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ABSTRACT
LEVERAGING ANGIOSPERM PANGENOMICS TO UNDERSTAND GENOME EVOLUTION
By
Alan E. Yocca
My dissertation work focused on species-level comparative
genomics and pangenomics to describe patterns of genetic
variation. I studied multiple systems and unsurprisingly
discovered different patterns of variation. Within a species,
individuals are genetically diverse. There are some DNA regions
present in every individual (core), while others may be specific
to a single individual or lineage (variable). The sum of the
genetic sequences found across an entire taxonomic group is
called the pangenome. This DNA variation greatly contributes to
observed phenotypic differences between individuals. Therefore,
to understand genome evolution and the link between genotype and
phenotype, we must understand the pangenome. In this work, I
compare the core and variable genetic regions both coding and
noncoding across different flowering plant lineages. I note many
consistent features across lineages as well as ways in which
each pangenomic pattern is unique. These consistencies and
differences can be leveraged in the future to better understand
genome evolution as well as how genotype relates to phenotype.
Specifically, my dissertation includes four chapters; (1)

Evolution of Conserved Noncoding Sequences in Arabidopsis



thaliana, (2) Machine learning identifies differences between
core and variable genes in Brachypodium distachyon and Oryza
sativa, (3) Current status and future perspectives on the
evolution of cis-regulatory elements in plants, and (4) A

pangenome for Vaccinium.
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CHAPTER 1
Current status and future perspectives on the evolution of cis-
regulatory elements in plants
The work presented in this chapter is part of the final
publication: Yocca AE and Edger PP. 2022. Current status and
future perspectives on the evolution of cis-regulatory elements

in plants. Curr Opin Plant Biol 65: 102139.



Abstract

Cis-requlatory elements (CREs) are short stretches (~5-15
base pairs) of DNA capable of being bound by a transcription
factor and influencing the expression of nearby genes. These
regions are of great interest to anyone studying the
relationship between phenotype and genotype as these sequences
often dictate genes' spatio-temporal expression. Indeed, several
associative signals between genotype and phenotype are known to
lie outside of protein-coding regions. Therefore, a key to
understand evolutionary biology requires their characterization
in current and future genome assemblies. In this review, we
cover some recent examples of how CRE variation contributes to
phenotypic evolution, discuss evidence for the selective
pressures experienced by non-coding regions of the genome, and
consider several studies on accessible chromatin regions in
plants and what they can tell us about CREs. Finally, we discuss
how current advances in sequencing technologies will improve our

knowledge of CRE variation.

Full text of this work:

https://doi.org/10.1016/7.pbi.2021.102139



CHAPTER 2
Evolution of Conserved Noncoding Sequences in Arabidopsis
thaliana
The work presented in this chapter is part of the final
publication: Yocca AE, Lu 7%, Schmitz RJ, Freeling M, and Edger
PP. 2021. Evolution of Conserved Noncoding Sequences in

Arabidopsis thaliana. Molecular Biology and Evolution,

38;7:2692-2703.



Abstract

Recent pangenome studies have revealed a large fraction of
the gene content within a species exhibits presence-absence
variation (PAV). However, coding regions alone provide an
incomplete assessment of functional genomic sequence variation
at the species level. Little to no attention has been paid to
noncoding reqgulatory regions in pangenome studies, though these
sequences directly modulate gene expression and phenotype. To
uncover regulatory genetic variation, we generated chromosome-
scale genome assemblies for thirty Arabidopsis thaliana
accessions from multiple distinct habitats and characterized
species level variation in Conserved Noncoding Sequences (CNS).
Our analyses uncovered not only PAV and positional variation
(PosV) but that diversity in CNS is nonrandom, with wvariants
shared across different accessions. Using evolutionary analyses
and chromatin accessibility data, we provide further evidence
supporting roles for conserved and variable CNS in gene
regulation. Additionally, our data suggests that transposable
elements contribute to CNS variation. Characterizing species-
level diversity in all functional genomic sequences may later
uncover previously unknown mechanistic links between genotype

and phenotype.

