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Expression Analysis
The expression pattern of MYB like transcription
factors was first determinized in A. majus (right).
Using a combination
of in situ hybridization
and RT-PCR, we
determined the
expression pattern
for each ortholog in
Costus spicatus
and Musa basjoo.

Zygomorphy has arisen independently multiple times throughout the angiosperms, and is often associated with increased diversification and more exclusive
pollinator relationships. While the genetic regulatory network for Antirrhinum majus involves single copies of MYB-like transcription factors, zygomorphy has
evolved independently in the Zingiberales and involves multiple orthologues of each of these transcription factors.

In this study, we investigate the evolution of the MYB-like transcription factors RADIALIS (RAD) and DIVARICATA (DIV). By applying a combined systematic,
transcriptomic, and expression analysis approach, we are able to determine the role of these MYB-related genes in the evolution and development of
zygomorphy in the Zingiberales.

Elucidating the roles of MYB-related transcription 
factors in Zingiberales Zygomorphy.

Heather Phillips [1], Riva Bruenn [2], Jacob Landis [3], and Chelsea Specht [4]

Musa basjoo
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Costus spicatus

RAD1

DIV1

RAD2

DIV3

RAD1 is expressed in the 
floral tube and free petal, 
directly complementing 
RAD2 expression.

DIV 1 and 3 are universally 
expressed in flowers

DIV 1 and 3 are universally 
expressed in flowers

RAD1

DIV1

RAD2

DIV3

RAD1 expression is primarily 
in the dorsal petals. No 
RAD2 expression was 
detected in flowers.

Tissue Culture
Stable callus development is being explored with ongoing tissue cultures in Costus spicatus, Canna indica and Zingiber officinale. Explants were
originally transferred to solid establishment media, then liquid proliferation media once stable. Once stable, transformable callus tissue has
been developed, knockout lines targeting RAD and DIV orthologs will be developed in order to observe noticeable phenotypes produced by a
loss of function within the zygomorphic development pathway.
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Monocot level RAxML phylogeny of RAD-like genes. 
Duplications appear to have occurred both prior to 
and after the diversification of monocots.

Branch labels represent bootstrap support out of 
100, and Scale bar indicates predicted substitutions 
per site. Brassicales RAD-like sequences were used 
as an outgroup. 

Ancestral Duplication Event
Prior to monocot diversification, a RAD-like
duplication event occurred, allowing for a
minimum of two RAD-like orthologues in
monocot species.

Blue text = sequence 
amplified by RT-PCR

RAD2-like Duplications
At least one duplication of the RAD-2-like has
occurred, giving rise to several monophyletic clades
within the Zingiberales and allowing for the
amplification of multiple RAD2-like paralogues.

A duplication prior to Poales diversification resulted
in a RAD2a and RAD2b-like clade in this group.
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Figure 4: RAxML phylogeny of monocot DIV-like genes, with Brassicales sequences used as 
an outgroup. Branch labels represent bootstrap support out of 100. DIV-like genes amplified 
by RT-PCR are highlighted in green. Scale bar indicates predicted substitutions per site. 

The Evolution of DIV

Monocot level RAxML phylogeny of DIV-like genes. 
Monocots appear to have a single DIV-like copy,
with lineage specific duplications thereafter. 

Branch labels represent bootstrap support out of 
100, and Scale bar indicates predicted substitutions 
per site. Brassicales DIV-like sequences were used 
as an outgroup.

Green text = sequence 
amplified by RT-PCR

Poales Specific Duplication
A lineage specific duplication after the
diversification of monocots generated two
copies of DIV-like transcription factors
within the Poales.

Zingiberales Specific Duplications
DIV3 forms a paraphyletic group, indicating either a
family specific duplication or a lack of sequence data
for all DIV-like copies in the species studied.

The phylogeny shows moderate support for the
monophyletic clades DIV1 and DIV2, indicating a
lineage specific duplication event.

Transcriptomics
Previous transcriptomics work in Costus, Canna, and Musa has yielded a wide range of short read, Illumina datasets, but no complete floral or
vegetative transcriptome for these species. We generated long reads using Oxford-Nanopore sequencing, and combined them with published
Illumina data using Trinity and SPAdes to produce a complete floral and vegetative transcriptome for each species. BLAST searches using
known DIV and RAD sequences from each species are being used to identify additional copies of DIV and RAD and determine whether or not
they are expressed in the floral tissue.

