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ABSTRACT 
 

The field of plant genomics aims to better understand plants, and the threats they 

face, through analysis of their genomes. Plant species, particularly woody tree species, 

offer special challenges when compared to other genomes. Recent advances in 

sequencing technologies, and continually decreasing sequencing costs, have allowed for 

mre plant genomes to be produced. This project utilized bioinformatics technologies to 

characterize the genomes of economically important tree species by generating new 

genomes. My projects have a particular focus on green ash (Fraxinus pennsylvanica). 

Once a prominent forest species with economic and ecological importance, green ash is 

now threatened by the invasive emerald ash borer (EAB). In my first project, I report on a 

chromosome-level assembly for green ash and describe its annotation. This genome is 

used to characterize a whole genome duplication event within the genome, and is also 

used as a template for chromosome-scale scaffolds for 27 other ash species. In the 

following project, I explore the mechanisms of sex determination in green ash using this 

genome. I used a genotyping-by-sequencing (GBS) approach to identify a region of 

interest that was more likely to be present in female ash than in male ash. My final 

project focuses on the muscadine grape (Vitis rotundifolia), where I report a long-read 

assembly for the muscadine cultivar ‘Carlos.’ I used this assembly to generate a pan-

genome using existing Vitis species genomes - including two other muscadine cultivars - 

and to identify unique genetic responses to inoculation with the bacterial pathogen 

Xylella fastidiosa subsp. fastidiosa compared to those of common grapevine (Vitis 

vinifera). This project demonstrates the utility of bioinformatics approaches in providing 

genomic resources to economically important or threatened species. 
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CHAPTER I: INTRODUCTION TO TREE GENOMES AND 

SEQUENCING APPROACHES 
 

Overview of Plant Genomics  

Genomics is the study of the genome, particularly focusing on the structure, function, and 

evolution of genomes, and how they compare to those of other species (Del Giacco & Cattaneo, 

2012). Genomes are assembled using bioinformatics pipelines, and they are then used to answer 

questions about the organism of interest and its relationship to other species. For instance, 

genomes can be used to identify traits of interest in an economically important species, or they 

can be used to compare gene expression in response to a stressor of interest. The first full 

reference plant genome became available in 2000 with the Arabidopsis thaliana assembly 

(Initiative & The Arabidopsis Genome Initiative, 2000), and since then the number of available 

plant genomes has only continued to increase with advancements in sequencing technology and 

reduced sequencing costs. While only a small fraction of existing land plants have been 

sequenced, and while there is a bias towards primarily herbaceous species of economic 

importance, current sequencing efforts explore a wide range of plants across taxonomies (Marks 

et al., 2021). Of particular interest to some researchers are non-herbaceous plants with woody 

tissues, including forest tree species, ornamental tree species, and woody vine plant species. 

Importance for Hardwoods, Ornamentals, and Woody Fruiting Plants 

Hardwood trees provide a multitude of products and labor for the lumber industry and 

beyond, with an estimated value of $135.6 billion for the United States’ hardwood products 

(Hardwood Federation - Hardwood Industry Economic Impact, n.d.). Many native hardwood 

species have become threatened due to a combination of climate change, human disturbance, and 

the introduction of invasive pests and pathogens. Plant genomics is important to understand 

underlying mechanisms and genetic components of tree stress response, disease resistance, and 

other traits of interest in forest health and conservation. The growing field of tree genomics has 

given researchers the tools needed to identify genes of interest and their relation to traits that can 

improve hardwood survival (Neale & Kremer, 2011; Plomion et al., 2016). As a prominent 

example, the American chestnut (Castanea dentata) was once a dominant species in American 

forests and a source of food and lumber, but the introduction of the chestnut blight in the 1920s 

rendered it functionally extinct. Plant researchers have worked to restore the American chestnut 

to the environment through breeding, biotechnology, and biocontrol (Anagnostakis, 2012; 

Bolgiano & Novak, 2007; Hebard, 1994). While attempts at breeding with resistant species, such 

as the Chinese chestnut (Castanea mollissima), have brought some level of success, a truly 

resistant American chestnut has yet to be produced. Genomes for both species have been 

published online (Sandercock et al., 2022; Staton et al., 2020), which will allow researchers to 

identify markers of resistance in Chinese chestnuts. This offers two opportunities to improve 

attempts at conferring resistance to American chestnuts - either by tracking these markers 

through a breeding program, or by using transgenic technology to introduce resistant genes into 

individual trees (Powell et al., 2019; Westbrook et al., 2020). 

 A number of annotated hardwood tree genomes have been generated in recent years, and 

their effects on the research surrounding their respective species cannot be understated. The 

https://paperpile.com/c/qMQDQ2/l51Lt
https://paperpile.com/c/qMQDQ2/l51Lt
https://paperpile.com/c/qMQDQ2/MHXpW
https://paperpile.com/c/qMQDQ2/WyxHz
https://paperpile.com/c/qMQDQ2/WyxHz
https://paperpile.com/c/qMQDQ2/vHg6
https://paperpile.com/c/qMQDQ2/vHg6
https://paperpile.com/c/qMQDQ2/vHg6
https://paperpile.com/c/qMQDQ2/a8FDZ+biyDA
https://paperpile.com/c/qMQDQ2/QzEN9+BbIhm+06xGP
https://paperpile.com/c/qMQDQ2/QzEN9+BbIhm+06xGP
https://paperpile.com/c/qMQDQ2/QoAx+xFzhy
https://paperpile.com/c/qMQDQ2/YFpd+zv6M
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release of the first chromosome scale oak genome, the pedunculate oak (Quercus robur) 

(Plomion et al., 2018) spurred new intra- and interspecific Quercus genomic research. In the 

realm of population genetics, a recent paper made use of the Q. robur genome in identifying the 

introgression of genes from Q. dentata in populations of Q. crispula. Q. dentata is adapted to 

coastal stress, while Q. crispula is an inland species, but a population of Q. cripula with the traits 

of dentata has emerged in high-altitude coastal areas of Northern Japan (Nagamitsu et al., 2020). 

For Q. robur itself, it is the target of two exotic fungal pathogens: Erysiphe alphitoides and 

Phytophthora cinnamomi. Native species of Q. robur do not have natural resistance to either 

fungus, and usually succumb to infection. However, some of these “naive” trees display what is 

known as “exapted” resistance, or resistance that evolved for some function outside of resistance 

to a particular pathogen (Newcombe, 1998). Utilizing the recent assembly, researchers have 

identified two genomic regions containing six quantitative trait loci (QTLs) that highly 

contribute to phenotypic variation in response to these two pathogens (Bartholomé et al., 2020). 

These studies indicate an ability for plants to adapt to the exotic pathogens that threaten them, 

and knowledge of their genomic structure allowed them to identify QTLs associated with these 

mechanisms. 

 For ornamental trees, or trees with value based on their flowers and plant architectures, 

genomics can be used to identify the basis of a trait of interest and how to spread that trait to 

other populations. Some flower colors are more desirable than others, and an understanding of 

what genes drive the development of these valuable phenotypes will allow breeders to better 

select crosses to produce progeny with desirable traits. The first ornamental plant genome 

sequence was completed in 2012, with the ornamental tree Prunus mume (Q. Zhang et al., 2012). 

Since then, more ornamental trees have undergone genome sequencing (Zheng et al., 2021). In 

Tennessee, the dogwood (Cornus sp.) is a species of key economic importance with an estimated 

market value of $7.4 million in Tennessee alone in 2019 according to the USDA (2019 Census of 

Horticultural Specialties, n.d.). Several cultivars of dogwood are susceptible to powdery mildew, 

an infection caused by fungal pathogens Erysiphe pulchra and Phyllacitnia guttata (Mmbaga et 

al., 2016). While it is unlikely to kill dogwoods, powdery mildew harms the value of trees due to 

the unattractive appearance of infected leaves. Certain cultivars of dogwood have been bred to 

have resistance to powdery mildew, but their bracts are purely white. Here, the development of 

dogwood genomes will allow researchers to identify the genetic bases of powdery mildew 

resistance and bract color to select for resistant cultivars with red or pink bracts. Recent QTL 

analyses have identified candidate traits for powdery mildew resistance (Pfarr Moreau et al., 

2022), and expanded genomic resources will allow researchers to identify specific genes 

controlling bract color. 

 Finally, many commercial fruits grow on woody trees or vines. Here, genomics can be 

used to improve fruit trees and their fruit products by identifying desirable traits such as fruit 

quality, phenolic content, and pathogen response (Licciardello et al., 2021). Once a phenotype 

has been linked to a genotype, breeders will be able to make more informed decisions about how 

to breed a plant to select for traits of interest. This can be made complex by some cultivated 

fruits having complex polyploid genomes, such as the tetraploid blueberry (Cappai et al., 2020) 

and octoploid strawberry (Edger et al., 2019). The development of new techniques for genome 

sequencing and their resulting genomic resources is important in fruit species with complex, 

polyploid genomes. Furthermore, many fruits are affected by diseases that result in reduced 

https://paperpile.com/c/qMQDQ2/G3KpU
https://paperpile.com/c/qMQDQ2/oBZUt
https://paperpile.com/c/qMQDQ2/y5vLT
https://paperpile.com/c/qMQDQ2/uOp6x
https://paperpile.com/c/qMQDQ2/f4mb0
https://paperpile.com/c/qMQDQ2/wKesv
https://paperpile.com/c/qMQDQ2/mZkhu
https://paperpile.com/c/qMQDQ2/mZkhu
https://paperpile.com/c/qMQDQ2/mZkhu
https://paperpile.com/c/qMQDQ2/mZkhu
https://paperpile.com/c/qMQDQ2/Hd92H
https://paperpile.com/c/qMQDQ2/Hd92H
https://paperpile.com/c/qMQDQ2/e25AN
https://paperpile.com/c/qMQDQ2/e25AN
https://paperpile.com/c/qMQDQ2/j367w
https://paperpile.com/c/qMQDQ2/i8jxD
https://paperpile.com/c/qMQDQ2/aCFsn
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yields, such as the gram-negative bacteria Xylella fastidiosa subsp. fastidiosa (Xfsf), which 

causes disease in species such as citrus trees, grapevines, and olive trees (Sicard et al., 2018). As 

with diseases in hardwood and ornamental trees, genome sequencing can be used to identify 

markers of inheritable disease resistance for breeding efforts to propagate. In apple (Malus sp.), a 

recent QTL experiment identified reduced fire blight (Erwinia amylovora) susceptibility alleles 

in the ‘Honeycrisp’ cultivar (Kostick et al., 2021). Similar QTL mapping efforts have identified 

PdR1, a gene driving Xfsf-resistance, in grapevine (Vitis sp.) (Krivanek et al., 2006). These 

studies provide a foundation for breeders to identify cultivars with disease resistance, allowing 

for introgression of resistant alleles into currently susceptible cultivars. 

Challenges in Tree Genomics 

 Plant genomes vary widely in size, structure, and complexity, requiring significant 

resources to fully sequence. The first plant genome, Arabidopsis thaliana, was selected for its 

small size, around 135 Mb in five haploid chromosomes, and its tractability as a laboratory 

model for plant growth and development (Initiative & The Arabidopsis Genome Initiative, 

2000). By comparison, the black cottonwood (Populus trichocarpa) genome - the first sequenced 

tree genome - is around ~500 Mb with 19 haploid chromosomes (Tuskan et al., 2006). 

Gymnosperms, such as conifers and ginkgos, have particularly large and complex genomes 

(Morse et al., 2009), with sugar pine (Pinus lambertiana) having a genome size of around 31 Gb 

(Stevens et al., 2016). In addition to size considerations, many angiosperms have undergone 

whole genome duplication events and/or hybridization events, leading to polyploidization, i.e., 

having more than two sets of chromosomes. Angiosperms may have 4x (tetraploid), 6x 

(hexaploid), 8x (octoploid) or even higher copy numbers of their chromosomes (Kyriakidou et 

al., 2018). Angiosperms also often have historical whole genome duplication events that are only 

partially purged, leading to complex chromosomal structure with residual homology despite 

diploid-like chromosomal pairing. While these internal duplications are important for the 

development of genes with novel functions (Crow, 2006), it becomes more difficult for 

researchers to tie phenotypes to genotypes. In polyploid genomes, it is important to correctly 

identify different haplotypes - known as haplotype phasing - for more accurate genome 

assemblies (Browning & Browning, 2011). Finally, plant genomes often contain a large 

percentage of repetitive regions, which creates issues in genome assembly strategies (Mehrotra 

& Goyal, 2014). Overall, the process of creating a new genome in tree species is often complex 

and has significant barriers for producing accurate, chromosome-scale assemblies.  

In woody species in particular, associating the genome with traits of interest is 

challenging. One major approach to determining regions of the genome that control phenotypes 

of interest is through controlled breeding. In comparison to breeding programs in large scale 

agricultural systems or with laboratory model species like Arabidopsis thaliana, similar 

programs in forest tree species face significant obstacles. Model and agricultural plants are often 

herbaceous, annual plants that require a relatively small amount of space to grow and have short 

generation times. Forest trees are perennial, long-lived, large and have longer generation times 

than herbaceous species. Tree breeding programs take much longer and are more expensive than 

other programs to account for these differences. Certain traits of interest, such as wood 

development and related phenotypes, do not manifest for years or even decades. In some tree 

https://paperpile.com/c/qMQDQ2/FL7AO
https://paperpile.com/c/qMQDQ2/t5uef
https://paperpile.com/c/qMQDQ2/aDlhl
https://paperpile.com/c/qMQDQ2/MHXpW
https://paperpile.com/c/qMQDQ2/MHXpW
https://paperpile.com/c/qMQDQ2/HdORB
https://paperpile.com/c/qMQDQ2/THOiO
https://paperpile.com/c/qMQDQ2/2va8L
https://paperpile.com/c/qMQDQ2/8Napj
https://paperpile.com/c/qMQDQ2/8Napj
https://paperpile.com/c/qMQDQ2/hrCJS
https://paperpile.com/c/qMQDQ2/e0ox1
https://paperpile.com/c/qMQDQ2/vq9F6
https://paperpile.com/c/qMQDQ2/vq9F6
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species, flowering first occurs anywhere from 10 to 25 years after planting (Hausman et al., 

2014; Schopmeyer & Others, 1974).  

