museum samples and range contraction

STRUCTURE analysis reveals more modern subdivision
Consistent with reduced gene flow associated with 
climate change

Bi et al 2013
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RE delimited sequencing



2011

Reduced representation simply by digestion (Van Tassell et al 2008)

Population genomics goals:
Test serial founder model of human global dispersal
Estimate timing of out of Africa
First estimate of the colonization of Australia

Human genetics example



2011

Reduced representation simply by digestion (Van Tassell et al 2008)

Population genomics goals:
Test serial founder model of human global dispersal
Estimate timing of out of Africa
First estimate of the colonization of Australia

Nucleotide diversity
Heterozygosity
Allele frequency spectrum
…

Human genetics example



Luca et al 2011

Samples: 19 individuals (18 pops) around the world

N = 1-2 per population
Use power of many loci to estimate population parameters

• nucleotide diversity



Amador, D. M., Wang, C., Holland, K. H. and Mou, Z. (2013)

gDNA
RsaI RsaI <GTAC>1) Cut with RsaI restriction enzyme

~9 million sites total
less near CpG islands
not near repeats

2) Select 70-75 bp fragments
(really 50-100 bp)
~51,000 sites in human genome

3) Illumina single end sequencing
36 bp (?)
1 individual/1-2 lanes
wanted ~50x coverage
(got <20x)

Molecular protocol – relatively simple

RsaI



Strategy:
Map to reduced genome
Limited to 36 bp flanking RsaI sites
Removed redundant loci with ≤4 mismatch

Bioinformatics – mapping, filtering
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RsaI RsaI <GTAC>



Strategy:
Map to reduced genome
Limited to 36 bp flanking RsaI sites
Removed redundant loci with ≤4 mismatch

Bioinformatics – mapping, filtering

Caveats:
Cannot know pcr duplicates
Loss due to RE polymorphism

Filtering: QC or clean up  data
Remove 2 nts from RE <GTAC>
3rd nt also biased
keep phred score ≥20
if >2 alleles (keep best 2)

RsaI RsaI <GTAC>



Strategy:
Map to reduced genome
Limited to 36 bp flanking RsaI sites
Removed redundant loci with ≤4 mismatch

Bioinformatics – mapping, filtering

RESULT:
61.7% uniquely mapping
Even/random coverage

Caveats:
Cannot know pcr duplicates
Loss due to RE polymorphism

Filtering: QC or clean up  data
Remove 2 nts from RE <GTAC>
3rd nt also biased
keep phred score ≥20
if >2 alleles (keep best 2)

RsaI RsaI <GTAC>



This method: 1000’s of sites per genome

Nucleotide diversity (π):
Calculate: Proportion of heterozygous sites within each genome 
is estimate of its π population
0.61-1.08/1000 <lower than previous estimates>

Test serial founder effect:
Expect negative correlation
π ~ geographic distance

Data analysis #1

Emma Whittington
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Nucleotide diversity (π):
Calculate: Proportion of heterozygous sites within each genome 
is estimate of its π population
0.61-1.08/1000 <lower than previous estimates>

Test serial founder effect:
Expect negative correlation
π ~ geographic distance

Data analysis #1

Emma Whittington



Luca et al 2011

Data consistent with serial founder effect



Data analysis #2: Population divergence and split times

Pairwise differences then phylogenetic tree (neighbor joining)
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Data analysis #2: Population divergence and split times

Pairwise differences then phylogenetic tree (neighbor joining)

Kenya/TanzaniaAfrican

Melanesian

Native American
NE Siberia

Brazil

Recapitulates previous 
genetic and 
archaeological data

Europe
Middle East

Middle East

India
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Data analysis #2: Population divergence and split times

Pairwise differences then phylogenetic tree (neighbor joining)

Kenya/TanzaniaAfrican

Melanesian

Out of Africa:
~50,776 years ago

±4673se

Australia
archaeological  >50Kya
earlier migration?