Basecalling
Guppy

Trim & 
Demultiplex

Porechop

Error 
correction

FMLRC

Hybrid 
Assemblies

SPAdes

Hybrid 
Assemblies

Trinity

Hybrid Assemblies Improve Illumina data

Trinity versus SPAdes Hybrid Assembly Performance

Illumina only Trinity

Hybrid Trinity

Illumina only: 
125,581 contigs
N50 = 1,834

Hybrid
65,482 contigs
N50 = 1,624

Trinity

SPAdes

Trinity
65,482 contigs
N50 = 1,624

SPAdes
66,998 contigs
N50 = 1,674

Protein clusters

Protein clusters

The Evolution of RAD
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 	Figure 5: RAxML phylogeny of monocot RAD-like 
genes, with Brassicales sequences used as an outgroup. 
Branch labels represent bootstrap support out of 100. 
RAD-like genes amplified by RT-PCR are highlighted in 
blue. Scale bar indicates predicted substitutions per site. 
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Lineage Specific Duplications
Lineage specific duplications after
monocot diversification explain the RAD2
and RAD3-like clades in the Zingiberales.
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• What are SNPs and why do we want to call them?

• What data can be used for calling SNPs?

• Approaches to calling SNPs (CyVerse Discovery Environment)

• Setting up for downstream applications (CoGe)
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Before we get started…What is SNP analysis?

• At its simplest it is Single Nucleotide Polymorphism

• Why is this important?
• Most common genetic variation
• Can be linked to phenotype, environment, or heredity

• What is the basic workflow?

Fastq Align/Assemble Find variants Filter
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When I think of SNP analyses

Coalescent tree Structure/Admixture

GWAS

PCA
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When I think of SNP analyses

Coalescent tree Structure/Admixture

GWAS

PCA

These are the goals but to get 
there takes work … which is 

what we are going over today



Evolutionary Relationships

• Which is better to use, SNPs or orthologous genes?
• I think it depends on the question of interest and the scale 

interested in
• Very fast changing nucleotides may hide the true 

signal in deep relationships
• Coverage needed for high confidence differs
• Orthologous genes 20-50x coverage; SNPs ~6x for 

homozygous sites and 15x for heterozygous sites
• Inclusion of invariant sites?
• Necessary for appropriate branch lengths and summary 

statistics for both



Investigation Gene Flow

• Can estimate the best number of 
ancestral populations
• Identify individuals that are genetically 

similar and visualize differences where 
they occur
• Are individuals that are geographically 

close genetically similar?
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Genome Wide Association

• Scan markers to look for association with SNPs 
and phenotypes of interest
• Considerations – normalize phenotype data, 

quantitative continuous data, make sure sample 
size is large enough, fairly dense sampling of SNPs
• Most methods are designed for reference 

genome data
• Low number of contigs/chromosomes
• de novo aspects have issues with LD and lack of 

coverage across the genome
Cortes et al. 2021; Plant Genome



Options for generating SNPs

• Many factors go into deciding 
the most appropriate option
• Different levels of 

investments in terms of wet 
lab and bioinformatic
• Size of genome, number of 

individuals, how much of the 
genome do you need to 
sequence, and ultimate goal
for analyses Modified from Dodsworth et al., 2019

Yes



RAD-Seq

• Pros
• Reduced representation of the genome; higher coverage in 

sequenced libraries
• Allows for sequencing more individuals, especially with 

large genomes
• Cheaper than other methods, around $15 per sample
• Do not need a reference genome but this helps

• Cons
• Do not get the whole genome, so may be missing things
• Hard to integrate data sets unless they use the same 

enzymes
• Biases between species and/or degraded samples if 

mutations are in the enzyme cut site



RAD-Seq Comparisons

Andrews et al. 2016



RNA-Seq and Hyb-Seq

• RNA-Seq
• Only get genes expressed in a particular tissue at a particular 

time
• Lots of coverage for sequenced loci
• Phenotypic differences may not be linked to the sequence of 

the coding region but in the promoter region; would miss this 
change

• Hyb-Seq
• Probe sets can be expensive and need to have reference 

sequence
• Can generate probe sets to capture the full exome of a species
• Do not cover the entire genome, but greater depth at regions 

sequenced Dodsworth et al. 2019



Genome Resequencing

• Preferred method in most studies but not 
always possible
• Covers the entire genome
• Silica dried or old tissues works just fine, 

usually needs to be sheared anyway
• Does not involve any special library prep such 

as enzymes or probes
• Need a reference genome to align reads
• Not feasible for large-genome species (over 1 

