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Genome Comparison of Museum Collections to Detect 
Micro-Evolutionary and Demographic Response to 

Recent Climate Change 

Questions: 
Detect genetic signature of positive selection => coding sequences 
Demographic inference => non-coding sequences 

Samples: 
Historic vs Modern (time series data)  

Approaches: 
Exon capture + NGS for a population-level, genome-wide scan 



General Workflows  

Technical 
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Analytical 



Marker Development in Non-model Organisms for 
Population Genomic and Phylogenomic Applications 

Genomic 
DNA 

      Whole Genome Sequencing NGS 

-  Require a reference for alignment 
-  Challenging for organisms with large genomes and/or genomes that are highly 
repetitive (e.g. amphibians) 
-  Not cost-effective when sample size is large 
-  Not necessary for most phylogenomic and population genomic questions 
-  Not feasible when your budget is tight  

Genomic 
DNA 

Reduce 
representation Multiplexing NGS 

High coverage 
sequence data 



Methods for Reducing Representation in Population Genomic 
and Phylogenomic Studies (Genotyping by Sequencing) 

RAD-tag Sequencing Multiplexing PCR 

RNAseq Sequence captures 

GENERAL                                     TARGET ENRICHMENT                                     



General – Restriction-site Associated DNA (RAD)  

Pros  
•  Low cost; Degree of genome reduction is manipulatable 
based on RE selected 
•  Gathering large number of  anonymous markers from large 
number of samples over a short period of time 
•   Widely used for inferring population structures, 
phylogeography, trait mapping, genetic maps, and association 
– plenty of case studies  
•  Bioinformatic pipelines (Stacks, pyRAD, etc.) are well 
established with good community support 

•  Need high quality DNA; not suitable for museum specimens 
•  Many steps in the workflow  
•  Difficult for large, highly repetitively genomes  
•  Problem with locus drop-outs/variance of depth across loci 
& individuals  
•  Phylogenetics: homology may be difficult to obtain between 
distantly related taxa due to mutations at cleavage sites  
•  Not the best choice of detecting selection when reference 
genome resource is lacking 

Cons 



General – Double Digest RADseq (ddRAD)  

Pros  
•  Compare to single digest RAD, ddRAD 
targets on sequencing fewer number of 
random markers to get a deeper coverage 
from large number of population samples  

•  Easier protocol without a shearing step 
during the library prep 

•  More flexible and control over the 
fragments that are sequenced 

•  Impossible to remove PCR duplications 

•  Size selection using a Pinpin is desired  

•  Use a frequent cutter: most likely to gain 
& lose fragments that results in large 
amount of missing data 

•  Also have similar issues in single RAD 
(genome size, selection, phylogenetics) 

Cons 



General – RAD by Type IIB Restriction Enzymes (2b-RAD) 

Pros  

•  Easier workflow (compared to RAD) 

•  Very cost-effective   

•  Suitable for rapid, parallel genotyping of 
large numbers of samples with small 
genomes – “sequencing markers with 
higher throughput”  

•  Not widely used nowadays because tags 
are too short (e.g. 21–36 bp) 

•  Alignment is difficult  

Cons 

Nature Methods 9, 808–810 (2012) 

Type IIB enzymes (for example, BsaXI and AlfI) cleave 
genomic DNA upstream and downstream of the target site, 
producing tags of uniform length 



General – Restriction Fragment Sequencing (RESTseq)  

Pros  
•  Compared to RAD/ddRAD, it has the 
advantage of a direct control over the 
complexity of the library due to the digestion 
after adapter ligation as well as the more 
unbiased fragment distribution  

•  It is robust for genomes with low complexities 
(e.g. reduce number of AT-rich fragments by 
using MseI(TruI) (TTAA) as the second RE) 

•  It allows for marker enriched SNP typing on 
small scale platforms and can increase the 
efficiency for analyzing large numbers of 
barcoded samples in high-throughput systems 

•  Share most issues seen in other RAD variants   

Cons 
The method starts with the digestion of genomic DNA with a 
frequent cutting restriction endonuclease (e.g. TaqI (T, TˆCGA)) 
to generate a high number of fragments. Following the ligation 
of platform-specific sequencing adapters, a second digestion 
with one or more frequent cutting restriction endonuclease 
(e.g. ApoI/MseI/BstUI) is further reducing the library in 
complexity. 