Breeding programs may face additional restrictions based on the reproductive physiology 

of the target plant species.  Many plants are dioecious, where male and female traits are 

separated between individuals. Often, the sex-determining mechanisms are unknown, and 

individuals can only be sexed by observing their first flowers. These factors can delay breeding 

efforts due to uncertainty that fully grown will be compatible with one another. Similarly, many 

hermaphrodite plants, or plants with both sex traits on the same flower, have a self-

incompatibility (SI) system, which ensures that the plants are unable to self-fertilize (Watanabe 

et al., 2012). In some systems, researchers have worked to overcome SI systems to promote self-

compatibility (SC). This results in improved crop productivity but runs the risk of producing 

overly in-bred populations by allowing plants to self-cross. 

Pan-genomes and the future standard of genomics 

While the standard model of a single genome representing each organism has worked for 

many years, it is unable to capture all of the phenotypic and genotypic variation between 

cultivars in a species (Bayer et al., 2020; Hufford et al., 2021). With the recent advances in 

sequencing technology and lower sequencing costs, a new concept, the “pan-genome,” aims to 

overcome these limitations (Bayer et al., 2020; Della Coletta et al., 2021). A pan-genome is a 

collection of genomes representing multiple genotypes of a species, or multiple species within a 

genus. Genes in a pan-genome are marked as “core” if they are present in every member of the 

pan-genome or “accessory”/“variable” if they are absent in at least one member of the pan-

genome. Pan-genomes may be “open” or “closed,” depending on how many gene families are 

captured in the pan-genome. An open pan-genome will see more gene families added with 

additional genomes, while a closed pan-genome will have a comprehensive collection of gene 

families. As such, an open pan-genome is able to be updated with new gene families with the 

addition of new genomes. In the context of plant genomics, pan-genomes are quickly becoming 

indispensable due to this ability to capture within-species variation (Bayer et al., 2020; Della 

Coletta et al., 2021). Pan-genomes have been created for multiple crops of interest, including 

maize (Woodhouse et al., 2021), tomato (Gao et al., 2019), and rice (Zhao et al., 2018; Zhou et 

al., 2020). For woody plants, pan-genomes have been developed for poplar (B. Zhang et al., 

2019) and pecan (Lovell et al., 2021). 

Overview of Sequencing Technologies 

 Since the introduction of Sanger sequencing in 1977, the field of genome sequencing has 

grown from a combination of higher-throughput and lower costs. This growth was led by next-

generation sequencing, short-read technology that sacrificed read-length in favor of lower cost. 

As next-generation sequencing nears its 20th year, it continues to dominate the sequencing 

market (Research & Markets ltd, n.d.). However, recent advances in long-read sequencing, 

including PacBio’s HiFi sequencing technology, offer a promising alternative that overcomes the 

limitations of short-read sequencing.  

https://paperpile.com/c/qMQDQ2/AJxJ4+85bZc
https://paperpile.com/c/qMQDQ2/AJxJ4+85bZc
https://paperpile.com/c/qMQDQ2/iKb9W
https://paperpile.com/c/qMQDQ2/iKb9W
https://paperpile.com/c/qMQDQ2/KspPx+7w5Qu
https://paperpile.com/c/qMQDQ2/KspPx+uv5RL
https://paperpile.com/c/qMQDQ2/KspPx+uv5RL
https://paperpile.com/c/qMQDQ2/KspPx+uv5RL
https://paperpile.com/c/qMQDQ2/7b455
https://paperpile.com/c/qMQDQ2/7TZ7N
https://paperpile.com/c/qMQDQ2/dGQbB+Wpewx
https://paperpile.com/c/qMQDQ2/dGQbB+Wpewx
https://paperpile.com/c/qMQDQ2/3IGM
https://paperpile.com/c/qMQDQ2/3IGM
https://paperpile.com/c/qMQDQ2/8WBz
https://paperpile.com/c/qMQDQ2/Jw1r
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Short-Read Sequencing: Illumina 

 Next-generation sequencing (NGS), also known as second-generation sequencing (SGS), 

has led to significant and continuous growth in genomic sequencing since its introduction in 

2005 (Metzker, 2010). NGS technologies, most notably Illumina sequencing, sacrificed the 

longer-read sequencing of first-generation technologies in favor of high accuracy, high 

throughput, and parallel sequencing capabilities at a low cost in a short period of time. Illumina 

reads may be used for a variety of purposes, from sequencing the entire genome to produce an 

assembly to sequencing the transcriptome of an organism. The core mechanism of Illumina 

sequencing is a sequencing by synthesis (SBS) approach, in which nucleotides are called as the 

DNA is replicated (Maxam & Gilbert, 1977). After fragmentation of the original sequence, short 

adapter sequences are attached to the fragments so that the fragments are able to attach to the 

Illumina flow cell. While on the flow cell, the DNA is replicated and broken down into single-

stranded DNA for a second round of sequencing. This second round utilizes four fluorescently-

tagged terminators to identify each base added to the sequence. A camera captures each 

fluorescent label, and the computer records them. The terminator is cut from the sequence, and 

sequencing continues until the next terminator is added. The resulting sequences are saved as 

“reads” on the computer, and these reads are what are used in genomic analyses. The SBS 

approach utilizes the natural process of DNA replication to generate highly accurate reads, and it 

also produces a large number of sequence data, often referred to as “high-throughput.” 

Additionally, sequences from different samples may be multiplexed, or pooled into a single 

Illumina plate, to reduce costs. 

 Despite the high accuracy of individual reads, Illumina faces greater challenges in large-

scale applications, specifically in the realm of genome sequencing. Eukaryotic genomes contain 

a large proportion of repetitive elements, including tandem repeats, transposable elements (TEs) 

and telomeric/centromeric regions. Plant genomes are rich in repetitive regions, with up to 90% 

of the genome size considered repetitive (Mehrotra & Goyal, 2014). Illumina reads are short, 

only spanning 30-400 bp in length, and these highly repetitive regions of the genome result in 

multiple reads containing near-identical sequences. Most short-read assemblers end up 

collapsing TE-rich repetitive regions into a “consensus” sequence shorter than the true sequence, 

which can result in assembly errors (Tørresen et al., 2019). Another possible sequencing error 

stems from chimeric contigs, in which the assembler incorrectly placed reads flanking repetitive 

regions (Treangen & Salzberg, 2011). Repetitive regions can also result in unique sequences 

being left out of a contig that are unable to be integrated into the larger assembly. If short reads 

are used to assemble a genome, researchers will use certain strategies to reduce the issues caused 

by repetitive regions. First, chromatin mapping using Hi-C and other chromosome conformation 

capture (3C) techniques can be used to more accurately place contigs based on their 3d structure, 

as captured by Hi-C sequencing (Harewood et al., 2017). Second, researchers have generated 

linkage maps, associated with linkage markers found in the genome, to place contigs based on 

their alignment to the linkage map (Nürnberger et al., 2021). Finally, recent advances in long-

read sequences allow them to be used in tandem with short-read sequencing to create hybrid 

genome assemblies (Panthee et al., 2022). 

 Another weakness of short-read sequencing is the ability to capture large-scale structural 

variants (SVs), or heritable rearrangements in a region of a genome (Mills et al., 2011). SVs 

range from small-scale insertion/deletion events (InDels) all the way up to large scale inversions, 
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duplications, and translocation of sequences between chromosomes. In the context of plant 

genomics, SVs are responsible for important phenotypic changes in crop species (Gabur et al., 

2019), including improvements to fruit yield and quality (Butelli et al., 2012) and resistance to 

pests and diseases (Jobson & Roberts, 2022). Illumina short reads are capable of detecting small-

scale InDels, but larger SVs are more difficult to identify because they can span beyond the 

maximum read-length and may have similar alignment patterns to other SVs (Mahmoud et al., 

2019; Sedlazeck et al., 2018). In the realm of genome assemblies, the use of short reads can 

either cause a true SV to be lost - i.e., a tandem duplication event that is collapsed - or can cause 

a “false” SV to form due to misassembly of short reads. (Mascher et al., 2021; Vicente-Salvador 

et al., 2017). As with repetitive regions, SVs can be detected in short-read assemblies using Hi-

C, linkage maps, or hybrid assemblies. 

Long-Read Sequencing: Nanopore and Pac-Bio HiFi 

 Considered the “third generation” of sequencing technology (TGS), current long-read 

sequencing approaches focus on overcoming the limitations of short reads to generate more 

contiguous genome assemblies and detect repetitive regions (Rice & Green, 2019). One of the 

first companies to offer long-read sequencing was Oxford Nanopore Technologies (ONT), which 

achieves real-time, long-read sequencing through a nanopore placed in an electrical resistant 

membrane (Bowden et al., 2019; Jain et al., 2016). The main ONT sequencer, the MiniION, 

accepts a DNA read through the nanopore after the addition of adaptor sequences to both ends of 

the DNA and threads the read through the nanopore. DNA can be single stranded (1D) or 

double-stranded (2D), with 2D reads having higher accuracy. As the read is threaded through the 

nanopore, the sequencer measures changes in ionic current, which corresponds to a change in 

nucleotide sequence. The sequencer interprets these changes as a sequence of 3-6 nucleotide long 

k-mers of length k, and each k-mer event is aligned and chained together to produce a high-

quality read of up to 100 kb in length. ONT reads have been reported to generate reads as long as 

2 mb. Compared to the SBS method of Illumina, which must continually terminate sequencing, 

ONT sequencing is continuous. MiniION sequencing can be used to detect direct base 

modifications, such as cytosine methylation, without the need for bisulfite sequencing. In 

addition to providing long reads, the MiniION sequencer is portable and can be used on the field 

to obtain sequencing data in real time. However, MiniION reads are error-prone, with an error 

rate of about 14% (Workman et al., 2019), making them difficult to use for genome assemblies 

on their own. Most genome assemblers that accept Nanopore offer error correction, usually using 

Illumina short reads to guide correction or by comparing the existing reads to one another (Koren 

et al., 2017). Additionally, ONT has developed a neural network base calling algorithm called 

Guppy, a mixed-species basecalling model which is reported to improve read accuracy up to 

96% without sacrificing speed (Wick et al., 2019). This varies by organism, and a separate study 

indicated that, without training for a specific organism of interest, Guppy’s default model may 

reduce base-calling quality and read accuracy (Ferguson et al., 2022). 

 Another company that offers long-read sequencing technology is Pacific Biosciences 

(PacBio). PacBio offers two strategies for obtaining long reads: continuous long read (CLR) 

sequencing and high fidelity (HiFi) sequencing, also known as circular consensus sequencing 

(CCS). The older technology, CLR, utilizes single-molecule real-time (SMRT) sequencing to 

obtain reads without the need to pause between read steps (Schadt et al., 2010). A target 
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molecule, called a SMRTbell template, is created by ligating hairpin adapters to a target, double-

stranded DNA (dsDNA) molecule (Rhoads & Au, 2015). When the SMRTbell is loaded into a 

SMRT cell, reads are collected through a process similar to SBS. Each nucleotide is marked with 

a distinct fluorescent label, and the cell collects this information as the SMRTbell is sequenced. 

Unlike Illumina, which continually pauses and restarts sequencing through the terminator 

nucleotide, CLR sequencing does not pause after the addition of each nucleotide. The CLR 

sequencing method achieves longer read lengths, with up to 200 kb reported in CLR (Wenger et 

al., 2019). Nevertheless, like ONT, PacBio CLR reads are marred by lower base quality, lower 

throughput, and higher cost when compared to Illumina reads. A common use of PacBio CLR 

sequencing, like that of ONT, is by pairing this data with Illumina reads to produce hybrid 

assemblies. This methodology combines the accuracy of short read sequencing with the longer 

read length of ONT and PacBio CLR, allowing for assemblies that more accurately span 

repetitive regions than those using only short reads (Panthee et al., 2022). Though the long reads 

offered by Nanopore and PacBio have strong benefits in sequencing experiments, their low 

accuracy and high cost represent barriers to widespread adoption for researchers. 

 In 2019, PacBio introduced HiFI sequencing technology, a method of long-read 

sequencing that aims to achieve a higher accuracy than the ONT or CLR techniques (Wenger et 

al., 2019). This technique uses SMRTbell templates to circularize high-weight, double-stranded 

DNA after annealing primers and DNA polymerase to the sequence. The circularized DNA is 

then sequenced in multiple passes; this allows the sequencer to make multiple attempts at 

sequencing a read. After trimming adapters, the subreads are used to call a consensus read 

sequence - the HiFI read. It is expected that the sequencer will make errors during the 

sequencing process, and the HiFi circular consensus sequencing (CCS) technique addresses these 

errors through calling a consensus through the subreads. The more subreads are produced, the 

more accurate the final read. While the HiFi method sacrifices read length - only up to 24 kb 

compared to 200 kb for PacBio CLR and 4 Mb for ONT reads - the resulting bases are of higher 

quality and are more accurate than previous methods. Genomes produced using HiFi reads have 

high contiguity, even among organisms with complex, polyploid genomes (Hon et al., 2020). 

Recent comparisons of PacBio HiFi assemblies to those of short read and hybrid assemblies 

found that assemblies using PacBio HiFi alone were the most accurate and contiguous 

(Rayamajhi et al., 2022). The main barrier to using PacBio HiFi reads is cost, as they are more 

expensive than both Illumina and Nanopore reads. However, recent price drops promise to make 

this option more accessible for labs. 