Full text of this work: https://doi.org/10.1093/molbev/msab042




CHAPTER 3
Machine learning approaches to identify core and dispensable
genes in pangenomes
The work presented in this chapter is part of the final
publication: Yocca AE and Edger PP. 2022. Machine learning
approaches to identify core and dispensable genes in pangenomes,

Volume 15, Issue 1.



Abstract

A gene in a given taxonomic group is either present in
every individual (core) or absent in at least a single
individual (dispensable). Previous pangenomic studies have
identified certain functional differences between core and
dispensable genes. However, identifying if a gene belongs to the
core or dispensable portion of the genome requires the
construction of a pangenome, which involves sequencing the
genomes of many individuals. Here we aim to leverage the
previously characterized core and dispensable gene content for
two grass species [Brachypodium distachyon (L.) P. Beauv. and
Oryza sativa L.] to construct a machine learning model capable
of accurately classifying genes as core or dispensable using
only a single annotated reference genome. Such a model may
mitigate the need for pangenome construction, an expensive
hurdle especially in orphan crops, which often lack the adequate

genomic resources.

Full text of this work: https://doi.org/10.1002/tpg2.20135



CHAPTER 4
A pangenome for Vaccinium macrocarpon (cranberry)

Abstract
Vaccinium macrocarpon (Aiton; cranberry) 1is a native crop to
North America and has a relatively short domestication history
of less than 200 years. Therefore, characterization of the
cranberry breeding gene pool promises to accelerate breeding
efforts. Here, we characterize that gene pool in the context of
a pangenome. Individuals in a population are genetically
diverse. A single reference genome is not sufficient to capture
every gene segregating in the population. The sum of all this
genetic diversity is termed the pangenome. We find the pangenome
of cranberry shows patterns consistent with earlier studies in
plants. Furthermore, the pangenome uncovered tens of thousands
of novel genes previously undiscovered in the reference genome
that may be leveraged in the future for cranberry breeding.
Introduction

Vaccinium macrocarpon (Aiton; cranberry) is a member of the
Heath family (Ericaceae) which contains blueberry. It is a
diploid native to North America and has been cultivated since at
least 1810 (Hancock et al., n.d.). Cranberry is a high wvalue
crop, and since its domestication history is much shorter than
other crops, there is unexplored breeding potential for this

species.



Within a species, individuals are genetically diverse.
Sequencing a single reference genotype is insufficient to
recover all genetic diversity in a group (Golicz et al. 2020).
This was recognized in microbial studies; sets of genes are
either found in every member of a population (core) or absent in
at least a single individual (dispensable). We choose to refer
to dispensable genes as variable genes. Though absent in some
individuals, variable genes if lost in combination can be lethal
due to either redundancy or epistatic interactions (Marroni,
Pinosio, and Morgante 2014). The sum of all core and variable
genetic components was termed a pangenome first by Tettelin in
2005 (Tettelin et al. 2005). Since then, several pangenome
studies have been conducted in plants such as Brachypodium
distachyon, Brassica napus, soybean, rice, and strawberry
(Gordon et al. 2017; Hurgobin et al. 2018; Li et al. 2014; Wang
et al. 2018; Qiao et al. 2021). These studies and others
produced many consistent and some inconsistent results.

Consistently, core genes are enriched for “housekeeping”
functions, or essential metabolic processes such as glycolysis.
Variable genes are often enriched for conditional functions. In
Brassica oleracea, variable genes are strongly enriched for
defense response (Golicz et al. 2016). In Brachypodium
distachyon, variable genes are enriched for development and

defense (Gordon et al. 2017). Variable genes often display



signatures of elevated sequence turnover and relaxed selection

and are shorter relative to core genes (Yocca and Edger 2022).
Inconsistent findings are most often the proportion of core

and variable genes with the focal taxon. This value ranges from

33
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to 80%. For example, about 80% of genes in Oryza sativa are
core, while in Maize, about 60% are variable (Q. Zhao et al.
2018; Hirsch et al. 2014). For a table collecting the proportion
of core genes across several plant pangenome studies see (Golicz
et al. 2020). The specific factors controlling the proportion of
variable genes are unknown, but life history and representative
divergence likely play a role (Tao et al. 2019). Lei et al.
propose rates of structural variation are key to pangenome size
(Lei et al. 2021). For Vaccinium macrocarpon, we expected a
relatively high proportion of core genes within sub groups due
to limited representative divergence time.