GB) even though sequencing costs are always 
going down

Fuentes-Pardo and Ruzzante 2017



CyVerse Discovery Environment

• Point and click option
• Does not require 

knowledge of command 
line
• Works great for small 

data sets, but will need 
more resources for large 
projects
• Often do not have full 

functionality of all 
options



de novo RAD-Seq

• Basic CTAB or similar DNA extraction

• Lots of options for enzymes with different frequency 
of cut sites

• Silica dried material works great

• Herbarium samples or degraded samples can work

• iPyRad or Stacks

Beck and Semple, 2015

Change over time



de novo RAD-Seq

• Stacks denovo_map.pl script -> specify fastq files and population map

• Assembles loci in each individual and allows specification of number 
of nucleotide differences to define a locus, then assembles a catalog 
of all loci, then matches each sample to catalog for SNP calling

Stacks user manual



de novo RAD-Seq input

~/stacks/2.X/bin/denovo_map.pl --samples fastq_files/ --popmap population_map.txt -o 
de_novo_wrapper/ -T 8

nohup.out &

Example population map - populations Example population map - individuals

Calling the program input input

output additional options



Reference based RAD-Seq

• Wet lab preparation same as for de novo approach

• Need to have some form of reference genome to map reads to

• Helps make sure nonhomologous loci are not collapsed

Dou et al. 2011



Does a reference genome help?

Even a poor draft genome increases the ability to call SNPs 

de novo       Nanopore Illumina Hybrid

5,903 50,723 203,143 258,958
2,188 4,976 8,660 15,533

Genome
Assembly

Adriana
Hernandez

Calochortus
venustus
Estimated 
genome size 
of 5.5 GB 

Raw
Filtered

397 MB
N50= 14,352 bp

3 GB
N50= 220 bp

4.3 GB
N50= 377 bp

SNPs



Does a reference genome help?

• For many analyses having an 
outgroup is helpful if not necessary

• If the outgroups are quite distinct 
genetically calling SNPs in de novo
framework may leave them out

• Some concern that using a 
reference my lead to some bias

Outgroup Ingroup

de novo de novoreference referencede novo reference de novo reference
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• Assemble your own using short- and long-read 
sequencing data 

• Organized a collaborative workshop covering genome 
assembly and annotation at Botany 2020 

https://github.com/bcbc-group/Botany2020NMGWorkshop

How do I get a reference genome?

Susan Strickler

Fay-Wei Li

Andrew Nelson

For a 1GB genome

https://github.com/bcbc-group/Botany2020NMGWorkshop


Reference based RAD-Seq

• Map reads to reference
• refmap.pl -> specify bam files and population map

• Take aligned reads and calling SNPs in each locus, then make catalog 
and match loci based on genomic location not sequence similarity

Stacks user manual



Reference based RAD-Seq code

~/stacks/2.X/bin/ref_map.pl --samples sorted_bam_files/ --popmap population_map.txt -o 
ref_wrapper/ -T 8

nohup.out &

Example population map - populations Example population map - individuals



Read mapping is often overlooked

• Many different options for mapping genomic data to a 
reference include BWA MEM, minimap2, bowtie, etc.

• “the portion of reads that can be mapped is one factor, 
but not necessarily the most appropriate one”

• BWA MEM often performs the best in comparisons

• To save computation space, convert SAM to BAM

http://merenlab.org/2015/06/23/comparing-different-mapping-software/ Otto et al., 2014



BWA MEM code

• Need to index the fasta file first to specify genetic coordinates

• Map reads from each sample to the reference using Read Group(RG) 
information for easy identification of samples
• ID: is unique identifier of the samples
• SM: is the sample name
• PL: is the sequencing equipment
• PU: is the run identifier
• LB: is the library count

bwa index Genome_assembly.fasta

bwa mem -t 8 -R "@RG\tID:Sample1_A01\tSM:Sample1\tPL:HiSeq\tPU:HTNMKDSXX\tLB:RNA-
Seq" Genome_assembly.fasta Sample1_R1.fastq.gz Sample1_R2.fastq.gz > Sample1.sam

Genome Forward Read Reverse Read SAM file as output



Hyb-Seq and Genome resequencing

• No shortage in available 
programs or comparisons 
between programs
• Differences include maximum-

likelihood vs Bayesian
• Haplotype vs site based

Yao et al., 2020

Commonly used programs

Bourke et al., 2018



Which SNP caller to use?
• All SNP callers are NOT created equal
• FreeBayes, GATK, and Samtools/mpileup

had the lowest number of missed calls
• FreeBayes, VarScan and VarDict were 

most sensitive to unique calls
• High sensitivity could result in a higher false 

positive rate

• Testing for true positives 
Samtools/mpileup called 81%, while GATK 
called 78.1% and FreeBayes called 77.7% 

Yao et al., 2020

True Positive SNP Calling Rate



Which SNP caller to use?
• All SNP callers are NOT created equal

• In many comparisons BWA MEM + GATK 
found to be the best for most genomes

• For complex genomes such as the large, 
polyploid wheat genome, BWA MEM + 
Samtools/mpileup is recommended