General – RAD with Standard Illumina Library Preparation 
(ezRAD)  

Pros  
•  Convenient: DNA samples can be sent to 
a sequencing facility for library prep and 
sequencing 

•  The sequencing core facility will charge a 
lot for library preparation 

•  Share common issues seen in other RAD 
variants 

Cons 

 ezRAD differs from other RAD methods 
primarily through its use of standard Illumina 
TruSeq library preparation kits, which makes it 
possible for any laboratory to send out to a 
commercial genomic core facility for library 
preparation and next-generation sequencing 
with virtually no additional investment beyond 
the cost of the service itself.  



General –  nextRAD (commercial) 

Selective primers productively amplify only 
fragments with the selective sequence at the end. 
Subsequent sequencing of the library allows 
determination of genetic variation at these loci. 

Pros  
•  Very few steps in the protocol: input 
DNA as low as 1-5ng! 
•  No need for size selection (selective 
primer side plus randomly-sheared side) 
•  Without the use of frequent-cutting REs  
•  Entire reads can be genotyped. In RAD 
the cutting cites have to be sequenced  

•  NextRAD can't use methylation-sensitive 
restriction enzymes, so have to pick a 
selective primer carefully to avoid 
amplifying repeats (but successful in plants 
with a >2 Gb genome). 

Cons 

(information about pros and cons is kindly provided by Eric 
Johnson, inventor of RAD and nextRAD) 
For more information about nextRAD please go to: http://
snpsaurus.com/nextrad-genotyping/ 



General – Genotyping-By-Sequencing (GBS) 

Pros 

•  Compared to RAD, it has more simplified 
protocol, requiring less DNA, no sonication and 
size selection  
•  More widely used in plants with large 
genomes (e.g. barley, soybeans, maize, 
switchgrass, wheat, rice, grape, cacao etc.) 
•  Designed for lightly sequencing large number 
of markers and imputing the missing genotypes 
from the many reference genomes available 
•  Bioinformatics tools (e.g. TASSEL, UNEAK) 

•  Although with different adapters/barcodes and 
general workflows of library preparation, it is 
essentially very similar to RAD -> it still shares 
most cons with RAD 
•  Light sequencing of many loci -> low coverage 
& more missing data -> need a solid reference 
for alignment to infer nearby genotypes         

Cons 

Most GBS relies on the use of methylation-sensitive restriction 
endonucleases (e.g., ApeKI for plants) to avoid repetitive regions of 
the genome, while targeting lower copy regions of the genome 
(http://www.igd.cornell.edu/index.cfm/page/GBS/gbsfaq.htm) 



General – Double-digest Genotyping-By-Sequencing (ddGBS) 

Pros 

•  Share pros with single-digest GBS 

•  Share cons with single-digest GBS  

Cons 

Two enzyme digestion, forward barcoded adapter 
and reverse, common, Y-adapter 



General – Transcriptome Sequencing (RNAseq for Marker 
Development)  

Pros  
•  Targeting sequences and relative abundance 
of transcribed portion of the genomes 
•  Easily generate thousands to over ten 
thousands of markers from multiple samples  
•  Can serve as reference for marker selection 
for exon captures    

•  Require RNA samples 
•  Alleles may vary in transcription level across 
genes, tissues and stages, and thus may 
generate inaccurate genotyping data 
•  Library preparation expensive 

•  Highly expressed genes dominate sequence 
data 

•  Not cost-effective for large scale 
phylogenomic or population genomic 
applications    

Cons 



Target Enrichment – Multiplexed Amplicon Sequencing 

Pros  
•  Metagenomics applications (e.g. 16S for 
investigating diversity and structure of 
complex microbial communities & 
populations)  
•  Cost-effective for targeting a small 
number of loci from large number of 
samples 
•  For very large genomes (eg. >100Gb), 
amplicon sequencing may be the only/best 
option 

•  Primer design and optimizing PCR 
•  For homemade protocol: difficulty of 
scaling PCR to the capacity of NGS 
platforms - very labor intensive / costly 
beyond a few loci 

Cons 

NGS 

The simplest version of amplicon sequencing 



Target Enrichment – Primer Extension Capture (PEC) 