Characterization of variable genes is crucial to maximize
the value of a breeding program. Genes underlying important
traits are often variable. Structural variants can be strongly
associated with phenotypes (Tao et al. 2019; Yao et al. 2015;
Zhou et al. 2015). GWAS studies uncovered several more candidate
loci controlling traits of interest when using a pangenomic
framework. Specifically in pigeon pea, GWAS uncovered a gene
associated with seed weight that was absent in the reference

genome (J. Zhao et al. 2020). Also, Song et al leveraged PAV



information from eight reference quality Brassica ecotypes to
perform a GWAS and identify transposable element insertions
associated with flowering time a silique weight (Song et al.
2020) . This illustrates the translational impact of extending
analyses beyond reference genome frameworks.

In this chapter, we assemble ten novel genome sequences for
ten diverse cranberry genotypes. In conjunction with a
previously published reference, we develop a pangenome for this
species. We explore the differences between core and variable
genes. This resource can be leveraged in the future to improve
cranberry breeding programs.
Results
Selection of accessions, sequencing, assembly, and annotation

We selected eleven Vaccinium macrocarpon (Aiton; cranberry)
genotypes to construct a pangenome for this species. The
reference genotype, Stevens, was published previously (Diaz-
Garcia et al. 2021). Ten additional accessions were selected
based on genetic marker analysis to capture the greatest amount
of genetic diversity (data not shown). Accessions were sequenced
to an average depth of 110X (Table S1). Genomes for each
accession were assembled using a hybrid de novo and reference
based method. RNA sequencing data was also generated for leaf
and berry tissue for the ten non-reference accessions. Our ten

non-reference accessions were annotated using MAKER. The ten
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non-reference accessions were annotated with an average of
27,856 genes. This is more than the 23,532 in the reference
accession. This slight annotation difference should not affect
our results as we analyze mostly accession-wide patterns of core
and variable genes.

We aligned the eleven cranberry genomes using Progressive
Cactus (Armstrong et al. 2020). This alignment was used in
conjunction with Orthofinder?2 to identify core and variable
genes in the V. macrocarpon species (Emms and Kelly 2019).
Orthofinder2 will often identify members of the same gene family
as orthologous. We wanted stricter criteria for core gene
identification to allow direct comparisons of orthologs between
accessions to study species-level divergence rather than gene
family divergence at deeper timescales. Therefore, we filtered
out of the Orthofinder2 results and match lacking a proximate
alignment from our Progressive Cactus results.

As annotations and genomes were available for all eleven
cranberry genotypes, we could label every gene (302,090 total)

as core or variable. We find an average of 14,553 core genes and
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12,910 variable genes per accession for an average of 53% core

genes per accession (Figure 1).

Core and variable gene counts
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Figure 1 Core and variable gene counts across each cranberry
genotype
A mirrored bar plot showing the number of core genes (above;
pink) and the number of variable genes (below; grey) for each of
eleven cranberry genotypes.
Pangenome modeling

We wanted to model the size of the V. macrocarpon core and
variable pangenome. The only way to capture all species-level
genetic diversity is to sequence every individual. As our
collection is only a sample, we need to model the true size of
the pangenome. Figure 2 shows our model of the core and variable

pangenome. We see overall, there are an average of 14,552 core

genes out of an average of 27,462 total genes per accession
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(53%) . As more genomes are considered, the number of total
variable genes increases. We see the amount of variable genes
added per accession added decreases. Therefore the cranberry
pangenome is considered “closed” where the total number of
variable genes will eventually plateau. As our subsampling has
not completely plateaued, we believe future sampling of
cranberry genomes will uncover greater genetic variation and

