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Preliminary program of part of day 1

• Basic introduction to Illumina HTS technology
– Library preparation
– Running on the sequencer
– Illumina BaseSpace – data access and download

• Phylogenomic approaches
– Overview of available methods

• Hybridization-based targeted enrichment
– What it is (intro to method, obtained datasets)
– Enrichment probe development (input datasets, important steps)
– Wet-lab procedure
– Effect of material preservation on Hyb-Seq success

• RADseq vs. Hyb-Seq
– Pros and cons

– hyRAD – a compromise

• Universal vs. group-specific probes
– Angiosperm probes
– Comparisons of probe sets



Basic introduction to Illumina 
high-throughput sequencing 

technology



Next generation sequencing (NGS)

• first generation – Sanger sequencing

• second generation – parallel sequencing of many molecules 
(PCR amplified)

• further generations – single molecule sequencing



Next generation sequencing (NGS)

• massive (many sequences, up to hundreds millions per run)

• parallel (simultaneous sequencing)

• several commercial platforms
• pyrosequencing (Roche/454) – GS FLX, GS Junior

• long reads (500-700 bp)

• high error rate in poly-stretches

• low number of sequences

• Illumina (Solexa) – GA  II, MiSeq, NextSeq, HiSeq

• short reads (75-300 bp)

• high-throughput

• ABI SOLiD, PacBio, Ion Torrent, Oxford Nanopore…



General NGS approach
• library preparation

• random shearing of genomic DNA to the fragments
• sequencing adaptor ligation

• spatial separation of individual fragments
• two „basic“ sequencing options

• sequencing of clonally amplified fragments
• emulsion PCR (emPCR)
• solid-phase amplification

• single molecule sequencing

• immobilization to the surface
• sequencing and data acquisition

• pyrosequencing (Roche/454)
• cyclic reversible termination (CRT) (Illumina/Solexa)
• sequencing by ligation (SOLiD)

• data analysis (analysis of image data, quality control, …)



Illumina technology

• library preparation
• TrueSeq (sonication for DNA fragmentation)

• Nextera (enzymatic fragmentation – transposase)

• solid-phase amplification (bridge PCR)

• sequencing
• cyclic reversible termination (CRT)

• single-end or pair-end sequencing

• 2x25, 2x75, 2x150, 2x250, 2x300…



Solid-phase amplification
(= bridge PCR)

Metzker 2010



Cyclic reversible termination

Metzker 2010

incorporate 
all four 
nucleotides, 
each label 
with a 
different dye

wash, four-
colour imaging

cleave dye and 
terminating 
groups, wash

Top: CATCGT
Bottom: CCCCCC



Illumina BaseSpace
https://basespace.illumina.com

• data from sequencer are send to the cluster
• general quality filtering of clusters

• demultiplexing

• information about your runs and projects
• sample sheet

• read quality overview

• number of reads total and per each sample

• samples download
• FASTQ files (2 per sample if PE)

• data analysis
• many free as well as paid applications



Phylogenomic approaches



• Using whole-genome sequences or a large 
portion of the genome to build a phylogeny, 
using high-throughput sequencing
• whole chloroplast sequences

• hundreds or thousands of genes

• Gene tree – individual evolutionary history of 
a gene

• Species tree – ‘true’ species evolution

• Gene tree/species tree discordance?!

Phylogenomics



Common phylogenomic datasets

Lemmon & Lemmon (2013) 
Annu. Rev. Ecol. Evol. Syst.



Comparison of phylogenomic approaches

Lemmon & Lemmon (2013) 
Annu. Rev. Ecol. Evol. Syst.



High-throughput sequencing in phylogenetics – potential or not?

Potential to greatly increase the amount of 
phylogenetically informative signal in molecular 
datasets

Opens the era of real incongruence

Even massive amounts of sequence data 
do not always result in strongly resolved 
phylogenies



Even high-throughput sequencing data resolve phylogenies 
controversially

Carlsen et al. (2018) Mol. Phylogenet. Evol.