Low coverage approaches



PoolSeq

Eponymous:
pool samples then sequence

often ~1x depth for each sample



Schlotterer et al 2014

PoolSeq
POOLEDUNPOOLED



• Identification of functionally diverged alleles in mapping 
experiments

• Characterization of alleles involved in the adaptation of 
populations to their local environment 

• Analysis of temporal allele frequency trajectories

PoolSeq – applications

Schlotterer et al 2014



PoolSeq – advantages

Schlotterer et al 2014
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Better estimate of allele frequencies (polymorphism data)
Individual  often redundant coverage (e.g., 10x)
Pool  not every individual, BUT basically only 1x

Protocol easier
[ No individualization ]

Cheaper
[ Barcoding/library construction entails a big cost ]

Ideally many individuals
>100
>50 okay…

Unbiased (genome wide)
Compared to RADseq or exome seq

PoolSeq – advantages

Schlotterer et al 2014
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SNP call versus Illumina error rate
Need enough depth, but assaying superficially

Loss of low frequency alleles
But such alleles are informative for many pop genetics analyses:

hitchhiking
quantification of positive and purifying selection
demographic parameters

Bad for:
Heterozygosity, CNVs, inversions and transposable elements, 

No haplotype info, no linkage disequilibrium (LD) information
e.g., evidence for African lactose tolerance

Variance in pooling (Less of a problem with greater pooling)

PoolSeq – concerns

Schlotterer et al 2014
Cutler & Jensen 2010



PoolSeq – some software

Schlotterer et al 2014
… there are others



•Induced mutation
•QTL
•GWAS
•Evolve and re-sequence
•Domestication gene 
identification
•Recombination rate analysis
…

PoolSeq – some applications
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single gene mutation

PoolSeq – MutMap for induced mutation Induced mutation



A recessive mutant trait due to a 
single gene mutation

PoolSeq – MutMap for induced mutation

Mapping mutation within same strain, so less noise

Induced mutation



SNP index: The ratio of the number of reads containing a 
mutant SNP to the total number of reads containing the 
site of the SNP. 

SNP index: 
100% for a SNP tightly linked to the causal gene
50% for a SNP unlinked to the mutation

>50% for a mutant SNP loosely linked to the causal 
mutation
<50% for the wild type allele

Some expectations Induced mutation



Abe et al 2012

Induced mutationPoolSeq – MutMap for induced mutation



Abe et al 2012

Induced mutationPoolSeq – MutMap for induced mutation



Induced mutation

Fekih et al 2013

Variant: MutMap+ No need to cross



Induced mutation

Fekih et al 2013

Variant: MutMap+ No need to cross

Some wt  all wt
ignore

wt  wt + mut
keep
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Induced mutation

Fekih et al 2013

Some SNPs fixed 
due to chance or 
drift



Induced mutation

ΔSNP index

Fekih et al 2013

Some SNPs fixed 
due to chance or 
drift
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OLD:
many graduate students and many years

NEW:
single graduate student and fewer years

PI’s and peons ostensibly happier

NGS and Poolseq



Poolseq

xQTL mapping
QTL-seq



x-QTL

Highly complex traits Multiple loci
Often each with small effect

Need large populations for QTL mapping

X-QTL mapping



step 1. generate segregating population of very large size
step 2. selection based phenotyping (drug resistance or cell sorter)
step 3. measure pooled allele frequencies (NGS)

x-QTL

Ehrenreich et al 2010

Lab strain Wine strain
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step 1. generate segregating population of very large size
step 2. selection based phenotyping (drug resistance or cell sorter)
step 3. measure pooled allele frequencies (NGS)

x-QTL

Ehrenreich et al 2010

Lab strain Wine strain

SNP array or Poolseq

Do parallel 
without 

selection



x-QTL4-NQO resistance case study

4-nitroquinoline
DNA damaging agent

Previously: 
Conventional QTL

RAD5 (DNA repair gene)

Follow up backcrossing revealed a 2nd gene:
MKT1

Ehrenreich et al 2010



14 loci 70%

Ehrenreich et al 2010

x-QTL4-NQO resistance case study

BY allele

RM allele
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14 loci 70%

Ehrenreich et al 2010

x-QTL4-NQO resistance case study

BY allele

RM allele

BY allele

RM allele

FIX RAD5

Very powerful
Basically, never uncover this with single gene approach



Ehrenreich et al 2010

x-QTLOther examples of simple and complex traits



xQTL mapping
is advertised to require big N

(more recombinants better resolution)

QTL-seq
results suggest only 20-50 can be informative
(although finding the exact gene is unclear)



Takagi et al 2013

• N = 20-50
• Larger genome
• Works on crops
• ~MutMap with SNP index

QTL-seq
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Takagi et al 2013

• N = 20-50
• Larger genome
• Works on crops
• ~MutMap with SNP index

QTL-seq
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Poolseq

GWAS
taking advantage of historical recombination

Basically, the more recombinants, the better map resolution.
F2 crosses or Recombinant Inbred Lines have limited recombination events.
Wild samples have history to help