Pros  
•   The PEC procedure is particularly well 
suited for enrichment of smaller genomic 
regions (complete mtgenome and a few 
nuclear loci) from highly degraded DNA 
samples, as is commonly retrieved from 
historical or ancient specimens 
•  Require an initial investment in stocks of 
targeted probes that can then be used on 
large collections of samples 

•  Share issues with multiplexed amplicon 
sequencing 
•  Synthesis of many biotinylated primers is 
not cheap 
•  Not necessary for high quality DNA 
samples 

Cons 

Anneal to biotinylated  
Primers 

A single Taq DNA 
polymerase extension 

Captured by 
streptavidin-coated  
magnetic beads 

Elution 



Agilent Custom SureSelect microarray 1M or 244K 
format 

•  Low cost: ~750USD for each 1M-feature 
array 

•  Suitable for small-scale phylogenomic and 
population genomic studies 

•  High probe tiling density/direct control over 
probe design 

•  Need a reference for probe design (also true 
for other types of hybridization-based methods.)  
•  Low capture efficiency 
•  Probe length short (60bp) 
•  Need special equipments (hybridization 
chamber, gasket slides, oven, etc.) 
•  Not cost-effective for surveying large number 
of samples 
•  Need large amount of input DNA (20ug/
array) and Cot-1 DNA (50ug/ul) 
•  Complicated workflow 

Pros  

Cons 

Target Enrichment – Microarray-based Exon Capture 

Nature Protocol  2009 4:960-974.  

60bp probes 



For non-model systems: 
•  Agilent SureSelect XT/XT2 Custom kits 
•  NimbleGen SeqCap EZ Developer kits 
•  MYcroarray mybaits kits 

•  Target size large (e.g. up to 200 Mb for 
NimbleGen) 
•  Low amount of input DNA and Cot-1 DNA  
•  High level of multiplexing (>50) 
•  Suitable for large-scale population genomic 
projects (NimbleGen) or phylogenomic projects 
(MyBait)  
•  High capture efficiency  
•  Automation friendly (no special equipments 
needed) 

•  High initial investment (kits are more expensive 
than array captures) 
•  Not cost-effective for multiple, small-scale 
population genomic projects when distinct target 
sets/design is required 

Pros  

Cons 

Target Enrichment - In-solution-based Exon Capture 

60bp  
unlabeled  
DNA probes 

55-180bp  
biotinlylated RNA/
DNA probes 



•  Cheap (e.g. 5K loci kits cost about $700). 

•  No need for marker selection and probe 
design: 4K loci known to work for birds & 
reptiles, 2-3k loci in mammals, and up to 1k 
loci in amphibians 

•  Shown to be robust for resolving both 
shallow and deep phylogenies 

•  Might not work well for heavily degraded 
samples (historic DNA) since it requires 
genomic libraries with relatively large inserts 
(>500bp) 

Pros  

Cons 

Target Enrichment - Ultraconserved Elements (UCEs) Capture 

•  Mycroarray MYbaits-UCEs kits   

•  RapidGenomics (outsourcing your samples) 



•  Target 500 loci across vertebrates (fewer 
loci for more samples with deeper 
coverage) 

•  Captured genomic fragments contain both 
conserved regions (but not ultra-
conserved) and variable (flanking) regions 
so it is robust for resolving both deep- and 
shallow-phylogenies  

•  A more densely-tiled probes to represent 
several relevant lineages 

•  Collaboration (you send them DNA and 
you get trees back)  

•  Technical and bioinformatic pipelines not 
available (?) 

Pros  

Cons 

Target Enrichment- Anchored Hybrid Enrichment (AHE) 

http://anchoredphylogeny.com/training/ 

Center for anchored phylogenomics 



•  Low cost 

•  Very high enrichment efficiency  

•  Highly robust for both shallow and deep-
level phylogenies (up to 200 loci with 
hundreds of samples) 

•  Biotinylated baits are easy to re-generate 
and once generated, they can be used for 
many projects 

Pros  

Cons 
•  Prior knowledge for the PCR loci (a lot 
of primer design)  

•  Labor-intensive for doing and optimizing 
a lot of independent PCR reactions    

Molecular Ecology Resources (2014) 14, 1000–1010 

Bait Prep Library Prep 

Hybridization 

Diverse PCR products 
Genomic DNA 

Target Enrichment- Sequence Capture using PCR-
generated Probes (SCPP) (home-made) 

This technique is developed by a group for MVZ 
researchers, mainly led by Josh Penalba, Lydia Smith et al.  