Applications of Sequencing Technologies 

 With the advancements NGS brought to sequencing technology, researchers have found a 

variety of applications for their collected reads. These applications depend on if DNA or RNA 

were collected and sequenced, as these alter the types of questions that can be answered with the 

sequencing data. DNA sequencing is primarily used in whole genome sequencing and restriction 

site associated sequencing analyses, which aim to compare genomic content between different 

samples against the reference genome. RNA sequencing is primarily used in transcriptome 

sequencing to compare gene expression between different samples by measuring transcript 

abundance. 
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Whole Genome Sequencing 

 Whole genome sequencing (WGS) is a widely-used application of DNA sequencing 

(DNASeq) technology that aims to collect sequencing data from the entire genome of an 

organism (Metzker, 2010; Ng & Kirkness, 2010). WGS is a direct product of the innovations 

driven by NGS, as the first-generation sequencing methods were unfeasible due to their high 

costs and long runtimes. In WGS, high-quality DNA collected from an organism is fragmented 

into smaller sequences that are placed into the sequencer. There are two considerations in 

obtaining this type of data: breadth of coverage and depth of coverage (Sims et al., 2014). The 

breadth of coverage refers to the percent of the target genome that is sequenced. The depth of 

coverage refers to the redundancy of coverage - how many times a nucleotide is read during 

sequencing. A high depth of coverage is important to confirm results and to parse out sequencing 

errors from true variation, but a high breadth of coverage is also needed to cover as much of the 

genome as possible. Labs performing WGS experiments must balance these two factors to get 

accurate results, especially if the lab is looking for variants in the sample against an existing 

reference genome. Additionally, DNASeq may be run with single-end sequencing - in which 

only the forward or reverse strands are sequenced - or with paired-end sequencing - in which 

both strands are sequenced (Risca & Greenleaf, 2015). While single-end sequencing is cheaper, 

paired-end sequencing produces more informative alignment results. 

 A common usage of WGS data is for a Variant Calling (VC) pipeline. This analysis 

identifies single nucleotide polymorphisms (SNPs), or differences in base content compared to 

the reference genome, in samples. While many SNPs result in synonymous or “silent” mutations 

that result in the same protein product, there are nonsynonymous SNPs that alter the protein 

product, ranging from a change in an amino acid altering function to an early termination 

producing a truncated protein. Both types of SNPs are valuable in plant genomics for different 

reasons. While synonymous SNPs are less likely to impact gene function, the rate of 

substitutions per synonymous site (Ks) is used to confirm family-specific whole-genome 

duplication events (Sollars et al., 2017). SNPs are the focus in trait-association studies, in which 

researchers work to tie the effects of a SNP to a physical trait of interest. There are two strategies 

for trait-association: genome-wide association studies (GWAS) and quantitative trait locus 

(QTL) analyses. QTL analyses require a pedigree to tie the heritability of a trait of interest to a 

point in the genome (Myles & Wayne, 2008), whereas GWAS analyses rely on linkage 

disequilibrium (LD) between unrelated members of a species (Uffelmann et al., 2021). These 

approaches complement one another, with GWAS having a broader range of individuals to work 

with while QTLs are better able to identify the region of interest. In soybean, a combination of 

QTL and GWAS analyses identified candidate genes associated with protein and oil content (T. 

Zhang et al., 2019). Current efforts to track dogwood powdery mildew resistance involves the 

use of QTLs (Pfarr Moreau et al., 2022). 

Another common use for WGS reads is to construct novel reference genomes for 

organisms without an existing reference, commonly known as de novo genome assembly (Baker, 

2012). The assembly process requires programs known as assemblers to join individual reads 

into contigs - a combination of reads that are found to have overlapping sequences (Sohn & 

Nam, 2016). Contigs are then placed together into scaffolds - which are commonly filled with 

uncalled gap regions joining individual contigs - which may be further placed together into 

chromosome-scale super-scaffolds. The goal of an assembly is to achieve as high a contiguity as 
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possible. The more contiguous the genome assembly is, the more accurate the genome. 

Contiguity in genomes is tested by searching for key single copy genes - also referred to as 

Benchmarking Universal Single-Copy Orthologs (BUSCOs) (Seppey et al., 2019) - and by 

determining the N50 of the assembly - the length of the shortest contig that covers 50% of the 

genome. As discussed earlier, short reads have greater difficulty in providing a contiguous 

genome due to complex repetitive regions and structural variants (Tørresen et al., 2019). In both 

short-read and long read assemblies, scaffolding can be improved using Hi-C contact maps 

(Harewood et al., 2017) and linkage maps (Nürnberger et al., 2021) to more accurately order and 

orient contigs. Long-read sequencing often has higher contiguity before being placed into 

scaffold-level assemblies, and Hi-C can recover full chromosome scale assemblies.  For trees 

that are in significant danger of becoming extinct, Nanopore offers free sequencing for any 

critically endangered species through a pilot stage project (https://ORG.one). 

 The main drawback to using WGS is the cost of sequencing. Despite substantial price 

drops in Illumina sequencing in the years following its popularization (Kris A. Wetterstrand, 

2019), the costs of sequences are still substantial for tree genomics. Given that many tree species 

have large genomes, even Illumina WGS experiments can be a costly expenditure for a lab. 

These concerns drive the need to balance between breadth of coverage and depth of coverage. In 

a perfect experiment, both will be prioritized, but that can lead to increased costs, so 

compromises must be made to keep costs low. These cost concerns especially apply to a long-

read approach, and before the recent attempts to improve accuracy, there were concerns that the 

money used would not provide accurate results. While WGS is a strong tool for analyzing DNA 

sequencing, the focus on the entire genome can lead to a more expensive experiment. 

Reduced-Representation Sequencing 

There is an alternative DNASeq approach that attempts to minimize costs. In contrast to 

WGS, reduced-representation sequencing (RRS) does not aim to sequence the entirety of a 

genome, but instead focus coverage on select regions (Davey & Blaxter, 2010). The breadth of 

sequencing coverage is sacrificed so that these select regions can have a greater depth of 

coverage. These regions are commonly selected using restriction enzymes (REs) - enzymes that 

cut at a predetermined sequence in the genome - after the DNA isolation step. While having a 

genome assembly available for an organism of interest is ideal, RADSeq sequencing can be used 

in GWAS and QTL analyses without the need for a complete genome assembly. While all RRS 

technologies rely on fragmented DNA collected from RE digested DNA, the exact protocols 

vary. This is the difference between reduced-association DNA sequencing (RADSeq) and 

genotyping-by-sequencing (GBS) RRS approaches (Campbell et al., 2018). Additionally, RRS 

can be run with single-digest (one RE) or double-digest (two REs) approaches. 

The cheaper sequencing costs of RRS compared to WGS do not come without 

drawbacks. While a lower breadth of coverage is expected in a RRS experiment, RRS 

technologies can only capture around 5% of the total genome content of an organism (Hoban et 

al., 2016; Lowry et al., 2017). In the context of identifying novel SNPs associated with a trait of 

interest, there is a low likelihood that the RRS approach will capture the true variant of interest. 

Further, RRS suffers from a high amount of missing data in each individual sample, due to 

uneven coverage. Some RADSeq pipelines use a process known as imputation to overcome 

missing genotypes by using linkage disequilibrium (LD) to fill in missing genotype data  (Swarts 
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et al., 2014). This usually relies on having a chromosome-scale assembly of the species of 

interest, though recent imputation strategies have proven to be effective without a genome of this 

scale (Munyengwa et al., 2021). Imputation is also limited by the sampled cohort’s overall LD. 

Furthermore, RRS is only as informative as the reference genome, and if the region containing 

the true SNP of interest is missing from the assembly, then the imputation strategy will be unable 

to pick up the SNP in the reference (Hoban et al., 2016). However, programs like STACKS offer 

de novo assembly of RRS data, allowing researchers to overcome issues stemming from the 

reference itself (Heller et al., 2021). Overall, while RRS represents a cheaper option to a WGS 

approach, the drawbackss of decreased coverage and missing data require careful consideration 

and often additional analysis steps. 

RRS approaches have been used in the context of plant genomics to answer similar 

questions to WGS sequencing at a lower cost. RRS has been used in QTL mapping and GWAS 

analyses across a broad range of plant species, including apple (Lee et al., 2017), citrus (Imai et 

al., 2018), and sunflowers (Ma et al., 2018). In Olea europaea, a GBS approach was found to be 

just as effective in comparing genetic diversity between populations as a WGS approach (Friel et 

al., 2021). RADSeq approaches, particularly GBS with imputation, were also confirmed to be an 

effective SNP discovery approach in maize (Wang et al., 2020). In bread wheat, the imputation 

strategy has been shown to be effective in accurately filling in missing genotypes, improving the 

utility of a GBS approach (Alipour et al., 2019). While imputing generally relies on a 

chromosome-scale assembly, a GBS experiment in rubber trees has shown that imputation is 

possible without a full genome (Munyengwa et al., 2021).  

RNA Sequencing 

 DNA sequencing is useful in identifying SNPs associated with a known phenotype, but it 

will not always answer how this SNP results in an altered phenotype. Furthermore, gene 

expression can be altered independently of SNPs in the reference genome, and DNASeq is ill-

equipped for this type of analysis. Introduced in 2007, RNA sequencing (RNASeq) is a 

complementary sequencing technology that captures the range of RNA present at the time of 

collection (the transcriptome) (Emrich et al., 2007; Lister et al., 2008). RNASeq is primarily 

used in differential gene expression (DGE) experiments to compare levels of messenger RNA 

(mRNA) between experimental groups, such as different times of collection and different 

treatments of samples (Stark et al., 2019). Like RADseq, RNASeq is a cheaper alternative to 

WGS, as only a small percentage of the genome is transcribed into mRNA. The RNA of an 

organism is isolated, converted to more stable clone DNA (cDNA), and sequenced. In most plant 

RNASeq applications, only the mRNA is selected using an oligo(dT) adapter that anneals to the 

poly(A) tail prior to reverse transcription. While SNPs can be identified using mRNA data, the 

main point of interest in an RNASeq experiment is measuring transcript abundance and 

identifying significantly different transcript levels between experimental groups. 

 Experimental design in an RNASeq analysis is of the utmost importance, as all sources of 

gene expression variation must be considered to obtain accurate results. A sufficient number of 

replicates, or samples with the same experimental factors, is needed to tease out natural 

biological variation and random variation caused by the protocol itself (Lamarre et al., 2018). 

Two types of replicates are needed to confirm this information: biological replicates, or 

biologically distinct samples undergoing the same treatment, and technical replicates, or repeated 
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measurements of a single sample. Replicate number has been shown to have a larger impact on 

the DE analysis than library size, though many publications use a low number of biological 

replicates (Lamarre et al., 2018). A 48-replicate study in yeast determined that a minimum of six 

replicates is ideal for DGE analysis, though most studies limit themselves to three or four 

replicates (Schurch et al., 2016). This is because more biological replicates mean more samples 

to sequence, which results in increased sequencing costs. Additional considerations for RNASeq 

match those of DNASeq, including depth of coverage and use of single- or paired-end reads. 

 RNASeq is most commonly performed using Illumina short read sequencing. This 

strategy measures changes in transcript abundance by aligning short reads to the genome and 

counting the number of reads associated with genes in its annotation. Studies across multiple 

plant species, including blueberry (Yu et al., 2021), grapevine (Rapicavoli et al., 2018), and 

poplar (Leite Montalvão et al., 2022), have used this RNASeq strategy to answer questions about 

gene function and the effect of pathogens on plants. However, short reads are not as well-

equipped to measure differential alternative splicing, or changes in isoform abundance in 

response to a treatment, because they are heavily fragmented. The introduction of long read 

sequencing technologies has expanded the possibilities for RNASeq experiments. First, long-

reads can capture transcript-level reads instead of fragments, allowing for a direct comparison 

between isoforms of the same genes (Rhoads & Au, 2015; Soneson et al., n.d.). Additionally, 

direct RNASeq (dRNASeq) applications, which directly measure RNA abundance without a 

cDNA intermediate, offer reads representing full-length mRNAs. While these advancements 

allow for direct comparison of isoforms, the higher throughput and lower cost of short-read 

sequencing allows the older method to still be in use. This is coupled with an updated variation 

of the classic differential expression pipeline where, instead of mapping genes back to the 

genome, programs compare transcripts within to quantify transcript abundance (Bray et al., 

2016; Patro et al., 2017). 
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CHAPTER II: INTRODUCTION TO GREEN ASH (FRAXINUS 

PENNSYLVANICA). 

 

Fraxinus pennsylvanica (green ash) 

Distribution, usage, and importance 

 Fraxinus pennsylvanica Marsh., commonly known as green ash (also as red ash, swamp 

ash, or water ash), is a deciduous tree species within the Ash (Fraxinus) genus native to the 

eastern North American coast. It is one of over forty Fraxinus species, distributed throughout the 

temperate forests of North America, Europe, and Asia. Green ash is the most widely distributed 

Fraxinus species found in North America (Kennedy, 1949). It is part of the Oleaeceae family, 

also known as the Olive family, alongside the economically important olive trees (Olea sp.). 

Species in the genus are characterized by “winged” seeds - also called samara - and leaves 

arranged opposite of one another on the stem. In green ash, the samara are pointed (Figure 1). 

Green ash is dioecious, meaning that sex is distinct between male and female individuals (Figure 

1). Male flowers consist solely of stamen structures, and female flowers consist solely of carpel 

structures. In the wild, green ash is found primarily near streams, rivers, and bottomlands, though 

it is adaptable to other environments as well. 