more novel variable genes.
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Vaccinium macrocarpon pangenome modeling
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Figure 2 Core and variable genome modeling
A line graph showing a model for the core (pink; circle) and
variable (grey; triangle) pangenome. For each point along the x-
axis, we take every possible combination of that size from our
eleven genome sample and plot the average number of core and
variable genes as a point. The error bars represent plus or
minus one standard deviation of these counts from the mean.
Trend lines were estimated with equations listed in Methods.
What are the differences between variable and core genes
Pangenome studies find consistent trends in the differences
between core and variable genes. We uncover similar differences.
Figure 3 displays distributional differences between core and
variable genes across V. macrocarpon. We see variable genes are

dramatically shorter, and have both fewer and shorter introns

than core genes. We calculated gene expression values from leaf
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and berry tissue for our ten non-reference genotypes. Expression
of core genes was higher on average across both tissues for all
accessions (Table S2). We functionally annotated each gene model
using InterPro Scan. This allowed us to compare differences
between core and variable genes. There were so many enriched GO
terms for both core and variable genes, it is hard to draw
specific conclusions. For variable genes in the reference
genotype Stevens, we did observe a few expected enriched GO
terms such as defense response (GO:0006952) and regulation of
response to stress (G0O:0080134). However translation
(GO:0006412) and photosynthetic electron transport in
photosystem II (GO:0009772) was also enriched. For core genes in
the reference genotype, core genes were enriched for core
biological processes such as cell cycle (GO:0007049) and
chromosome organization (GO:0051276). Full GO enrichment results

are presented in Table S3 and S4.
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Figure 3 Differences between core and variable genes

Density plots showing the differences between core (pink) and
variable (grey) genes. We show (A) gene length (transcription
start site to transcription end site), (B) CDS length, (C)
intron length, and (D) exon count. This data includes all genes
across all accessions.
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Discussion

In this study, we define genes in cranberry as core or
variable based on their presence or absence across eleven
genotypes. We uncovered 53% of all cranberry genes are core, and
47% are variable. Across plant pangenome studies, the proportion
of core genes varies (Emms and Kelly 2019; Tao et al. 2019). Two
main factors affect the proportion of core genes: divergence
time of the genotypes compared, and life history. Cranberry is

an outcrossing species which may explain the large proportion of
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variable genes despite the short divergence time between our
accessions. These estimates still lie within the range of
previous observations.

There are characteristic differences between core and
variable genes as observed previously. These differences lend
insight into core/variable gene function as well as evolution
and origin. Both core and variable gene characteristic
distributions overlap. Therefore, dichotomies cannot be drawn
between these two classes. Rather, as with most biological
processes, they exist on a continuum. That being said, our
characteristic differences tell us variable genes show patterns
of evolutionarily young genes. There are multiple models of gene
birth. Shorter sequences for novel genes support two possible
models of gene birth: (1) de novo emergence, or (2) duplication
degeneration.

Determining a specific mechanism of gene birth is beyond
the scope of this work. However reports of de novo gene origin
in yeast and Drosophila show evidence of novel genes arising
from previously short noncoding DNA sequences (Carvunis et al.
2012; Siepel 2009). Gene duplication presents an abundance of
substrate for evolution to shape novel genes (Ohno 1970). One
mechanism through which gene duplication leads to novel gene
function is through neofunctionalization or subfunctionalization

(Lynch and Force 2000; Birchler and Yang 2022). After a gene
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duplicates, one copy can explore the evolutionary landscape
without detrimental selective impacts as the other copy can
compensate for loss or change of function. This can lead to
fractionation of either or both copies and possibly reflect the
shorter distribution of variable genes. However this hypothesis
needs to be followed up on in the future.

We find core and variable gene functions in cranberries
follow patterns observed in other studies. Variable genes are
enriched for defense response, similar to Brachypodium
distachyon (Gordon et al. 2017). Core genes are enriched for
basic cellular processes similar to Brassica oleracea (Golicz et
al. 2016). Variable genes therefore represent an important
source of genetic variation to draw from for agronomically
relevant traits such as disease resistance.