Hybridization-based target 
enrichment



Plant phylogenetics: the advent of HTS from a historical perspective

Plastid genomes

High-copy fractions of 
genomes (genome 
skimming)

Combination of 
genome skimming with 
target enrichment

?



What are genome skim data?

Mainly this portion is „skimmed“

Straub et al. (2012) Am. J. Bot.



Plastid genomes

High-copy fractions of 
genomes (genome 
skimming)

Combination of 
genome skimming with 
target enrichment

?

Plant phylogenetics: the advent of HTS from a historical perspective



Hybridization of baits to genomic library
(100-500 ng DNA of genomic library,
tested with a minimum of 9 ng per sample in
a 24plex reaction)

e.g., Cronn et al. (2012) Am. J. Bot.; Lemmon et al. (2012) Syst. Biol.; Weitemier et al. (2014), Appl. Plant Sci.

Hyb-Seq (combination of target enrichment and genome 
skimming): general workflow

In this step target 
enrichment is 
combined with 
genome skimming.

Genomic library preparation
(5 ng – 1 µg DNA,
partly degraded DNA also works)

Custom probe design

Bait synthesis
(usually outsourced to company)

Sequencing of enriched targets (e.g., nuclear exons)
and off-target sequences (mainly plastome and
nrDNA cistron)

Data analysis



Comparison Hyb-Seq with genome skimming
(for the same accession of an Oxalis obtusa)

# on-target, 
quality-filtered 
reads after 
duplicate 
removal

# plastid reads 
after duplicate 
removal

Mean 
sequencing 
depth of LCN 
genes

Mean 
sequencing 
depth of 
plastome

Hyb-Seq 408,559 (57%) 183,972 (26%) 14 166

Genome 
skimming

659,726 (8%) 1,114,157 (14%) 11 825



Read depth – nrDNA

Mean

 Number of reads  Coverage

 Zingiberaceae 12 462 166

 Globba 6 850 142



Read depth – chloroplast

Mean

 Number of reads  Coverage

 ALL data 26 049 23.41

 Zingiberaceae 23 604 21.34

 Globba 29 877 26.55

 other Zingiberales 42 926 38.20



Buddenhagen et al. (2016) bioRxiv

Hyb-Seq studies often do not
make use of plastid data



Read depth – exons

 min – max  0 – 1032

 mean  33.8

 50% within  19 - 43

 0         25        50       75       100     125      150     175
                           mean coverage per exon



Hybridization of baits to genomic library
(100-500 ng DNA of genomic library,
tested with a minimum of 9 ng per sample in
a 24plex reaction)

e.g., Cronn et al. (2012) Am. J. Bot.; Lemmon et al. (2012) Syst. Biol.; Weitemier et al. (2014), Appl. Plant Sci.

Hyb-Seq (combination of target enrichment and genome 
skimming): general workflow

In this step target 
enrichment is 
combined with 
genome skimming.

Genomic library preparation
(5 ng – 1 µg DNA,
partly degraded DNA also works)

Custom probe design

Bait synthesis
(usually outsourced to company)

Sequencing of enriched targets (e.g., nuclear exons)
and off-target sequences (mainly plastome and
nrDNA cistron)

Data analysis



Probe design:

• Exons of low-copy nuclear genes

• Intronic regions

Bait synthesis:

• RNA baits

Alternatives (without bait synthesis):

• DNA or cDNA (in hyRAD)

• PCR products

Commonly used in animal phylogenomics:

http://www.ultraconserved.org/

Hyb-Seq probe design



From transcriptomes/genomes, gene expression studies, the literature, or a combination of these sources.

Hyb-Seq (target enrichment) starts with the probe design



A probe design for a non-model plant group as example



Workflow of Sondovač



Input files for Sondovač: 1) transcriptome
The 1KP initiative as source for plant transcriptomes



Plant phylogeny based on transcriptomes from 1KP was recently published!!

Transcriptomes from the 1KP initiative as a
source for phylogenies

One thousand plant transcriptomes initiative (2019) Nature



Still, this does not mean that there is THE plant phylogeny ...