Green ash is a species of economic importance in the United States. Its adaptability 

applies to urban environments, allowing it to function as an ornamental tree. It became a popular 

ornamental following the large-scale loss of American elm trees due to Dutch Elm Disease 

(Burns & Honkala, 1990), though this practice arguably exacerbated the later damage due to 

establishing monocultures. Outside of ornamental use, green ash wood is commonly used to 

make a number of products. Its lumber is popular for woodworking, and has been used to create 

wooden baseball bats, pool cues, and tool handles, among a variety of other uses. The guitar 

company Fender traditionally used green ash in building the bodies of its electric guitars, 

including its Stratocaster and Telecaster models. Comparison of solid-body guitars made from 

ash wood to those of other trees found that ash wood improved their acoustic properties by 

reducing vibration damping in the neck of the guitar (Ray et al., 2021). Due to its abundance in 

North America, its popularity as an ornamental, and the products made from its lumber, green 

ash represents an important species of hardwood tree in North America’s economy, having 

contributed close to a billion dollars (Kovacs et al., 2010).  

Outside of its economic value, green ash is also an ecologically important species. Its 

leaves serve as food for a variety of insects, and its seeds serve as food for birds and small 

mammals (Hilty, n.d.). Due to the low tannin content of their fruit, they serve as an excellent 

food source for tadpoles (Stephens et al., 2013). Tadpoles grown in habitats containing ash trees 

were found to be healthier than those in habitats primarily containing tannin-rich trees. Foliage 

and twigs of green ash are palatable to herbivorous mammals, including hoofed mammals such 

as deer and horses, as well as small mammals such as rabbits (Hilty, n.d.). Ash trees are used in 

soil conservation and have widely been used in revegetation efforts in the aftermath of strip 

mining (Wright, n.d.). In general, green ash has been a useful species for ecosystem restoration 

efforts in riparian areas. In recent years, however, the introduction of an invasive insect species 

has caused severe population declines in both natural and urban environments. 
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Figure 1. Phenotypic characteristics of green ash (Fraxinus pennsylvanica). (A). Samara of 

green ash. (B). Flowers of male green ash. (C.) Flowers of female green ash. Samara and flower 

samples were all collected from Turkey Creek, Knoxville, TN, USA. 
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Emerald ash borer and other threats 

 The emerald ash borer (EAB; Agrilus planipennis) is an invasive species of jewel beetle 

that feeds on and targets the bark of ash trees, and it is a critical threat to green ash and all of the 

other native ash populations of North America. Native to northeast Asia, the EAB is believed to 

have arrived in America through wood packing materials. While EAB was first confirmed in the 

United States in 2002, evidence suggests the invasive population can be traced back to southeast 

Michigan in the early 1990s (Siegert et al., 2014). Females lay their eggs on the bark of the tree, 

and after hatching, the larvae feed on phloem and vascular cambium. This feeding pattern results 

in characteristic galleries that damage the wood (Figure 2), which disrupts the transport of sugars 

and water from the tree’s roots to its canopy. Symptoms of EAB infestation include crown 

dieback and characteristic, D-shaped exit holes. Within 6 years after introduction, the presence of 

EAB can reduce a healthy population of North American ash trees to near complete mortality 

(Knight et al., 2013). 

While some ash trees native to Asia have resistance to EAB, species outside of this range 

- including those of North America and Europe - are highly susceptible to the beetle’s effects 

(Rebek et al., 2008). Projected damages caused by the pest have been estimated to be as much as 

$10.7 billion, including the replacement of 17 million ash trees (Kovacs et al., 2010). 

Management of the pest has proven difficult; the EAB flies from tree to tree, complicating 

quarantine efforts. To minimize the spread of EAB from state to state, the USDA recommends 

that no firewood should be transported between states. Most treatment options for ash trees are 

preventative in nature, focusing on preserving healthy trees instead of trying to rescue trees that 

have already been infested. The loss of green ash has resulted in a decline in use of its lumber. 

Fender no longer uses green ash wood for electric guitar bodies due to the losses caused by the 

EAB. Ecologically, the shift in forest populations from trees lacking tannin to trees with high 

tannin levels - representing the replacement of susceptible ash species with other species - is 

associated with reduced fitness in tadpoles (Stephens et al., 2013). 

Outside of the United States, the ash trees of Europe face an additional threat in the form 

of an Ascomycete fungus, Hymenoscyphus fraxineus. H. fraxineus causes a fatal disease in ash 

known as ash dieback, named for the crown dieback resulting from the disease (Bakys et al., 

2009). Symptoms of ash dieback include necrotic spots on stems that enlarge into cankers and 

wilting of leaves. It has primarily impacted growth of European ash (F. excelsior, section 

Fraxinus) populations, but other species have been affected as well. European ash trees infected 

with H. fraxineus have an estimated mortality rate of 85% in plantations and 69% in woodland 

populations (Coker et al., 2019). While it has not been detected in the United States at this time, 

experiments indicate that American species, including green ash, are mildly susceptible to H. 

fraxineus (Nielsen et al., 2017). The introduction of another fatal invasive to its native range 

would likely exacerbate the current issues facing green ash. 

EAB resistance in green ash and breeding efforts 

 Despite the overall high mortality in the native green ash population, a small number 

(0.1-1%) of ash trees remain healthy and survive in otherwise highly infested forests after all 

other green ash have died (Knight et al., 2012, 2013). While some surviving trees are “escaped” 

susceptible trees that die after further exposure to EAB, other trees have reproducible resistance 

to the EAB. Controlled screening trials have confirmed some ash genotypes, hereafter referred to  
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Figure 2. The effects of emerald ash borer (EAB; Agrilus planipennis) on Fraxinus 

pennsylvanica. (A). An EAB gallery on an ash tree. (B). Close-up of a D-shaped exit hole on a 

damaged tree. Pictures taken in Founder’s Park at Campbell Station, Farragut, TN.  
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as “lingering ash,” have reproducibly higher resistance to the pest (Koch et al., 2015). Resistance 

to EAB, in this trial, was defined as the ability of the plant to kill or slow the development of 

EAB larvae during the feeding stage, preventing the beetle from completing its life cycle. Ash 

species native to the natural range of EAB kill a high percentage of larvae when they feed on the 

inner bark, which prevents major structural damage. Evolutionarily, these EAB resistant ash 

trees are distant from green ash and cannot be used to breed resistance into the susceptible 

species. The exact mechanisms driving the lingering phenotype remain unclear, and current 

efforts focus on exploring this trait further through a combination of breeding, genetics, and 

metabolomics. Current evidence indicates that more successful lingering ash trees (high larval 

kill; HLK) produce lower levels of select secoiridoids than low larval kill (LLK) trees but higher 

levels of aromatic alkaloids (Stanley et al., n.d.). These results suggest shared mechanisms to 

respond and overcome EAB infestation in many lingering green ash. If the few trees that mount 

an effective defense were to breed, their progeny may have a strong defense response to EAB 

infestation. 

The US Forest Service has developed an ongoing breeding program that focuses on 

identifying the genetic bases for the lingering trait and propagating EAB resistant individuals to 

restore the natural ash population (Koch et al., 2012). The breeding program takes two strategies 

to propagate resistance to the EAB in North American ash species. First, the program looks for 

Asian ash species with sympatric resistance that are capable of crossing with North American 

species. While this strategy has seen success when crossing black ash (F. nigra, sect. Fraxinus) 

with Manchurian ash (F. mandshurica, sect. Fraxinus), it has seen limited results with Fraxinus 

section Melioides species due to their incompatibility with Asian species (Romero-Severson & 

Koch, 2016). The second strategy identifies native trees with allopatric resistance or tolerance to 

EAB and breeds them to produce progeny carrying traits of interest. Samples of lingering ash 

from the wild are collected, preserved, and replicated through grafting of lingering ash material 

to other ash trees. Following this, EAB-resistant lingering ash are distinguished from EAB-

susceptible ash by screening the grafts for larval kill, reduced larval development, and host 

defense responses (i.e., callous formation). This strategy shows greater promise for green ash and 

other native ash species. Of note, in 2010, the nursery growing area in the Forest Service 

Laboratory at Delaware, OH, underwent a naturally occurring EAB infestation (Koch et al., 

2012). While the susceptible grafted selections were infested, the immediately adjacent lingering 

ash grafted selections remained uninfested. 

 

Green ash dioecy 

Overview of sex-determining systems in ash species 

 Breeding programs in green ash are dependent on the ability to produce seeds in as 

efficient a manner as possible. As a dioecious species, green ash trees can only produce seed 

when a male tree produces pollen that is carried by wind to a female tree’s stigma and 

germinated (Wallander, 2008, 2012). At present, it is impossible to sex green ash at the seedling 

stage, and sex is currently determined when a tree sexually matures and first produces flowers. 

Green ash reaches reproductive maturity at a range between 10 and 25 years after germination 

(Hausman et al., 2014; Schopmeyer & Others, 1974), meaning that it could potentially take many 

years for planters to realize they planted an inefficient seed orchard. Breeding efforts, therefore, 
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are delayed due to the time it takes ash trees to reach sexual maturity. A better understanding of 

how sex is determined in green ash can help identify markers of sex determination, which would 

allow researchers to sex ash trees at the seedling stage.  

Sex determination mechanisms in Fraxinus species vary widely and include 

hermaphroditism, polygamy, dioecy, and androdioecy  (Wallander, 2012). All fifteen species in 

Fraxinus section Melioides, including green ash, are dioecious with unisexual, apetalous, and 

wind-pollinated flowers. Fraxinus phylogenetic studies suggest that section Melioides branched 

off from a polygamous ancestor (Wallander, 2008, 2012). Outside of the Melioides ancestor, 

dioecy has evolved independently in two other species of ash: Chinese ash (F. chinensis, section 

Ornus) and Manchurian ash (F. mandshurica, section Fraxinus). Unlike the female flowers of 

Fraxinus section Melioides species, which contain no trace of male features, Manchurian ash 

female flowers contain rudimentary anthers (Wallander, 2012). Recent work has indicated a 

mechanism of subdioecy driven by self-incompatibility in the polygamous species F. excelsior 

(Saumitou-Laprade et al., 2018), suggesting a possible route to the evolution of dioecy. In plants, 

polygamy refers to the presence of both unisexual and bisexual flowers on a single tree. In extant 

species, European ash was commonly described as polygamous due having a wide range of 

sexual phenotypes - female flowers, hermaphrodite flowers, and male flowers can all be found in 

this species. However, European ash was also found to have a stable, genetically determined sex 

expression that is uncharacteristic of most polygamous plants (Albert et al., 2013). This 

observation, combined with confirmation of a diallelic SI (DSI) system in the closely related 

manna ash (F. ornus, section Ornus) (Vernet et al., 2016), allowed researchers to identify the 

role of DSI in European ash (Saumitou-Laprade et al., 2018). Their results indicated that, due to 

the DSI system being present in European ash, they are more accurately described as 

functionally subdioecious. While technically hermaphroditic, European ash are placed into two 

compatibility groups - G1 and G2 - that, despite sharing the same DSI system with other 

Oleaceae trees (Mariotti et al., 2019; Vernet et al., 2016), its compatibility groups are more 

strongly associated with functional sex than in other species. Ash trees in G2 function as males, 

and they can only breed with functionally female trees in G1. Conversely, while G1 trees can 

produce stamen, they are only able to sire seeds using pollen from G2 trees. This represents a 

form of subdioecy called androdioecy, where males co-occur with hermaphroditic trees. Due to 

these findings, it is unclear if the ancestral state of the Melioides ancestor, prior to the evolution 

of dioecy, was polygamy, as previously assumed, or this form of subdioecy. 

Self-incompatibility systems in ash 

 It is unclear if the DSI system described in European ash, or another system of 

incompatibility groups, exists in green ash. In hermaphroditic plants, SI systems prevent the 

plant from being able to self-fertilize (Watanabe et al., 2012). Hermaphroditic plants with perfect 

flowers (i.e., both sex organs are in one flower) are more likely to result in self-pollination, 

which would produce offspring with a low genetic diversity. An SI system places a plant into a 

compatibility group, ensuring that the plant can only pollinate a plant outside of its own group. 

While pollen from a plant can make contact with a stigma from its own compatibility group, the 

SI system arrests pollen tube development and inhibits germination. 

Traditionally, it has been understood that dioecy and self-incompatibility are negatively 

correlated and unlikely to occur in the same family (Baker, 1959; Charlesworth, 1985). In this 
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case, however, there is an overlap in dioecy and self-incompatibility systems in the Oleaceae 

family. As described previously, European ash has a DSI system that is directly driving a 

subdioecious system (Saumitou-Laprade et al., 2018). Olive (Olea europaea) shares the same 

DSI system, though it is hermaphroditic and thus not associated with functional sex as found in 

European ash (Mariotti et al., 2019). In the past, green ash has been shown to be capable of 

crossing with European ash, though some crosses are not successful (Ireland. Dept. of 

Agriculture and Fisheries, 1914). While the SI system has been overcome in other species by 

removing the tissues driving SI, most notably in Ramosmania rodriguesii (Magdalena, 2010), 

these steps have not been reported in these ash crosses. Furthermore, breeders have reported that 

some green ash trees appear to be sexually incompatible with one another (Koch et al., 2010). 

These observations would indicate that, despite evolving full dioecy, green ash may have 

remnants of its ancestral DSI system. 

Currently known systems of plant dioecy 

Two-gene systems 

 While little is known about the mechanisms of dioecy in ash species, research has 

determined the genomic mechanisms in other plant species. Dioecy has evolved independently in 

approximately 5-6% of angiosperms, spanning around 15,600 species, representing 987 genera 

from more than 175 families. Dioecious angiosperms can have a male heterogametic system 

(XY/XX) or a female heterogametic system (ZW/ZZ), with the majority of angiosperms with 

known sex-determining systems having the XY system (Leite Montalvão et al., 2020). Unlike 

most animal genomes, plant “sex chromosomes” are rarely heteromorphic. The male and female 

haplotypes are largely homologous, except at a sex-determining region (SDR) that contains one 

or more genes that differentiate the haplotype. The classic model of the evolution of dioecy 

involves two critical mutations with a gynodioecious intermediate (Charlesworth & 

Charlesworth, 1978), but more recent findings indicate alternative models are possible 

(Golenberg & West, 2013; Müller et al., 2020). 