Yao et al., 2020



GATK
• GATK Best Practices: https://gatk.broadinstitute.org/hc/en-

us/sections/360007226651-Best-Practices-Workflows

https://gatk.broadinstitute.org/hc/en-us/sections/360007226651-Best-Practices-Workflows


GATK code

• Prep the reference similar to how we did for BWA MEM

• Each sample that was mapped to the genome will need to be indexed 
then call SNPs and indels via local re-assembly of haplotypes

gatk CreateSequenceDictionary -R Genome_assembly.fasta -O Genome_assembly.dict

samtools faidx Genome_assembly.fasta

samtools index Sample1.bam

gatk HaplotypeCaller -R Genome_assembly.fasta -I Sample1.bam -O 
Sample1.g.vcf.gz -ERC GVCF



GATK code continued

• We technically have now called SNPs on each sample but only the 
variants for each sample individually
• We want a file representing all individuals and all variants
• Need to combine the files and the do joint genotyping

gatk CombineGVCFs -R Genome_assembly.fasta -V samples.list --output 
All_samples_combined.g.vcf.gz

gatk GenotypeGVCFs -R Genome_assembly.fasta --variant 
All_samples_combined.g.vcf.gz --output All_samples_variants.vcf.gz



Resulting file - Variant Call Format
Formatting 
and info 
about what is 
included for 
each score

Each contig 
and how big 
they are

Each line is a 
variant, each 
column is a 
sample

More info: https://samtools.github.io/hts-specs/VCFv4.2.pdf

https://samtools.github.io/hts-specs/VCFv4.2.pdf


GATK CyVerse Discovery Environment

• Limited resources: 8 CPU and 16 GB RAM

Start



Possible issues with GATK

• Can be a difficult program to learn, however 
there is an extensive and active  discussion board 
and tutorials available

• Scalability – Using more threads/processors 
doesn’t always speed up analyses

• Version issues are real
• When updates come out, some commands change 

with little documentation
• Need to look at the updated tutorials from the Broad 

Institute

Heldenbrand et al., 2019



Filtering data

• VCFtools
• Easy to implement; not very picky on specific formatting
• Limited to options, but a clear user manual
• Can be slow on large data sets (hundreds of taxa and millions of 

SNPs)
• Cannot handle polyploid data

• BCFtools
• Harder to implement for basic filtering, but more powerful
• Much faster with large data sets and can handle polyploid data
• Actively supported and distributed alongside Samtools

• GATK methods: https://gatk.broadinstitute.org/hc/en-
us/articles/360035890471-Hard-filtering-germline-short-
variants

https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-filtering-germline-short-variants


VCFtools code

• If you wanted to keep only sites that were biallelic sites, at most 50% 
missing data, a read depth between 3-30x coverage, and a minor 
allele frequency of at least 5%

• Also very easy to in VCFtools to report read depth for each individual
and percent of missing data

vcftools --vcf original.snps.vcf --max-missing 0.5 --min-alleles 2 --max-alleles 2 --min-meanDP 3 
--max-meanDP 30 --maf 0.05 --recode --recode-INFO-all --out Filtered_SNPs

vcftools --vcf Filtered_SNPs.recode.vcf --depth
vcftools --vcf Filtered_SNPs.recode.vcf --missing-indiv

Filtering parameters percent missing data
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CoGe (Comparative Genomics)

• Over 54,000 genomes from 
20,515 stored, with most 
available to the public
• Can upload our resulting VCF

file and visualize where the
SNPs occur
• Many other options that can

be done but that is for a 
different workshop



GitHub tutorial with U. gibba

• SNP calling walkthrough available: 
https://github.com/jblandis/AG2PI_SNP_Workshop_May2021
• Incorporates publicly available data using a high-quality 

genome assembly and RNA-Seq data for multiple organ types
• Bladder, leaf, rhizoid, and stem

• Small data set that can be run on a local machine
• Examples for command line and Discovery Environment
• SNP calling using both Stacks and GATK
• Filtering and PCA using SNP data

Utricularia gibba
Humped bladderwort

https://github.com/jblandis/AG2PI_SNP_Workshop_May2021


More Downstream Analyses

https://github.com/bcbc-group/CyVerse_Variant_Analyses

https://github.com/bcbc-group/CyVerse_Variant_Analyses


Conclusions

• Every project may demand a modified SNP calling approach

• Things that may influence your methods may be large genomes, 
polyploidy events, availability and quality of a reference genome

• SNP filtering in some ways is an art; each data set should be explored 
to see what happens when adjusting parameters

• Hopefully this is a good start on the SNP calling journey but there are 
many intricacies to each of these programs along the way
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