One thousand plant transcriptomes initiative (2019) Nature



Input files for Sondovač: 1) transcriptome
The 1KP initiative as source for plant transcriptomes

Transcripts in FASTA



https://en.wikipedia.org/wiki/FASTQ_format/

Input files for Sondovač: 2) genome skim data

Genome skim data in FASTQ



Input files for Sondovač: 3) organellar genomes
NCBI organellar database as source



Workflow of Sondovač



Final probe sequences in FASTA



Our pipeline for phylogenetic marker 
development for target enrichment of low-copy 

nuclear genes in southern African Oxalis

utilizing a transcriptome and genome skim data, resulted in

• ca. 5,000 exons ≥120 bp

• >1,000 genes of 600-4,125 bp (mean 968 bp) length



The Curcuma bait design in numbers
 Transcriptome  Curcuma longa

 Genome skimming data  Curcuma ecomata

 Reference genome to remove chloroplast reads
 from the genome skimming data

 Zingiber spectabile

 Reference genome to remove mitochondrial reads
 from the genome skimming data

 Oryza sativa var. indica

 # BLAT scores: transcriptome vs. transcriptome  33,667

 # Unique BLAT scores: transcriptome vs. transcriptome  17,203

 # of exons ≥120 bp detected with a BLAT search
 between the unique transcripts and the genome skimming data

 4,618

 # of genes ≥960 bp  1,180

 # of bp covered by genes of ≥960 bp  1,571,800

Is one bait sequence sufficient for the family Zingiberaceae?



Costaceae

Curcuma longa versus

Renealmia nicolaioides
~ 5%

Curcuma ecomata
~ 0-3%

Costus pictus
~ 12-16%

Sequence divergence between transcriptomes

Bait to genomic library hybridization efficient in case of <15% sequence divergence between baits and library



Introduction to hybrid/target

enrichment/capture and Hyb-Seq

(wet lab)



Hybridization of baits to genomic library
(100-500 ng DNA of genomic library,
tested with a minimum of 9 ng per sample in
a 24plex reaction)

e.g., Cronn et al. (2012) Am. J. Bot.; Lemmon et al. (2012) Syst. Biol.; Weitemier et al. (2014), Appl. Plant Sci.

Hyb-Seq (combination of target enrichment and genome 
skimming): general workflow

In this step target 
enrichment is 
combined with 
genome skimming.

Genomic library preparation
(5 ng – 1 µg DNA,
partly degraded DNA also works)

Custom probe design

Bait synthesis
(usually outsourced to company)

Sequencing of enriched targets (e.g., nuclear exons)
and off-target sequences (mainly plastome and
nrDNA cistron)

Data analysis



Hyb-Seq wet lab overview

probe design

bait design and synthesis 
(MYcroarray MYbaits)

DNA extraction

sonication

library preparation

sequencing data analysis

solution hybridization

Gnirke et al. (2009) Nature Biotechnol.

Illumina MiSeq
2x150 PE



DNA extraction
Invitek Plant Mini Kit

sonication
Covaris S220

1,000 bp

library preparation
NEBNext Ultra Library Kit
gel size selection 400-700

sequencing
Illumina MiSeq, 2x150

BaseSpace demultiplexing

solution hybridization
MYcroarray MYbaits

biotin-streptavidin capture

quantification
Qubit, BioAnalyser

libraries pooling
up to 24plex

PCR enrichment
9-12 cycles

Hyb-Seq wet lab overview in more detail



http://www.neb.com/

Genomic library preparation (example)



http://core-genomics.blogspot.cz/2012/04/how-do-spri-beads-work.html

Size selection – with AMPure XP beads 
(example)



The perfect genomic libraries for Hyb-Seq



Bait hybridization (example)



Figure 1. DNA quality and 
quantity.

(A) Individuals sampled.

(B) Tapestation images of DNA 
from 4 pooled extractions, with 
DIN values listed at base.

(C) Effect of drying method on 
DNA quality and concentration by 
treatment.

Impact of preservation techniques on 
target enrichment success

Forrest et al. (2019) Frontiers Plant Sci.