Drosophila body pigmentation example
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D. yakuba x D. santomea

•There is variation in 
abdominal pigmentation
•Probably sexual selection



Jeong et al 2008

Drosophila pigmentation background 
D. yakuba x D. santomea

•There is variation in 
abdominal pigmentation
•Probably sexual selection

• Hybridization 
experiments identified: 
tan and yellow
• regulatory differences



Bastide et al 2013

2 pops from Vienna, Austria
3 pops from Bolzano, Italy

Grow in lab controlled conditions 1 gen
Sort by color 
Take extremes
Pool-seq with replicates

D. melanogaster natural variation in pigmentation



Bastide et al 2013



Bastide et al 2013

Matches D. yakuba/ 
santomea result
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Matches D. yakuba/ 
santomea result

Also previously found by other methods



All regulatory

Bastide et al 2013

Matches D. yakuba/ 
santomea result

Also previously found by other methods



Evolve and re-sequence



Evolve Drosophila lines to be more resistant to C virus
4x replicates [virus, control1, control2]

Martins et al 2014

Evolve and re-sequence

Seq

Seq



pastrel gene (and lesser extent Ubc-E2H)

Evolve and re-sequence

Martins et al 2014



Ecology (reverse ecology) and local adaptation
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8 Pool-seq populations
Each with 50 individuals
30x coverage
Map against transcriptome

Lamichhaney et al 2012
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Ecology (reverse ecology) and local adaptation

8 Pool-seq populations
Each with 50 individuals
30x coverage
Map against transcriptome

2 SNPs with different 
allele frequency patterns

Most undifferentiated
~440,000

Few highly differentiated <1%
~3800

Lamichhaney et al 2012



Little difference between Baltic and Atlantic 
if using all SNPS…

All SNPs 
(star phylogeny)

Lamichhaney et al 2012



Little difference between Baltic and Atlantic 
if using all SNPS…

All SNPs 
(star phylogeny)

High Fst SNPs 
separate populations

Lamichhaney et al 2012



Are high Fst SNPs from drift or selection?

Simulation analysis to test
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Are high Fst SNPs from drift or selection?

Simulation analysis to test

Lamichhaney et al 2012

Simulated Observed

Fst Fst

Unlikely drift  therefore selection!
local adaptation

Now need to find causative genes and mechanism



Charles M. Schulz

By Retron - self-made now, Public Domain, 
https://commons.wikimedia.org/w/index.php?curid=3865957

Domestication – artificial selection Wolf vs Dog



Axelsson et al 2013

Dog adaptation to starch diet

Fst

36 candidate domestication loci
here  Amylase
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Fst

36 candidate domestication loci
here  Amylase



Axelsson et al 2013

also maltase activity

Dog adaptation to starch diet

Fst

36 candidate domestication loci
here  Amylase



A basic science question
a very population genetics question

Photo James Gaither

Recombination analysis using Pool-seq

Mimulus guttatus
(Common yellow monkeyflower)



Hellsten et al 2014 PNAS

Recombination analysis using Pool-seq

Earlier, mentioned that Pool-seq not so good for 
recombination/LD studies because too short

However, monkeyflower has high nt diversity (2.9%)
i.e., within 1 Illumina read, there can be ≥2 nt differences



98 samples
4 localities

4 Pool-seq runs
PE 75 bp runs (of ~200 bp fragments) 

After QC  255x coverage

Examined pairs of SNPs within 50 bp

Samples and analysis sketch



Hellsten et al 2014 PNAS

• Exons > introns

• Polarity
5’ > 3’ recomb. rate

Interesting recombination patterns



Hellsten et al 2014 PNAS

Recombination landscape example



Whole genome (re)sequencing

Can do lots of stuff
Here, demographic history,
Scan for regions of diversity,
Identify gene for phenotype





Panda demographic history

Zhao et al 2013
Li & Durbin 2011

34 wild panda + ref seq

Pairwise sequentially Markovian coalescent (PSMC)

Can infer past history from 1 or few individuals



Panda demographic history

Zhao et al 2013
Li & Durbin 2011
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Pairwise sequentially Markovian coalescent (PSMC)

Can infer past history from 1 or few individuals



Passenger pigeon demographic history



Passenger pigeon demographic history (+ museum DNA)

Hung et al 2014

N=3 from museum, PSMC



Passenger pigeon demographic history (+ museum DNA)

Hung et al 2014

N=3 from museum, PSMC

Ne (effective population size; 100,000’s) << census N (billions)
Past fluctuations  climatic, food-resource [acorn], and other ecological variations 