•  Work effectively for enriching genomic 
DNA from ancient specimens that 
contain very low levels of endogenous 
DNA (<1%) 

•  The depleted (environmental) DNA can 
be sequenced for metagenomics analyses.  

Pros  

Cons 

•  Not necessary for modern DNA samples 

•  Not feasible for organisms with extremely 
low complexity genomes and/or large 
genomes  

Target Enrichment - Whole Genome In-Solution Capture 

By Josh Penalba 

In-house or commercial (Mybaits) 



Other types of genome reduce representation methods 

•  Reduced-Representation libraries (RRLs) 

•  Complexity Reduction of Polymorphic Sequences (CRoPS) 

•  Genome Reducing and Sequencing (GGRS) 

•  Molecular Inversion Probes (MIPs) 

•  Connector Inversion Probe (CIPs) 

•  SNP genotyping  



Visit us at the CGRL and we can provide 
consultations for your project design 

Too many options? 



Choosing a right approach for your project …… 
-  It depends on your questions: 
•  Population genetic parameter estimate (thetas, structure, hybridization, gene flow, change in Ne, etc.): RAD, GBS, 
exon capture 
•  Selection on protein evolution: RNAseq, exon capture  
•  Both demography and selection: exon capture (exons + introns) 
•  Other population genetic applications (admixture mapping, constructing linkage map, associations, phylogeography, 
etc.): RAD, GBS, exon capture   
•  Larger number (>10,000) of phylogenetic markers: RNAseq, exon capture, (RAD if shallow divergence)  
•  Small number (100s) of phylogenetic markers: Amplicon sequencing, AHE, SCPP, UCEs  

- It depends on the quality and quantity of the DNA 
•  Low quality (heavily degraded) DNA: All hybridization-based methods  
•  Low quantity (e.g. a few nanograms): nextRAD; certain library prep protocols for sequence captures/RAD  

-  It depends on the desired sample size (S) + target size (T) 
•  Large S + large T: exon capture, RAD, GBS 
•  Large S + small T: Amplicon sequencing, AHE, UCE, PEC, SCPP, RESTseq 

-  It depends on your budegt 
•  Expensive: All commercial in-solution exon capture kits 
•  Cheap: All RAD/GBS variants, SCPP, array-based exon capture, UCEs etc. 

-  It also depends on the genome size/composition, availability of  reference resources, the 
timeline for getting the project finished, experience and support in lab and 
bioinformatics…… 



A General Workflow for de novo Exon Capture 



1. Target selection and probe design 

2. Library preparation and multiplexing 

3. Exon capture experiments 

4. Post-capture quality control 
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A General Workflow for de novo Exon Capture 



 Genomic Resources 

“Non-model organisms”: no pre-existing, closely related genome resources 

Capture efficiency vs. sequence divergence 

The level of coverage starts to decrease 
rapidly when the divergence becomes greater 
than 5%. Bi et al. 2012. BMC Genomics  

Designing exon captures 
using divergent reference can 
reduce enrichment efficiency  



One individual 

 Develop de novo Genomic Resources for Population 
Genomic Projects 



 Develop de novo Genomic Resources for Phylogenomic 
Projects 



Initial Filtering on Candidate Target Loci 

•    Repeat masking (hard & soft)  

•    Remove regions with extreme G/C 
content 

•    Unique markers in target sets 

•    Length cutoff 

•    Positive (targeted loci) and negative 
(No-target) controls for qPCR assessment 

•    A short mitochondrial locus 

for evaluating empirical error rates 

DO NOT include a long mt locus 
unless it is of particular interest!    

Bi et al. 2012. BMC Genomics  



Tiling probes 

Genome reference 

      intron                         exon                               intron                            exon                          intron                 

     Transcriptome reference 

Unknown Exon-
intron 
boundaries 

Exon-intron 
boundaries 
defined 

Probe Design from One Reference (Population Genomic 
Projects) 



Probe Design from Multiple References (Phylogenomic 
Projects)  
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Exon capture with pooled, divergent baits to maximize 
enrichment of genetically divergent DNA libraries  



Sequence Capture Edge Effect 

In order to improve 
the coverage at the 
edge of exons and 
adjacent flanking 
introns or UTRs:  
probes can be more 
densely tiled at the 
edges of each exonic 
locus 
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2. Library preparation and multiplexing 

3. Exon capture experiments 

4. Post-capture quality control 
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Custom Genomic Library Preparation 

Cold Spring Harb Protoc, 2010 pdb.prot5448. 