 The classic model of evolution from hermaphroditism to dioecy involves two linked 

mutations on the same chromosome (Charlesworth & Charlesworth, 1978). The first is a 

recessive, male-sterility mutation that results in a gynodioecious population (where females co-

exist with hermaphrodites). Following this, a dominant, female-sterility mutation must occur and 

must be linked with the male-sterility mutation to create a region of reduced recombination. This 

creates a non-recombining region in the chromosome - the SDR - and the plant has become 

dioecious. These mutations, most likely, will affect different genes on the same chromosome, 

though they may occur in a single gene. While European ash has not evolved to full dioecy, its 

current subdioecious system represents an exception as it is androdioecious (males co-exist with 

hermaphrodites), and, should the Melioides ancestor have evolved to dioecy from this current 

system, represents an alternative form of the model (Saumitou-Laprade et al., 2018). 

Nevertheless, the underlying mechanisms would likely be similar: one gene would regulate 

female flower development and the other would regulate male flower development.  

This model of dioecy has been observed in garden asparagus (Harkess et al., 2020), 

kiwifruit (Akagi et al., 2018), and grape (Badouin et al., 2020; Massonnet et al., 2020). In 

asparagus (Asparagus officinalis), the Y-specific SUPPRESSOR OF FEMALE FUNCTION 

(SOFF) gene acts as the suppressor of female floral organ development. Knockout of SOFF in 
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asparagus through radiation knockout resulted in the conversion of male flowers to 

hermaphrodites (Harkess et al., 2017). A closely linked gene, DEFECTIVE IN TAPETUM 

DEVELOPMENT AND FUNCTION 1 (TDF1), has been confirmed as promoting male function 

through knockout experiments (Harkess et al., 2020). Knockout of TDF1 through ethyl 

methanesulfonate (EMS) mutagenesis converted male flowers to asexual neuters, and knockout 

of both SOFF and TDF1 converted males to females. In kiwifruit (Actinidia deliciosa), the 

suppressor of female function is a type-C cytokinin response regulator (“SHY GIRL”; SyGI) 

(Akagi et al., 2018), and the promoter of male function is a MICROSPORE AND TAPETUM 

REGULATOR 1 (MTR1) protein (“FRIENDLY BOY”; FrBy) (Akagi et al., 2019). In grapevines, 

the candidate male-sterility mutation is INAPERTURATE POLLEN 1 (INP1), mutations in which 

result in sterile pollen, and the candidate female-sterility mutation is a YABBY3 transcription 

factor, mutations in which result in a sterile pistil (Massonnet et al., 2020). Human cultivation 

has resulted in a hermaphroditic subspecies of grape (V. vinifera subsp. vinifera), and the current 

model of grape dioecy indicates that this is the result of a rare recombination event in a male 

during domestication that removed the YABBY3 mutation and restored pistil function. These are 

just a few of the dioecious plants observed to follow the Charlesworth model. 

Single-gene systems 

In recent years, more exceptions to the Charlesworth evolutionary model of plant dioecy 

have been observed, commonly in relation to cases where dioecy evolved from monoecy (the 

presence of both unisexual flowers on a single plant at different times) (Renner, 2016). In most 

cases, these exceptions are driven by a single gene that affects unlinked genes driving male or 

female function (Golenberg & West, 2013). Rather than being connected by physical linkage, the 

factors that determine sex are connected through epistatic interactions, and the gene controlling 

dioecy alters these interactions to produce a different sex. Turnovers between XY and ZW 

systems are common in these plants due to the single gene requirement (Müller et al., 2020). 

Monoecious plants can be artificially induced to become dioecious by altering genes affecting 

hormones, as has been performed in maize (Zea mays) (Jones, 1934) and melon (Cucumis melo) 

(Boualem et al., 2015). In other plants, floral MADS-box genes are excellent candidate genes in 

single gene models. If the required genes are missing, then the features of one sex will not form. 

Two B-class MADS-box genes - PISTILLATA (PI) and APETALA3 (AP3) - are required for the 

formation of stamen and prevent the expression of carpels wherever they are expressed (Cronk & 

Müller, 2020). If PI/AP3 are over-expressed in a flower, it is expected that they will form 

flowers lacking any female organs. Similarly, if these genes were to be silenced, then only 

carpels would form. These examples indicate alternative paths to the evolution of dioecy that do 

not rely on the two-gene model (Renner, 2016). 

One such single-gene model, involving MADS-box genes, has become well-

characterized in poplar species (Populus sp.). Some species of poplars, including P. alba, have a 

ZW sex-determining system, while most others have an XY system (Müller et al., 2020). The 

same gene, an ortholog of ARABIDOPSIS RESPONSE REGULATOR 17 (ARR17), is responsible 

for sex-determination in both systems, despite having different SDRs. The SDR in Populus was 

first identified on chromosome 19 in a variety of species, and later genome-wide association 

studies (GWAS) indicated that ARR17 was strongly correlated with sex determination in poplar 

(Geraldes et al., 2015; McKown et al., 2017). Knockout experiments have confirmed that the 
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loss of ARR17 in female poplar results in the growth of male flowers (Müller et al., 2020). 

Furthermore, this study characterized the difference between sex determination in XY and ZW 

poplars. In ZW poplars, the male (Z) haplotype lacks the ARR17 gene, and the female (W) 

haplotype contains a single copy. The location of the ARR17 gene serves as the SDR in these 

poplars. In XY poplars, both the female (X) and male (Y) haplotypes contain ARR17, but the 

male haplotype also contains an ARR17 pseudogene inverted repeat (ΨARR17-IR). This 

pseudogene produces small RNA that targets ARR17 transcripts for silencing, and the region 

containing the pseudogene represents the SDR in poplars with this system. Gene expression 

analysis of male and female poplar identified up-regulation of PI/AP3 exclusively in males 

(Cronk et al., 2020), indicating that ARR17 functions by targeting these MADS-box genes for 

silencing. Further expression analyses comparing genetically identical aspen (P. tremula) with or 

without an arr17 knockout confirmed that PI expression is inhibited by ARR17 (Leite Montalvão 

et al., 2022). Overexpression of PI/AP3 produces stamen-only flowers, as observed in male 

poplars, and blocking the expression of PI/AP3 inhibits stamen growth and results in carpal-only 

flowers, as observed in female poplars.  

The overall model and its applicability to green ash 

An updated, unified model of plant dioecy has been proposed to take these findings into 

account (Leite Montalvão et al., 2020). Despite the surface-level differences between the two-

gene and single-gene models, the genes involved in all currently observed systems are connected 

in a single genetic network of promoters and suppressors of male and female traits. In 

monoecious plants and dioecious plants with a single-gene system, the “sex-switch” gene acts on 

a high level by repressing a female suppressor. Without the female suppressor, male-promoting 

genes are inhibited. This results in flowers lacking vestigial remnants of the opposite sex. In 

monoecious plants, this is localized based on hormones, while in dioecious plants, this is 

determined by either presence/absence of the sex-switch gene or silencing of the sex-switch gene 

by small RNA. Two-gene systems, by contrast, do not have genes that interact with one another, 

but are linked within the sex-determining genomic region. This linkage between a female 

suppressor and male suppressor is essential to control flower development, as the genes are 

controlled independently. Proper linkage ensures that hermaphrodites and asexual neuters do not 

happen, though crossover and reversion to hermaphroditic flowers was observed in the case of 

domesticated grapes (Massonnet et al., 2020). The unified model builds off of the classic model 

(Charlesworth & Charlesworth, 1978), while incorporating what appeared to be exceptions to 

this rule of plant dioecy (Renner, 2016). 

Based on these observations of dioecy in other plant species, we have a guideline for 

what systems are most likely driving sex determination in green ash. The current evolutionary 

hypothesis in European ash - subdioecy with functional males pollinating functional females - 

would point to a form of the two gene pathway, with one gene acting as a male floral organ 

inhibitor and the other acting as a female floral organ inhibitor. However, whereas the most 

common form of this two-gene system sees gynodioecy as the halfway point between 

hermaphroditism and full dioecy, the system observed in ash is closer to androdioecy. 

Furthermore, the similarities between poplar and green ash floral structures strongly indicates 

that MADS-box genes play a role in sex-determination. Most sex-determining systems in 

dioecious plants, such as grapevine, result in flowers containing vestigial organs of the opposite 
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sex (Massonnet et al., 2020). Using grapevine as an example, the mutations in INP1 do not 

prevent the growth of stamen in female flowers, but they result in stunted stamen that produce 

sterile pollen. By contrast, in poplar, there is a clean deletion of opposite sex structures - male 

flowers consist solely of stamen, and female flowers consist solely of carpels (Müller et al., 

2020). This is the result of ARR17 targeting PI/AP3, MADS-box genes responsible for stamen 

formation, for silencing, and the absence (ZW) or silencing (XY) of ARR17 allows them to be 

overexpressed. Rather than resulting in stunted sexual organs of the opposite sex, the silencing 

and overexpression of MADS-box genes prevents their development entirely. The structure of 

male and female green ash flowers is similar to poplar in that they do not contain any features 

from the opposite sex (Figure 1) (Wallander, 2012). For this reason, we expect that one or more 

genes in green ash drive dioecy by targeting MADS-box genes such as PI/AP3.  
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and the figure and table numbers have been changed to reflect chronological numbering within 

this dissertation. Work from this publication that is irrelevant to the dissertation work has been 

excluded, and any results that mention irrelevant work cite the original publication. 

 

    Abstract  

  

Green ash (Fraxinus pennsylvanica) is the most widely distributed ash tree in North 

America. Once common, it has experienced high mortality from the non-native invasive emerald 

ash borer (EAB; Agrilus planipennis). A small percentage of native green ash trees that remain 

healthy in long-infested areas, termed “lingering ash,” display partial resistance to the insect, 

indicating that breeding and propagating populations with higher resistance to EAB may be 

possible. To assist in ash breeding, ecology and evolution studies, we report the first 

chromosome-level assembly from the Fraxinus genus for F. pennsylvanica with over 99% of 

bases anchored to 23 haploid chromosomes, spanning 757Mb in total, composed of 49.43% 

repetitive DNA, and containing 35,470 high confidence gene models assigned to 22,976 Asterid 

orthogroups. We also present results of range-wide genetic variation studies, the identification of 

candidate genes for important traits including potential EAB-resistance genes, and an 

investigation of comparative genome organization among Asterids based on this reference 

genome platform. Residual duplicated regions within the genome likely resulting from a recent 

whole genome duplication event in Oleaceae were visualized in relation to wild olive (Olea 

europaea var. sylvestris). We used our F. pennsylvanica chromosome assembly to construct 

reference-guided assemblies of 27 previously sequenced Fraxinus taxa, including F. excelsior. 

Thus we present a significant step forward in genomic resources for research and protection of 

Fraxinus species. 

Introduction 

 

Fraxinus pennsylvanica Marsh., commonly known as green ash (also as red ash, swamp 

ash, or water ash), is the most widely distributed ash species in North America with a broad 

range across the east and midwest of the continent (Kennedy 2021). Green ash has economic 

importance (Kovacs et al., 2010) particularly as a landscaping tree. Due to green ash’s 

adaptability to urban environments, it became a popular ornamental tree following the large-

scale loss of American elm trees due to Dutch Elm Disease (Burns & Honkala, 1990). Its lumber 

is popular for woodworking, and it is used for many specialty products. Ecologically, green ash 

https://www.srs.fs.usda.gov/pubs/misc/ag_654/volume_2/fraxinus/pennsylvanica.htm
https://paperpile.com/c/IfHsKt/7jKC
https://paperpile.com/c/IfHsKt/y8pUq
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is adapted to a wide variety of environmental conditions and is considered an important source of 

food and/or cover for wildlife across much of its range (Gucker, 2005). 

   The emerald ash borer (EAB; Agrilus planipennis) is an invasive species of jewel beetle 

that feeds on ash trees and is a critical threat to the native ash populations of North America, 

including green ash. Native to northeast Asia, the EAB is believed to have arrived in America 

through wood packing materials. While it was first found in the United States in 2002, evidence 

suggests the invasive population can be traced back to southeast Michigan in the early 1990s 

(Siegert, McCullough, Liebhold, & Telewski, 2014). Females lay their eggs on the bark of an ash 

tree and after hatching, the larvae chew through the bark and feed on the phloem and vascular 

cambium, disrupting the transport of sugars and water (Poland & McCullough, 2006). Within six 

years, the presence of the EAB can reduce a healthy population of North American ash trees to 

near complete mortality (Knight, Brown, & Long, 2013). 

Worldwide there are over forty Fraxinus species, distributed throughout the temperate 

forests of North America, Europe and Asia. While some ash species native to Asia have 

resistance to EAB, species outside of the beetle’s native range - including those of North 

America and Europe - are largely highly susceptible to the beetle’s effects (Kelly et al., 2020; 

Rebek, Herms, & Smitley, 2008).  Economic impact from EAB in the United States has been 

estimated to be as much as $10.7 billion including the replacement of 17 million ornamental ash 

trees (Kovacs et al., 2010). Despite the overall high mortality, a small percentage of ash trees 

remain healthy. Further controlled EAB screening trials have confirmed some ash genotypes as 

having reproducibly higher resistance to the pest. Identifying the genetic basis for this trait could 

benefit an ongoing US Forest Service breeding program to develop ash with enhanced resistance 

to EAB (Koch et al., 2012).  

The Fraxinus species of Europe face an additional threat in the form of the Ascomycete 

fungus Hymenoscyphus fraxineus. H. fraxineus is the causative agent of a fatal disease in ash 

known as ash dieback, named for the crown dieback caused by the disease (Bakys, Vasaitis, 

Barklund, Ihrmark, & Stenlid, 2009). Symptoms of the infection include necrotic spots on stems 

that eventually enlarge into cankers and wilting of leaves. European ash trees infected with H. 

fraxineus have an estimated mortality rate of 85% in plantations and 69% in woodland 

populations (Coker et al., 2019). It has primarily impacted European ash (Fraxinus excelsior) 

populations, though other species have been affected as well. While not yet detected in North 

America, experiments indicate that American species, including green ash, are mildly susceptible 

(Nielsen, McKinney, Hietala, & Kjær, 2017).   