Figure 3. Reads generated per sample by DNA prep yield, DNA quality, and species. DIN is represented by size of marker, species by color of marker.

DNA quantity and quality does not affect read number

Forrest et al. (2019) Frontiers Plant Sci.



In aging specimens: accumulation of thymine 
bases due to the deamination of cytosine 
increases with time, leading to an excess of C 
to T substitutions toward both ends of the DNA 
fragments.

However, sampling herbarium and fresh 
material of the same individuals separated by 
40–120 years did not find the types of 
nucleotide misincorporation that are associated 
with ancient DNA.



Enrichment efficiency using differently preserved material

Figure 4. The effect of treatment on recovery of bait 
sequence, coverage of baits and length of consensus 
sequence called.

(A) Effect of treatment on percentage of reads mapping to 
baits (blue) and to plastid sequence (red) using BWA.

(B) Read coverage per bait by treatment (x-axis) and by 
species (color of bar).

Forrest et al. (2019) Frontiers Plant Sci.



SNP quality using differently preserved material

Figure 7. Erroneous SNPs by species and treatment.

(A) Percentage of erroneous SNPs by treatment (x axis) and by species (marker color).

(B) Depth and quality of all SNPs called by treatment (x axis) and by species (plot color).

Forrest et al. (2019) Frontiers Plant Sci.



Silica-dried material is the best!!

Brewer et al. (2019) Frontiers Plant Sci.



RADseq vs. Hyb-Seq



For which phylogenetic depth is Hyb-Seq optimal?



For which phylogenetic depth is Hyb-Seq optimal?



RADseq or Hyb-Seq for phylogenies/phylogeographies?

Harvey et al. (2016) Syst. Biol.



Genomic distributions of RADseq loci (blue dots 
above the line) and UCEs (red dots below)

Harvey et al. (2016) Syst. Biol.



Reduction of alleles in target capture and RADseq 
datasets when using stringent sequence similarity

Harvey et al. (2016) Syst. Biol.



Pros and cons:
RADseq or Hyb-Seq for phylogenies/phylogeographies?

Harvey et al. (2016) Syst. Biol.



Lab-work procedure used 
for hyRAD development

Combining the pros and cons of RADseq and Hyb-Seq:
hyRAD

Suchan et al. (2016) Plos One



Universal vs. group-specific probes



Group-specific versus universal probe sets:
a universal angiosperm probe set

Johnson et al. (2019) Syst. Biol.



Sequence recovery for coding and non-coding regions
across 353 loci for 42 angiosperms

Johnson et al. (2019) Syst. Biol.



Length and informativeness of angiosperm vs.
group-specific (here Cyperaceae) probes

Larridon et al. (2020) Frontiers Plant Sci.



Length and informativeness of angiosperm vs.
group-specific (here Cyperaceae) probes

Scatter plot of aligned contig length versus number of parsimony informative sites.

Larridon et al. (2020) Frontiers Plant Sci.



Figure 6 Phylogenetic reconstructions using ASTRAL of the 
relationships in the C4 Cyperus clade inferred for all accessions 
from aligned contigs of

(A) dataset 5, i.e., the loci targeted with the Angiosperms-353 
probes,

(B) dataset 6, i.e., the loci targeted with the Cyperaceae-specific 
kit,

(C) dataset 7, i.e., all targeted loci, and

(D) dataset 8, i.e., the overlapping loci targeted by both kits.

The trees show local posterior probability values and pie charts 
visualizing quartet support values at the nodes (blue = agreeing 
loci; red = disagreeing loci; gray = uninformative).

Species tree robustness using various datasets for
species tree building

Larridon et al. (2020) Frontiers Plant Sci.



Another examples of group-specific versus universal probes

Chau et al. (2018) Appl. Plant Sci.



Figure 1. Allelic frequency patterns found in

(A) diploid, in blue (Dioscorea sylvatica R104),

(B) triploid, in orange (D. alata T38), and

(C) tetraploid, in green (D. communis P06),

models using nQuire.

A target capture-based method to estimate ploidy from 
herbarium specimens

Viruel et al. (2019) Frontiers Plant Sci.
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