Increased extinction risk



Speciation islands?
(divergence islands)

collared pied

flycatchers
diverged < 2Mya
separated, 2o contact
hybridize

10 re-sequenced individuals + 1 ref seqs (collared)

Compared genomewide divergence to each other

Ellegren et al 2012



Divergence islands often near centromeres
and telomeres

Ellegren et al 2012



Divergence islands often near centromeres
and telomeres

Authors postulate meiotic drive

Ellegren et al 2012



Inspect for transposable elements



http://www.bx.psu.edu/~ross/workmg/TranspositionCh9.htm

Transposable elements (TEs) are selfish “jumping genes”

Neutral marker or evolutionary important

Also:
Alternative splicing, methylation, ectopic recombination, etc



Maize

>177,000 TEs in maize (B73 reference strain)

B73 versus W22 strain  >22,000 TEs at different locations
In fact, >10,000 strain-specific subfamilies of TEs

TEs are an important source of genomic variation

Humans
Alu element  ~800 insertion differences between 2 specific individuals

Estimated new insertion rates:
Alu 1 in 21 people
L1    1 in 108 to 212

Burns and Boeke 2012 Cell
Springer et al 2018 Nat Genet



Birds have been suggested to have low TE densities

Implying that TEs have not transposed much in bird history

Suh et al 2018 Mol Ecol (flycatcher)

Suh et al looked at:

• TE repertoire in flycatcher genome

• Then polymorphism in 200 
resequenced genomes



Suh et al 2018 Mol Ecol (flycatcher)

NGS to locate TEs

(There’s also a “reduced” method using primers from the TEs)



Suh et al 2018 Mol Ecol (flycatcher)

i.e., These are NEW to science

Novel transposon LTR families in 3 birds



Suh et al 2018 Mol Ecol (flycatcher)

Retrotransposition events per lineage

TE variation in flycatchers



Flycatcher case study conclusions

Suh et al 2018 Mol Ecol (flycatcher)
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Flycatcher case study conclusions

Suh et al 2018 Mol Ecol (flycatcher)

Flycatchers (songbirds) actually 
have a lot of transposition 
events

New TE families
and current polymorphism

These may have phenotypic 
consequences for their 
diversification

In general TEs seem to be underappreciated for their impact



Paired-end method has drawbacks

Short reads have higher False Discovery Rates
Need lots of depth
Somewhat inferred (e.g., don’t know the internal sequence)
etc

TEs can be 1000’s bp long



ONT analysis in Arabidopsis
Example of a ~7kb that crosses 1 TE

TEs can be 1000’s bp long

Debladis et al 2017 BMC Genomics

Long reads (PacBio, ONT) can just read across TE insertions
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ONT analysis in Arabidopsis
Example of a ~7kb that crosses 1 TE

TEs can be 1000’s bp long

Debladis et al 2017 BMC Genomics

Long reads (PacBio, ONT) can just read across TE insertions

The 7kb read

Less depth needed, sort of

Does tell you if “whole/intact” or “partial” copy

Goes from algorithm to just “inspecting”



1 ref + 40 additional re-sequenced pigeon genomes



1 ref + 40 additional re-sequenced pigeon genomes



What is the genetic basis for head crests?

Recessive mendelian trait
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What is the genetic basis for head crests?

Recessive mendelian trait

EphB2  confirmed with various follow ups





Human genetics and health

GWAS
using SNP arrays





~500,000 people
Genotyping
Phenotyping

Prospective cohort study

UK Biobank: overview



UK Biobank: non-standard XX/XY sex genotypes



XYY
XXY

X0 XXX

UK Biobank: non-standard XX/XY sex genotypes



UK Biobank: height GWAS, more detection power



Concluding remarks 1

• Population genomics can be very powerful

• Find the right question (like all of science)
o Better to know some population genetics

• Studies often stronger when combined with mechanism



•There are economical and expensive ways

• Getting cheaper
o Trend to whole genomes
o More samples

• No plug and play; no established pipelines

• Finally, hope you get some ideas for your projects

Concluding remarks 2



THANKS FOR YOUR ATTENTION



Further reading

Sequencing pools of individuals - mining genome-wide polymorphism data without big funding.
Schlötterer C, Tobler R, Kofler R, Nolte V.
Nat Rev Genet. 2014 Nov;15(11):749-63. doi: 10.1038/nrg3803. Epub 2014 Sep 23. Review.
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