Protocol 

Single barcode 





Note: Recent trials suggest that the enzymes for the blunt ending reaction can be halved  
or even quartered without any ill-effect on the subsequent adapter ligation. This would drop 
reagent costs below $10/library.  

Note: All costs given here and in all other slides are inclusive of sales tax, shipping, EGL  
overhead, etc. and provide the final researcher cost for that item. Provided by the EGL 

manager  
Lydia Smith 



Meyer & Kircher Library Preparation Protocol 

•   Cost effective 
•   Robust for multiplexing 
•   Low input DNA (200 ~ 500 ng) 

•  The ligation of regular (long) Illumina 
adapters prior to exon capture that are 
more prone to binding DNA fragments 
that do not belong to the target region 
(daisy chaining) during hybridization  
•  Barcode blocking oligos (HPLC) that 
are needed to block each barcode adapter 
are expensive  

Pros  

Cons 

Daisy-chaining 





  Uses short (33&34bp) adapters with internal barcodes. Barcode is 
directly ligated to the blunted 5’ DNA fragment and become a part 
of the internal sequence. No need to add barcode-specific blocking 
oligos in hybridization because adapter sequences are the same for 
all individual libraries. 

  Shorter adapters are less prone to daisy chaining in capture 
experiments (23% vs 74% capture efficiency using long vs short 
adapters!).   

  The use of internal barcode will reduce the “effective length” of 
each read 

Pros  

Cons 



  With-beads cleanup during the library prep, which 
minimizes the loss of DNA samples at each step (80-90% 
recovery rate compared to 50-60% using standard protocol). 

  It saves so much time in the cleanup steps when you work 
with many samples simultaneously! 

  Ideal for low quantity input DNA (e.g. historic DNA). 

Pros  



1. Target selection and probe design 

2. Library preparation and multiplexing 

3. Exon capture experiments 

4. Post-capture quality control 
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Protocol for Microarray-based Exon Capture 

Nature Protocol  2009 4:960-974.  

  Follow the protocol from 
Step 29 – Step 61 

  Especially pay attention to 
the critical steps 

  Read table 2 (trouble 
shooting) 

  Practice on chamber 
assembly and syringe 
extraction several times 
before real experiments  

Tips 



NimbleGen SeqCap EZ Developer kits   Testing PCR tubes for 
evaporation  

  Follow the protocol from 
Chapter 5 “Hybridizing the Sample 
and SeqCap EZ Libraries” to 
Chapter 7 “Amplifying Captured 
Multiplex DNA Sample” 

  Read carefully each step of the 
protocol before doing the captures. 
During the experiment you have to 
proceed fairly quickly at some steps  

  Post-capture amplification: 
different PCR primers are used for 
custom library preparation (e.g. IS5 
& IS6  for Meyer & Kircher 
protocol). 

Tips 

Protocol for In-solution-based Exon Capture (commercial) 



  In post capture enrichment PCR, there is a high probability of barcode swapping 
especially after PCR reaches saturation – short adapters can act as primers that may 
anneal to adapters containing different barcodes.  Solution: amplify as few cycles as 
possible and never let your PCR reach plateau.  

  To figure out how many cycles are needed – qPCR or quick PCR tests.   

Nanodrop readings:  
12 cycles: 12ng/ul 
13 cycles: 19ng/ul 
14 cycles: 28ng/ul 
15 cycles: 35ng/ul 

choose 12 or 13 cycles 

Post Capture Enrichment PCR – Avoid Over Amplification! 
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Measuring Enrichment Efficiency using qPCR 

qPCR Primer Design: 

• Include 5 positive control and 2-3 negative control loci in your design 

• 100-150bp segment of positive controls  and negative controls  

• Target the central regions 

• Tm = 60ºC  

• GC% 40-60 

• Make sure to test your primers before exon capture experiments  

qPCR assays is used to estimate relative fold enrichment by measuring the 
relative abundance of target loci (positive controls) and non-target loci (negative 
controls) in pre-capture sample library and post-capture libraries. These assays 
are an inexpensive way to determine whether the capture was successful prior 
to sequencing. 