Importantly, a large proportion of genes in non reference
genotypes are variable. This represents a substantial gene pool
to leverage for future cranberry breeding efforts. Current
applications of pangenome development include pangenome based
GWAS (Zhou et al. 2015; Song et al. 2020). This may be a

critical next step for cranberry breeding.
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Materials and Methods
Genome sequencing, assembly, and annotation

For genomic sequencing, leaf tissue was collected from each
of twelve cranberry genotypes selected to best represent both
the pedigree of cranberry breeding panels and genetic diversity
of the species. DNA was extracted using a Qiagen DNeasy
extraction kit. DNA quantity was checked using a Quibit. DNA
quantity was insufficient for sequencing of the accessions
McFarlin and Wales Henry which was excluded from further
analysis. DNA was submitted to the Michigan State University
Research Technology Support Facility ( MSU RTSF) for library
preparation and sequencing. According to their report, “the
shotgun genomic libraries were prepared with the Hyper Library
construction kit from Kapa Biosystems (Roche)”. Libraries were
sequenced on an Illumina NovaSeg 6000 using a NovaSeq S4 reagent
kit for 151 cycles from each end to generate paired 150
nucleotide long reads.

Genomic reads were quality and adapter trimmed using
trimmomatic version 0.38. Reads were then used to generate a
hybrid de novo and reference based genome assembly for each
accession. This assembly method was described in detail
previously including tool versions and command line options
(Yocca et al. 2021). Briefly, genomic reads were mapped to the

reference genome generated previously. Mapped reads were used to
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generate a consensus genome sequence iteratively for three
rounds. Then, unmapped reads were collected and de novo
assembled into synthetic long-reads. These long reads were
combined with the consensus sequence and incorporated into the
genome assembly.

Several tissues were collected for RNA sequencing analysis.
Our tissues were young leaf, mature leaf, green berry, and
mature berry. Leaf and berry tissues were ground in ligquid
nitrogen to preserve RNA. Cold ground tissue was transferred to
a Qiagen RNA-easy extraction kit. RNA gquantity was checked with
a Quibit and sent to the MSU RTSF for library construction and
sequencing. Libraries were sequenced on an Illumina NovaSeq
6000. Reads were quality and adapter trimmed using trimmomatic
version 0.38. They were mapped to their respective genome
assemblies using hisat2 version 2.1.0. The resulting SAM files
were sorted and converted to BAM files using PicardTools version
2.18.1 SortSam function. From these alignments, transcriptome
assemblies were generated using Stringtie version 2.1.3. These
transcriptome assemblies were used later for gene annotation.

Fach non reference genome was annotated with the same
method using the MAKER2 pipeline. We used several lines of
evidence for annotation. Proteins from Araportll, and
transcriptomes generated above were used as evidence. We also

included the Vaccinium corymbosum ‘Draper’ transcriptome as
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evidence. We generated two ab initio models trained on ‘Draper’
gene models, SNAP and Augustus. Augustus models were generated
using the script "train augutsus draper.sh’ on a subset of 4,000
randomly selected gene models. SNAP models were generated using
the script "train snap draper.sh .
Identification of core and variable genes

We initially identified orthologs between all eleven
cranberry proteomes using Orthofinder2 version 2.4.1 using
default parameters (only the working directory specified). We
also aligned each genome using progressiveCactus. As
Orthofinder2 might identify members of the same gene family as
orthologous, we decided to filter out any ortholog calls without
an alignment within 5 kilobase-pairs of each other. We used the
"filter orthofinder2.sh’ script for ortholog calls.
Gene statistic calculations

We calculated several feature values for each gene model
including; gene length, coding sequence length, exon count,
intron count, exon length, and intron length. These values were
calculated using the "annotate core genes vacc pan.py script.
Expression values were calculated as described above. However we
added the flags "-G° and "-e  so only expression values for

annotated genes were reported.
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Functional enrichments

Each proteome was functionally annotated using InterPro
Scan version 5.28-67.0. We converted the InterPro Scan
annotation ID to a gene ontology ID using a manually curated
translation table. We performed gene ontology term enrichment
difference between core and variable genes in R using the script

"vacc_pan_go_enrichment.Rmd .
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