Genomics can be an important tool to combat threats posed by invasive pests and 

pathogens. Annotated genomes have contributed to resistance breeding programs in a number of 

crop species by allowing researchers to identify genes for resistance (Babu et al., 2020; Pérez-de-

Castro et al., 2012) and recent studies show promising results for tree species (Dario Grattapaglia 

et al., 2018; Neale & Kremer, 2011; Plomion et al., 2016). European ash (F. excelsior) has the 

most contiguous and well annotated ash genome to date, with 89,514 nuclear scaffolds and 

38,852 protein-coding genes (Sollars et al., 2017). Less contiguous scaffold- or contig-level 

genomes are also available for 26 other Fraxinus taxa, including three green ash individuals, 

though at present these do not have de novo gene annotations available (Kelly et al., 2020). A 

green ash transcriptome was published in 2016, exploring the effects of EAB feeding and other 

stresses on gene expression in green ash trees (Lane et al., 2016), and a genetic linkage map for 

https://paperpile.com/c/IfHsKt/fbpj
https://paperpile.com/c/IfHsKt/luJM
https://paperpile.com/c/IfHsKt/idSq
https://paperpile.com/c/IfHsKt/ELU6
https://paperpile.com/c/IfHsKt/p6Kz+IT75
https://paperpile.com/c/IfHsKt/p6Kz+IT75
https://paperpile.com/c/IfHsKt/7jKC
https://paperpile.com/c/IfHsKt/eNan
https://paperpile.com/c/IfHsKt/4N85
https://paperpile.com/c/IfHsKt/4N85
https://paperpile.com/c/IfHsKt/aPzD
https://paperpile.com/c/IfHsKt/V76F
https://paperpile.com/c/IfHsKt/iT4q+FZfc
https://paperpile.com/c/IfHsKt/iT4q+FZfc
https://paperpile.com/c/IfHsKt/HkkS+n4ny+2KiL
https://paperpile.com/c/IfHsKt/HkkS+n4ny+2KiL
https://paperpile.com/c/IfHsKt/tguN
https://paperpile.com/c/IfHsKt/p6Kz
https://paperpile.com/c/IfHsKt/ltgP
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green ash was reported in 2019 (Wu, Koch, Coggeshall, & Carlson, 2019).  This linkage map 

contained a total of 23 linkage groups spanning about 2009 cM, with a total of 1,201 markers 

and an average inter-marker distance of 1.67 cM. (Wu et al., 2019).  

To support efforts to combat EAB and other threats to ash species, we produced a 

chromosome-scale reference genome for green ash scaffolded with an improved genetic linkage 

map, which provides a foundation for exploring population diversity across the native range, 

discovery of trait-associated loci including for survival after EAB infestation, and comparative 

genomics across the Asterids. Genome-guided scaffolding of the draft genomes from an 

additional 27 Fraxinus taxa representing 23 species extends these resources to support research 

and breeding efforts in other threatened ash species.  

 

Materials and Methods 

Genome annotation and quality assessment 

Following identification and softmasking of repetitive elements with RepeatModeler 

version 1.0.11 and RepeatMasker version 4.0.9, gene annotations were predicted using BRAKER 

version 2.1.5 (Hoff et al., 2016, 2019; Smit et al., 2015a, 2015b). Annotations were filtered by 

structure and function using gFACs version 1.1.2 and EnTAP version 0.9.1, respectively 

(Caballero & Wegrzyn, 2019; Hart et al., 2020). Benchmarking Universal Single-Copy 

Orthologs (BUSCO) version 4.0 was run to assess the completeness of the Fraxinus 

pennsylvanica assembly (Seppey et al., 2019). Statistical analysis of the pseudomolecules and 

scaffolds of the input genome was performed using QUAST version 5.0.2 (Gurevich et al., 

2013). 

 

Characterizing the whole genome duplication event 

Four species from within the Lamiids subclade of the Asterid clade were selected for 

comparative genomics: wild olive (Olea europaea var. sylvestris) (Unver, Wu, Sterck, & 

Turktas, 2017), common yellow monkeyflower (Erythranthe guttata, formerly known as 

Mimulus guttatus) (Hellsten et al., 2013), tomato (Solanum lycopersicum) (Tomato Genome 

Consortium, 2012), and coffee (Coffea canephora) (Denoeud et al., 2014). Carrot (Daucus 

carota) was selected as an outgroup (Iorizzo et al., 2016). The rate of synonymous mutations 

(Ks) in each species was determined using reciprocal BLASTP analyses and inputting these 

results into the custom KsPlotter python script as previously described (Sollars et al., 2017). 

After generating the Ks plot, we isolated gene clusters in F. pennsylvanica that represent the most 

recent WGD event predicted in the plot, indicated with a Ks of 0.25 or less. A Circos plot to 

visualize these gene clusters was created with a custom python script 

(https://github.com/MattHuff/Green_Ash_Annotation/blob/master/get_coordinates_ash_ash.py) 

to match genes in a cluster with their coordinates along the genome (Krzywinski et al., 2009).  
  

https://paperpile.com/c/IfHsKt/ZURi
https://paperpile.com/c/IfHsKt/ZURi
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0031
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0031
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0032
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0032
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0071
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0071
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0072
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0072
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0010
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0010
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0027
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0027
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0069
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0069
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0026
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0026
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0026
https://paperpile.com/c/IfHsKt/plhf
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Fraxinus spp. reference-guided genome scaffolding 

 
BUSCO and RepeatMasker were run on the BAT0.5 F. excelsior assembly (Sollars et al., 

2017) using the same parameters previously described (Seppey et al., 2019; Smit et al., 2015a). 

We downloaded 28 other publicly available Fraxinus scaffold- and contig-level assemblies 

(Kelly et al., 2020). We used RagTag version 1.0.1 to align the scaffolds of each assembly to the 

chromosomes of F. pennsylvanica and join them to produce chromosome-scale assemblies 

(Alonge et al., 2019). Following the same methods as above, we masked repetitive elements 

from the genomes with RepeatMasker (Smit et al., 2015a) and gene annotations with BRAKER2 

(Hoff et al., 2016, 2019). 

Comparative genomics with Asterids 

 
OrthoFinder v2.3.12 was used to identify orthologs in F. pennsylvanica and the five other 

species of Asterids used for WGD analysis. Multiple sequence alignment (MSA) mode was 

selected, which used MAFFT v7.467 to infer gene trees and obtain sequence alignments (Emms 

& Kelly, 2019; Katoh & Standley, 2013). The output of OrthoFinder was used to identify blocks 

of synteny between F. pennsylvanica and the other asterid species. Orthologs among F. 

pennsylvanica, O. europaea, and C. canephora were selected by identifying orthogroups with a 

single gene member from each species (Staton et al., 2020). The command line version of 

Circos, version 0.69-6, used these orthologous links to visualize synteny between the genomes 

(Krzywinski et al., 2009). 

 

Results 

Genetic linkage map 

The Fraxinus pennsylvanica genetic linkage map based on 95 progeny (Wu et al., 2019) 

from the PE0028 x PE0248 cross was expanded by genotyping a further 160 F2 individuals 

(Huff et al., 2022). This resulted in a consensus linkage map representing both parents composed 

of 4,193 SNPs organized in 23 linkage groups representing the 23 haploid chromosomes (Figure 

3A, Supplementary Table S1) (Löve, 1982). The total map length was 1675.9 cM with linkage 

groups ranging from 49.6 cM (LG16) to 104.5cM (LG2) yielding an average marker density of 

0.4 cM per SNP.  

Assembly and scaffolding   

The reference genome was generated from PE00248, a male tree with EAB resistance 

and a parent of the cross used for genetic mapping (Kelly et al., 2020; Wu et al., 2019). The 

assembly utilized Illumina paired end and mate pair reads, then underwent additional scaffolding 

with Hi-C data and the new genetic linkage map (Huff et al., 2022). This yielded a high quality, 

chromosome-scale reference genome (version 1.4) with 23 primary sequences corresponding to 

the expected 23 haploid chromosomes and spanning 755 Mb (Table 1). An additional 87 

scaffolds of 10 kb or more in length remain unplaced (totaling 2 Mb). The genome assembly has 

a total length of 757 Mb, representing 81.4% to 85.1% of the total predicted length of 890-930  

https://paperpile.com/c/IfHsKt/dY4K+qtCF
https://paperpile.com/c/IfHsKt/dY4K+qtCF
https://paperpile.com/c/IfHsKt/fxfJ
https://paperpile.com/c/IfHsKt/xwgJ
https://paperpile.com/c/IfHsKt/ZURi
https://paperpile.com/c/IfHsKt/wI4N
https://paperpile.com/c/IfHsKt/p6Kz+ZURi
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Figure 3. High-density, consensus genetic linkage map of Fraxinus pennsylvanica (Huff et 

al., 2022). (a) Consensus genetic map of the PE0048 × PE0248 F. pennsylvanica cross 

composed of 4193 SNPs. Black tickmarks represent markers segregating either in female or male 

parent. Vertical scale on the left reflects map genetic distances in centimorgans (cM). Coloured 

scale in the bottom shows variation in marker density (cM per locus) across the linkage groups. 

(b) Alignment of sequence-based genetic markers from the high-resolution linkage map (bottom) 

to the chromosomes of the F. pennsylvanica genome assembly (top) 
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Table 1. Summary of the Fraxinus pennsylvanica genome assembly. 

 

Total Length 756,791,288 

# of Scaffolds 110 

Average Length 6,879,920.8 

Largest Scaffold 56,547,140 

Smallest Scaffold 10,000 

Number of Ns 91,729,614 

Chromosome Length 755,065,760 

Chromosome Scaffolds (%) 99.77% 

GC (%) 34.40% 

Repetitive Elements (%) 48.80% 

Protein Coding Gene Models 35,470 

Reads Mapped (%) 88.97% 

Collinear Markers (%) 97.40% 

BUSCO Description Number in Genome 

Complete BUSCOs (C) 1566 (97.03%) 

Complete and single-copy BUSCOs (S) 1345 (83.33%) 

Complete and duplicated BUSCOs (D) 221 (13.69%) 

Fragmented BUSCOs (F) 25 (1.55 %) 

Missing BUSCOs (M) 23 (1.43%) 

Total BUSCO groups searched 1614 (100%) 
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Mb estimated from flow cytometry (Kelly et al., 2020). The 23 chromosome sequences range 

from 22.2 Mb to 56.5 Mb in length and make up 99.7% of the total sequence content. Genome  

quality was assessed with multiple methods. First, to assess the accuracy of the assembly of the 

original contigs and scaffolding into chromosome order, sequences for each marker from the 

high-resolution linkage map were aligned to the current assembly (Figure 3B). Of the 4,117 

markers that aligned to the assembly, 4,010 (97.4%) aligned to their expected linkage group on 

the map. Next, the proportion of the genome captured in the assembly was evaluated by mapping 

the original paired end short reads to the final assembly. While the reference genome has fewer 

bases than the estimated genome length and a significant proportion of uncalled bases (12.1%), 

we found that over 89% of short read pairs map to the genome sequence. This indicates that a 

large majority of the genome is represented in the assembly, and the reduced length and number 

of Ns may be due to collapsed assembly of repetitive areas. Finally, completeness was evaluated 

with BUSCO (Benchmarking Universal Single-Copy Orthologs) to confirm the presence of 

expected orthologs (Table 1). Of the 1,614 BUSCO groups searched, 97% were complete and 

present at least once in the genome. 83.3% of these complete BUSCOs were single copy while 

13.7% were duplicated. All BUSCOs were located on the 23 chromosomes. Overall, all 

evaluation metrics support that the assembly is largely complete and correctly scaffolded. 

Annotation 

Using known plant repetitive element sequences and de novo repeat discovery, 49.43% of 

the genome was identified as repetitive and masked prior to gene annotation (Supplemental 

Table S1). Like most characterized plant genomes, long terminal repeats (LTRs) were most 

commonly identified (24.53%), primarily from the Ty1-Copia (13.53%) and Ty3-Gypsy 

(10.26%) families (Baucom et al., 2009).  

Gene annotation yielded an initial set of 53,977 gene predictions that were further filtered 

by structural and functional annotation to a set of 35,470 high confidence gene models (Hart et 

al., 2020). All high confidence genes are located on the 23 chromosome sequences. The majority 

of high-quality genes were annotated with a sequence similarity match to a protein database 

(29,501) and assignment to an eggNOG gene family (35,085). 29,408 genes were assigned at 

least one gene ontology (GO) term and 8,495 have at least one pathway assignment from KEGG. 

Annotation of tRNA identified 723 candidate loci located on all 23 pseudomolecules as well as 

in unplaced scaffolds 26, 41, 74, and 97. 

rRNA characterization 

 The rRNA genes were annotated to identify the nucleolus organizer regions and compare 

the patterns to previously analyzed Fraxinus species. In the green ash chromosomal assembly, 

rDNA sequences were found only on chromosome 1 at 17.59Mb. The region includes the 5S, 

5.8S, and 25S genes and part of the internal transcribed spacer but is missing the 18S subunit. An 

rDNA sequence with all eukaryotic subunits (5S, 18S, 5.8S, and 25S) was also identified on 

Scaffold_24 of the green ash assembly, which has not been placed in a chromosomal location. 

Scaffold_24 includes two markers from the genetic linkage map: “15188_21” from linkage 

group 18 and “15186_147” from linkage group 20. In both chromosome 1 and scaffold_24, the 

rDNA sequences are present in a single copy, indicating the tandemly repeated array of rDNA 

sequences was collapsed during assembly to a single copy. The tandem repeat nature of rDNA 

https://paperpile.com/c/IfHsKt/p6Kz
https://paperpile.com/c/IfHsKt/yqOL
https://paperpile.com/c/IfHsKt/ria9
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arrays make them particularly difficult to assemble from short reads and accurately place along 

chromosomes (Tørresen et al., 2019).  