Targeted locus Non-targeted locus 

Post-capture 

Post-capture Pre-capture 

Pre-capture 

Microarray based exon capture: 4-6 cycles’ difference 
In-solution based exon capture: >8 cycles’ difference  

Targeted loci: 

Measuring Enrichment Efficiency using qPCR 

qPCR assays is used to estimate relative fold enrichment by measuring the 
relative abundance of target loci (positive controls) and non-target loci (negative 
controls) in pre-capture sample library and post-capture captured multiplex 
DNA. These assays are an inexpensive way to determine whether the capture 
was successful prior to sequencing. 



Performance of Transcriptome-based Exon Capture in a Case 
Study (Array-based) 

  Target exons: 11,975 exons (>200bp) from ~6000 protein coding genes (4Mb) 
  Quality Control: 1) Tamias mt ; 2) Ground squirrel SRY gene (Y-linked) 
  qPCR: 7 nuclear control nuclear genes 

Illumina HiSeq2000, 100PE, 1 lane for each pooled library    

20 historic T. alpinus 
barcoded libraries 

20 modern T. alpinus 
barcoded libraries 

(1915) 
(2003-) 



Specificity - % cleaned reads mapped to the intended exons 

Sensitivity - % target exons represented by sequence reads  

mean(bp) median(bp) N50(bp) length(Mb) 
Target exons 332 245 308 3.99 

In-target assemblies 715 595 722 7.58 

In-target assemblies = target exons + 
flanking sequences. 



Total target size: 9.32 Mb 
-   ~2000 “candidate loci” in relevant pathways;  
-   9774 assembled contigs with baits extended to their flanking regions; 
-  Control loci for contamination and qPCR. 

T.speciosus 

T. alpinus 

T. alpinus 

Historic: N=56  

Modern: N=48  

Historic: N=55  

Modern: N=48  

Historic: N=55  

Modern: N=41 

Yosemite (YNP) 

Southern Sierra 
(SS) 

Stable at Yosemite  

Retracting at Yosemite 

Retracting at southern 
Sierra 

Samples to survey: N = 303 + outgroups 

NimbleGen in-solution capture & sequencing: 
-  Six capture reactions: 1 population/reaction;   
-  Illumina HiSeq2000, 100PE,  6 lanes: 1 population/lane.  

Performance of Transcriptome-based Exon Capture in a Case 
Study (Solution-based) 



Specificity - % cleaned reads mapped to the intended exons 

Sensitivity - % target exons represented by sequence reads  



Average Sequence Depth 
Mean: 28.2X Mean: 24.2X 

Mean: 27.1X Mean: 23.4X 

Mean: 25X Mean: 20.5X 



In-target Assemblies vs. Target Exons 

Total length(Mbp) Mean(bp) Median(bp) N50(bp) 

Original Targets 9.32 512 465 720 

In-target assemblies 20.8 986 880 1135 



Bioinformatics Pipelines for Transcriptome-Based Exon Capture 
•  Data cleanup- trimming for quality, removing adapters, merging overlapping reads, removing duplicates 
and reads sourced from contamination  
•  De novo assembly of reads across multiple individuals using multiple k-mers 
•  Merge contigs across your multiple k-mer assemblies to reduce redundancy  
•  Identify targeted loci in de novo assembly by doing a BLAST search  
•  Align individual reads to the targeted loci assembly  
•  Reconstruct orthologous loci (phylogenomics) and call variants (population genomics) 
•  Data filtering 
•  Population genomic and phylogenetic analyses  

Pipeline repositories: 
- de novo transcritome assembly, annotation, and marker selection  
https://github.com/MVZSEQ/denovoTranscriptomeMarkerDevelopment 
-  de novo exon captue data analyses for population genomics  
https://github.com/MVZSEQ/denovoTargetCapture 

Pipelines under development 
-  de novo exon captue data analyses for Phylogenomics 
-  UCE data analyses for Phylogenomics 
-  PopGenTools: Population genomics analyses using ANGSD & ngsTools 
-  RADTools  