Characterization of whole genome duplications 

 Previous studies have suggested the occurrence of two recent whole genome duplication 

(WGD) events shared across the Oleaceae family (Sollars et al., 2017; Unver et al., 2017). A 

recent asterid-wide phylogeny and WGD analysis placed an Oleaceae-specific WGD at around 

35 million years ago and an additional older WGD shared by the Oleaceae and Carlemanniaceae 

families at around 78Mya (Zhang et al., 2020). Evidence of these events were assessed in F. 

pennsylvanica through pairwise synonymous site divergence (Ks) plotting (Blanc & Wolfe, 

2004). F. pennsylvanica shares a peak at Ks = 0.25 with F. excelsior and O. europaea (wild 

olive), corroborating the presence of a recent, Oleaceae-specific whole genome duplication event 

(Figure 4A). Consistent with the results of Sollars et al., F. pennsylvanica and F. excelsior also 

share a peak at Ks = 0.6 with O. europaea; this is present along with peaks corresponding with 

previously reported WGD events predicted for Daucus carota (carrot) and Solanum 

lycopersicum (tomato) (Iorizzo et al., 2016; Song, Guo, Sun, & Wang, 2012; Tomato Genome 

Consortium, 2012). 

 To identify duplicated genomic regions likely to result from the most recent WGD in F. 

pennsylvanica, we identified all gene pairs with a Ks value of 0.25 or less (Figure 4B, 

Supplemental Figures S1 and S2). These are mainly found in large collinear blocks in the green 

ash genome (Figure 4C). All chromosomes share syntenic blocks with at least one other 

chromosome. Five chromosome pairs appear to originate from a single ancestral chromosome 

with zero to three internal rearrangements: 6 and 15, 7 and 10, 8 and 17, 9 and 13, and 11 and 14. 

The remaining chromosomes have a more complex synteny pattern encompassing multiple 

chromosomes but generally only a few large  

detectable rearrangements. The one exception is the distal end of chromosomes 4 and 12 which 

are a mosaic of small blocks. The internal synteny pattern of the WGD is consistent with the 

locations of 182 of the duplicated BUSCOs, while 13 are locally duplicated - meaning genes 

located on the same chromosome within 10 genes apart - and 33 did not appear to have been the 

result of WGD (Supplemental Table S2).  

Comparison of F. pennsylvanica to F. excelsior 

 A scaffold-level assembly of the European ash (Fraxinus excelsior) genome (BATG 

v0.5) (Sollars et al., 2017) is available with 89,514 scaffolds and an N50 of 104 kbp. We ran 

BUSCO on the F. excelsior assembly and identified duplicated BUSCOs common between both 

assemblies. BUSCO analysis of the F. excelsior assembly indicated that 1436 (88.9%) complete 

BUSCOs were present, of which 188 (11.6%) are duplicated. We identified 127 duplicated 

BUSCOs shared between the two species assemblies. These shared BUSCOs consist of 57.4% of 

the duplicated BUSCOs identified in F. pennsylvanica and 67.5% of those found in F. excelsior. 

Five of the 12 locally duplicated BUSCOs in F. pennsylvanica were found in the list of 

duplicated BUSCOs in F. excelsior. Supplemental Table S3 provides the names of all 127 

BUSCOs shared between F. pennsylvanica and F. excelsior, along with their functions. 

The same repeat annotation pipeline for F. pennsylvanica was performed for F. excelsior 

(version BATG0.5). The two genome assemblies were largely similar in repetitive content, with  
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Figure 4. Characterization of Genome Duplications in Fraxinus pennsylvanica. (A.) 

Distribution of Ks values of F. pennsylvanica and other Asterid species. (B.) Visualization of 

blocks of synteny within the green ash genome likely due to an Oleaceae specific WGD. Lines 

link paralogs with a Ks value of 0.25 or less. (C.) Block diagram of internal synteny between ash 

chromosomes. 
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F. excelsior containing a total of 49.6% repetitive bases versus F. pennsylvanica with 49.43% 

(Supplementary Table S3). The two genomes share LTR elements as the most common repeat 

class, but F. excelsior has a higher percentage (29.6%) in comparison with F. pennsylvanica  

(24.53%). More of the repetitive elements in F. pennsylvanica were unclassified (18.5%) than in 

F. excelsior (11.61%).  

 While a genetic map was recently constructed for F. pennsylvanica, supporting the 

assembly used in this study, F. excelsior does not currently have such a map. To provide 

additional resources for the European ash research community, we constructed a chromosome-

level assembly of F. excelsior using the F. pennsylvanica genome as a guide. Of the 89,514 input 

scaffolds in the F. excelsior assembly, 17,586 were placed on a chromosome, comprising a total 

of 728.3 Mbp or 84% of the BATG v0.5 assembly (Table 2). We refer to this reference-guided 

assembly as BATG v0.7. Of the 38,949 annotated genes identified in F. excelsior, 35,752 

(91.8%) were placed in BATG v0.7. To build new gene models, BATG v0.7 underwent the same 

pipeline of repeat masking and gene annotation as F. pennsylvanica, yielding 41,824 gene 

models. BUSCO results for BATG v0.7 improved from 88.9% to 94.9% complete BUSCOs, 

suggesting the guided scaffolding improved the gene contiguity. 

Examination of EAB resistance candidate genes 

Previous evaluation of EAB response across Fraxinus species found that resistance arose 

independently within three separate phylogenetic lineages. To study signatures of convergent 

evolution, Kelly et al. produced a set of contig and scaffold-level assemblies for 26 taxa 

representing 22 species sampled from across the  

phylogenetic breadth of the genus (Kelly et al., 2020). A comparative analysis of these draft 

genomes between the resistant and susceptible species identified 53 candidate genes containing 

evidence of convergent evolution correlated to EAB resistance (Kelly et al., 2020). Based on 

sequence similarity and the reference-guided scaffolding of F. excelsior, 51 of the 53 candidate 

genes were located in the F. pennsylvanica annotation (Supplemental Table S4); four of these 

were removed from the final annotation during filtering. Based on the results described in Kelly 

et al., 2020, OG11720 underwent a start codon loss mutation in another F. pennsylvanica 

individual, which might account for its absence from the annotation. Functionally, all seven 

candidate genes associated with the phenylpropanoid biosynthesis pathway have at least one 

ortholog in F. pennsylvanica and thirteen of the fifteen candidate genes associated with 

herbivorous insect defence response were annotated as well. Candidate OG27080 - involved in 

the phenylpropanoid pathway - was predicted to be nonfunctional in F. ornus, but the associated 

mutation is not present in the associated gene in F. pennsylvanica. OG11720, absent from this 

annotation, is predicted to play a role in defense response against herbivores. Two candidates - 

OG32176 and OG47560 - appear to contain two copies in green ash located within the same 

chromosome; in the case of OG47560, the genes in green ash are within 1000 bp of each other. 

 

Reference-guided assembly of worldwide Fraxinus genomes 

N50 scores for the assemblies from the other Fraxinus species ranged from 2,665 to 

103,995 bases and their BUSCO scores varied (Supplemental Table S5). To provide a new 

community resource, we performed F. pennsylvanica guided-scaffolding of 27 contig and  

https://paperpile.com/c/IfHsKt/p6Kz
https://paperpile.com/c/IfHsKt/p6Kz
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Table 2. Comparison of Fraxinus excelsior genome statistics before (version 0.5) and after 

(version 0.7) reference-guided assembly and reannotation. 

 
 

 BATG v0.5 BATG v0.7  

Total Scaffolds 89,514 71,971 

Assembly Size (Mbp) 867.5 869.2 

N50 103,995 30,774,430 

Ns 149,164,818 (17.19%) 150,919,118 (17.36%) 

Complete BUSCOs (All) 1436 (88.97%) 1532 (94.92%) 

Complete BUSCOs (Single Copy) 1248 (77.32%) 1343 (83.21%) 

Complete BUSCOs (Duplicated) 188 (11.65%) 189 (11.71%) 

Fragmented BUSCOs 79 (4.90%) 38 (2.35%) 

Missing BUSCOs 99 (6.13%) 44 (2.73%) 

Total BUSCOs Searched 1614 1614 
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scaffold-level assemblies derived from these taxa (excluding F. excelsior) (Kelly et al., 2020), 10 

of which we first improved with additional Illumina sequence data. This strategy varied in 

success, with a range of 44% to 86% of bases being placed on the pseudomolecule-level  

assembly (Figure 5, Supplemental Table S5). While this strategy is unable to fully anchor all 

bases or to identify structural variations among the genomes, similarly to F. excelsior, it could 

provide much higher gene model quality by joining neighbor scaffolds. To test this, following 

assembly, we masked repeats and produced new gene annotations for each new reference-guided 

genome version (Supplemental Table S6). 

The F. pennsylvanica genome shares conserved blocks of synteny with other asterids 

 Protein sequences from F. pennsylvanica, O. europaea, M. guttatus, C. canephora, S. 

lycopersicum and D. carota were compared to each other using orthofinder. A total of 184,340 

(88.7%) genes from the full set of 207,754 were placed into orthogroups based upon degree of 

sequence similarity. A total of 22,976 orthogroups were identified by orthofinder; of these 

orthogroups, 9882 had a member from all six query species, and 1376 of these were “single-

copy,” meaning that all six species had exactly one copy of the gene (Supplemental Table S7). 

All species had 88%–91% of their genes assigned to an orthogroup, except for S. lycopersicum 

with only 84% (Table 3). The 5085 species-specific orthogroups—defined as any orthogroup 

containing only genes from a single species—varied in number between species, as did the total 

number of genes within these species-specific orthogroups (Table 3). 

The links among single-copy orthologs enable structural synteny to be examined at a 

macroscale. Using only the orthogroups containing one gene from each of the species, we 

identified strong regions of synteny between the 23 chromosomes of green ash and the 23 

chromosomes of wild olive (Figure S7) with most chromosomes showing one-to-one synteny. 

Only ash chromosomes 12 and 22 appear to have syntenic regions to two chromosomes in wild 

olive (Table 4). In contrast, green ash chromosomes tended to have syntenic blocks in more than 

one of the 11 chromosomes that comprise the genome of coffee, and these often occurred in 2-to-

1 patterns (Figure S8). These patterns fit well with previous results suggesting a shared 

Oleaceae-specific WGD in green ash and wild olive (Unver et al., 2017) but a lack of recent 

WGD in coffee (Denoeud et al., 2014). 

Discussion 

 Five ash tree species native to North America including green ash are now listed on the 

IUCN (The International Union for Conservation of Nature) Red List of Threatened Species as 

“Critically Endangered” due to the ongoing devastation of EAB (IUCN, 2017). Rare individual 

green ash trees with moderate EAB resistance have been documented, and these individuals are 

being used as a critical foundation for conservation and restoration work (Koch et al., 2012). 

However, the genetic or other mechanisms of this trait remain largely unknown with research 

efforts only just beginning. We have developed a high quality, annotated reference genome from 

one of these “lingering” green ash to act as a valuable research tool for understanding and 

leveraging the genetic component of resistance against EAB. Our chromosome-level assembly 

spans 757Mb with over 99% of bases anchored to the 23 haploid chromosomes. The scaffolding 

was based on an expanded F. pennsylvanica genetic map with 4,193 SNPs markers and Hi-C 

sequencing, a proximity ligation approach that yields highly accurate plant genomes (Michael &  

https://paperpile.com/c/IfHsKt/p6Kz
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-tbl-0008
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-tbl-0008
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#support-information-section
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-tbl-0009
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#support-information-section
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0081
https://onlinelibrary.wiley.com/doi/10.1111/1755-0998.13545#men13545-bib-0015
https://paperpile.com/c/IfHsKt/Mu5c
https://paperpile.com/c/IfHsKt/eNan
https://paperpile.com/c/IfHsKt/I1Fq
https://paperpile.com/c/IfHsKt/I1Fq
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Figure 5. Reference-guided assembly of Fraxinus taxa genomes. A.) Pairing of a 

phylogenetic tree of available genomes in the Fraxinus genus and a bar chart illustrating percent 

placement of base pairs of the original genomes to the green ash genome. Fraxinus 

pennsylvanica’s placement is in orange to denote phylogenetic location relative to other species. 

B.) Illustration of the total complete BUSCOs identified before and after RagTag scaffolding. 

Abbreviations: “Subsp. ang…” = subspecies angustifolia, “Subsp. syri…” = subspecies syriaca, 

and “Subsp. oxy…” = subspecies oxycarpa. The red bars indicate additional, complete BUSCOs 

detected after reference-guided scaffolding. 

  

https://paperpile.com/c/IfHsKt/I1Fq
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Table 3. Orthogroup statistics of genes from six Asterids. 

 

 

F. 

pennsylvanica 

O. 

europaea 

M. 

guttatus 

C. 

canephora 

S. 

lycopersicum D. carota TOTAL 

Total Genes 35,470 50,684 28,140 25,574 35,768 32,118 207,754 

Number of Genes 

in Orthogroups 

32,239 

(90.90%) 

45,008 

(88.80%) 

25,534 

(90.70%) 

23,062 

(90.20%) 

30,009 

(83.90%) 

28,488 

(88.70%) 

184,340 

(88.70%) 

Number of 

Species-Specific 

Orthogroups 675 939 580 530 1,071 1,290 5,085 

Number of Genes 

in Species-

Specific 

Orthogroups 1,766 (4.98%) 

8,194 

(16.17%) 

2,658 

(9.45%) 

2,361 

(9.23%) 

5,083 

(14.21%) 

6,130 

(19.09%) 

26,192 

(12.61%) 

Number of 

Unassigned 

Genes 3,231 (9.1%) 

5,676 

(11.2%) 

2,606 

(9.3%) 

2,512 

(9.8%) 

5,759 

(16.1%) 

3,630 

(11.3%) 

23,414 

(11.3%) 

Predicted Gene 

Duplication 

Events 7,292 19,050 7,904 5,761 11,282 11,239 62,528 
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Table 4. Ash to olive chromosomal synteny defined by single-copy orthologs. RC indicates 

the chromosome is in the reverse complemented orientation in the wild olive genome (Unver et 

al., 2017). 
 

Ash Chromosome Olive Chromosome 

Chr01 Chr10 

Chr02 Chr06 (RC) 

Chr03 Chr18 

Chr04 Chr13 (RC) 

Chr05 Chr11 (RC) 

Chr06 Chr07 

Chr07 Chr03 (RC) 

Chr08 Chr02 (RC) 

Chr09 Chr01 

Chr10 Chr15 (RC) 

Chr11 Chr04 

Chr12 Chr18, Chr19 

Chr13 Chr12 

Chr14 Chr22 

Chr15 Chr14 (RC) 

Chr16 Chr20 (RC) 

Chr17 Chr17 

Chr18 Chr16 

Chr19 Chr09 

Chr20 Chr21 

Chr21 Chr08 

Chr22 Chr05 (RC), Chr16 

Chr23 Chr23 
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VanBuren, 2020). Assessment of the assembly and annotation with BUSCO, read alignment, and 

comparisons to other sequenced plant genomes indicates the genome sequence is largely 

complete and accurately scaffolded and annotated. 

 Despite the overall accuracy of the assembly, the placement of the major 35S rDNA array 

is still uncertain. FISH analysis identified one major rRNA locus with colocalized 35S and 5S 

arrays and another minor 35S locus on a different chromosome pair (Huff et al., 2022). Our 

assembly also has two rRNA loci; one on chromosome 1 and one on unplaced Scaffold_24, 

which contains markers for both Chromosome 18 and 20. Future research will be needed to 

confirm its exact location. Islam-Faridi et al. performed FISH analysis of Manchurian ash (F. 

mandshurica) and, similarly to green ash, identified two 35S (18S-5.8S-25S) rDNA and one 5S 

rDNA sites. They also assessed blue ash (F. quadrangulata) and found three 35S rDNA and one 

5S rDNA site (N. Islam-Faridi, Mason, Koch, & Nelson, 2020). In both species, the 5S was 

colocalized with one of the major 35S sites. Fully characterizing the location of rDNA arrays 

across ash species could help to predict successful cross species hybridizations, which could 

support efforts to introgress EAB resistance and other traits across ash species.  

 Supporting previous findings from European ash and wild olive genomes (Sollars et al., 

2017; Unver et al., 2017), we found evidence for a WGD event shared by species in the Oleaceae 

family and confirmed through a Ks plot and internal synteny analysis. The two copies of each 

original chromosome are largely syntenic within the green ash genome with some major 

rearrangements detected. By delineating these conserved, internal blocks of synteny within the 

green ash genome, we provide a strong foundation for designing genetic markers unique between 

the syntenic regions and future studies of gene loss and diversification across Fraxinus species 

after the WGD. In comparing the structure of the F. pennsylvanica genome to O. europaea by 

collinear order of orthologous genes, we observed a surprisingly high amount of structural 

conservation, with most chromosomes between the species having one-to-one synteny 

(Supplemental Figure S3). In examining a more phylogenetically distant asterid, coffee (Coffea 

canephora), more extensive structural rearrangements were common, however, large blocks of 

synteny were still identifiable (Supplemental Figure S4). Both coffee and olive are interesting 

comparators to green ash, as both have ongoing international agricultural and genetic research 

focused on disease and insect resistance.  

 With EAB threatening North American ashes, ash dieback threatening European ash 

species, and resistance to both found in Asian ash species, there is a strong need to develop 

genomic and genetic resources for the entire Fraxinus genus. We have used the green ash 

genome to enhance 28 currently available ash genomes, spanning 23 species and 6 sections 

(Wallander, 2012). Guided scaffolding of contig and scaffold-level genome assemblies, using the 

green ash genome as a reference, yielded partial chromosome-level assemblies. We have also 

provided updated repeat and gene annotations for the scaffolded genomes. These reference-

scaffolded genomes have major limitations: they anchor only a portion of the contigs (ranging 

from 44% to 86%) and are unable to detect differences in genome architecture between species. 

However, with gene regions having a higher percent identity across species and thus gene-rich 

regions being preferentially anchored, we were able to show significantly improved gene 

annotation after scaffolding. Until independently scaffolded genomes are available for these 

species, this new resource could improve analysis of transcriptome experiments and improve 

https://paperpile.com/c/IfHsKt/I1Fq
https://paperpile.com/c/IfHsKt/cgWT
https://paperpile.com/c/IfHsKt/tguN+plhf
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studies utilizing genetic markers by better contextualizing the marker’s location relative to 

known genes and other genomic features.  
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APPENDIX 

Supplemental Methods 

Genome Annotation: 

 Repetitive elements in the Fraxinus pennsylvanica genome were identified with 

RepeatModeler v1.0.11 (Smit, Hubley, & Green, 2015b). These repeat sequences were combined 

with RepBase and repetitive elements previously identified in Fraxinus excelsior (Sollars et al., 

2017), then provided to RepeatMasker v4.0.9 (species “eudicotyledon”) (Smit, Hubley, & Green, 

2015a). Gene annotations were predicted using BRAKER v2.1.5 using RNA sequencing data 

from multiple tissues and stress conditions (Lane et al., 2016) (25.2 Gb) and 50,841 gene models 

from Fraxinus excelsior (Sollars et al., 2017) (Katharina J. Hoff, Lomsadze, Borodovsky, & 

Stanke, 2019; K. J. Hoff, Lange, Lomsadze, & Borodovsky, 2016).  Genes were filtered by 

gFACs v1.1.2 for gene structure (Caballero & Wegrzyn, 2019). Genes were filtered if they met 

these criteria: CDS size less than 300 bp, exon and intron sizes of less than 9 bp, in-frame stop 

codons, and/or lack of start or stop codons. Only the longest unique gene models were kept to 

represent each locus. Genes were next filtered by EnTAP v0.9.1 based on predicted function 

(Hart et al., 2020). For EnTAP, genes were compared against the Swissprot and TrEMBL plant 

protein databases and the EggNOG gene family database. Genes kept by EnTAP were again 

filtered by gFACs, yielding the final list of gene models. Transfer RNA (tRNA) were predicted 

using tRNAscan version 2.0 on default settings (Chan & Lowe, 2019; Lowe & Eddy, 1997). 

Ribosomal DNA (rDNA) locations were predicted using the program RNAmmer v1.2 and 

aligning known rRNA sequences from Olea europaea and F. excelsior to the genome assembly 

(Lagesen et al., 2007). 

 

Fraxinus spp. Reference-Guided Genome Scaffolding: 

 BUSCO and RepeatMasker were run on the BAT0.5 F. excelsior assembly (Sollars et al., 

2017) using the same parameters previously described (Seppey et al., 2019; Smit et al., 2015a). 

We downloaded 27 other publicly available Fraxinus scaffold and contig level assemblies (Kelly 

et al., 2020). For F. angustifolia subsp. angustifolia, F. dipetala, F. latifolia, F. mandshurica, F. 

ornus, F. paxiana, F. quadrangulata, and F. sieboldiana, new 800bp insert size library data was 

sequenced with the Illumina HiSeq 4000 platform by the Centre for Genomic Research at the 

University of Liverpool. These ten species were all de novo assembled using the same methods 

as Kelly et al (2020). An additional species, F. apertisquamifera, was also sequenced and 

assembled following the same methods of Kelly et al., 2020. Plant material for this assembly was 

collected from accession 20071420-L, provided by the Royal Botanic Garden Edinburgh. For all 

28 assemblies, we used RagTag v1.0.1 to align the scaffolds of each assembly to the 

chromosomes of F. pennsylvanica and join them to produce chromosome-scale assemblies 

(Alonge et al., 2019). Following the same methods as above, we masked repetitive elements 

from the genomes with RepeatMasker with the repetitive elements that were identified in F. 

pennsylvanica as the repeat database (Smit et al., 2015a). Gene annotations were predicted 

utilizing BRAKER2; this time, gene models from F. pennsylvanica, F. excelsior, and Olea 

europaea were used as input (Katharina J. Hoff et al., 2019; K. J. Hoff et al., 2016). The output 

of BRAKER2 was filtered with a single round of gFACs using identical parameters to the 

methods above (Caballero & Wegrzyn, 2019). 
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Abstract 

Green ash (Fraxinus pennsylvanica) is dioecious, with distinct male and female 

individuals. At present, the mechanisms of dioecy in green ash and other species in the Melioides 

section of Fraxinus are unknown, and trees cannot be sexed until after they first flower. Current 

efforts to breed green ash with enhanced resistance to the invasive emerald ash borer (EAB; 

Agrilus planipennis) would be improved by finding markers of sex determination, allowing 

researchers to sex trees at the seedling stage. In this study, we performed a double-digest 

genotyping-by-sequencing (ddGBS) experiment to identify these markers in the green ash 

genome. Samples were collected from ash species in section Melioides found throughout their 

native range. Using a large sample size of 192 trees, the ddGBS data yielded 4,993,034 high 

quality SNPs. While no SNPs were perfectly associated with male versus female samples, we 

found candidate SNPs of interest in a region of chromosome 8 with preferential detection in 

female samples over male samples. These results are consistent with an XY sex-determining 

system, where reads in this region are more often detected in female samples because females 

have two copies of this haplotype. Annotation of nearby genes included a phospholipase A2-like 

protein, which has been shown to be critical for pollen formation in other plants. However, the 

structure of ash flowers (the complete absence of stamens in females and carpels in males) also 

suggests an unidentified role of MADS-box genes in ash sexual dimorphism. Our results 

demonstrate the limits of using ddGBS in exploring sex-determination in green ash but also 

suggest a potential region of interest for future studies. 

 

Introduction 

Fraxinus pennsylvanica Marsh., or green ash (also called red ash, swamp ash, or water 

ash), is the most widely distributed ash species in North America and a species of high economic 

importance (Kennedy, 1949). In recent years, it has come under threat from an invasive, wood-

boring beetle known as Emerald Ash Borer (EAB; Agrilus planipennis), which has an estimated 

economic impact of $10.7 billion, including the replacement of 17 million ornamental ash 

(Kovacs et al., 2010). Native to eastern Asia, EAB was purportedly introduced in North America 

in the early 1990s, but was first identified near Detroit, Michigan in 2002 (Siegert et al., 2014). 

To colonize new hosts, EAB lays its eggs on the bark of ash trees. After hatching, nascent larvae 

chew through the bark and feed on the phloem and cambium, disrupting the transport of water 

and nutrients (Poland & McCullough, 2006). While most ash trees die within 6 years of EAB 

infestation, a small percentage of individuals remain healthy in highly infested forests. In an 

effort to combat the loss of green ash across its native range, the US Forest Service has 

established an ongoing breeding program to develop ash with improved EAB resistance by 

propagating and breeding so-called “lingering ash” with heritable tolerance to EAB (Koch et al., 

2012).  

 However, breeding efforts in ash are delayed by the substantial time required to reach 

sexual maturity. Thus, efforts to make breeding more efficient are of particular interest. One way 

to ensure that seedling plots will produce viable offspring is by identifying markers of sex 

determination. Sex determination mechanisms in ash species range from hermaphroditic systems 

to completely dioecious systems (Wallander, 2012). As a member of the Melioides section of the 

Fraxinus genus, green ash has a dioecious system with complete segregation of male and female 
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flowers between individuals. In contrast, European ash (F. excelsior; section Fraxinus) is 

subdioecious with a range of sexual phenotypes from all female to hermaphrodite to all male 

flowers. However, individuals function primarily as male or female due to a self-incompatibility 

(SI) system (Saumitou-Laprade et al., 2018). The same diallelic SI system is shared with other 

Oleaceae species, including F. ornus, Phillyrea angustifolia, and Olea europaea (Mariotti et al., 

2019; Vernet et al., 2016). It is currently accepted that the Melioides section of Fraxinus 

acquired the dioecy trait from a common ancestor after diverging from another, non-dioecious 

species (Wallander, 2008, 2012). Nevertheless, the exact mechanism that drives sex 

determination in green ash is currently unknown. Moreover, the heterogametic sex is also 

unknown, making it impossible to sex trees prior to flowering, which can occur anywhere from 

10 to 25 years after germination (Hausman et al., 2014; Schopmeyer & Others, 1974). Breeders 

report that some individuals appear to be sexually incompatible (Koch et al., 2010), suggesting 

green ash may have an SI system, but if the SI system is the same as that previously described 

for other species or its interaction with dioecy have yet to be determined. Thus, efforts to breed 

EAB resistant individuals would be made more efficient by identifying markers of sex 

determination and SI group at the seedling stage. 

 While information on dioecy in green ash is currently limited, studies in other dioecious 

plant species provide insight into the overall trends of dioecy that will help identify the 

mechanisms in green ash.  Dioecy has evolved independently across numerous distinct plant 

lineages (Charlesworth, 2002), but a generalized mechanism of dioecy becomes clear when 

comparing species with well-characterized sex-determination mechanisms (Leite Montalvão et 

al., 2020). In plants, sex-determining regions (SDRs) of chromosomes contain one or more genes 

that differ between the male and female genotypes. Unlike animals, where sex chromosomes are 

often heteromorphic, the chromosomes share broad scale homology except at the SDR. This 

SDR varies in size, but is always a region lacking recombination (Renner & Müller, 2021). Due 

to this lack of recombination, the SDR evolves into two haplotypes that share little homology. 

For example, sex determination may be driven by two genes [e.g., asparagus (Harkess et al., 

2020), grape (Massonnet et al., 2020), and kiwifruit (Akagi et al., 2018)] or by a single gene 

[e.g., poplar (Leite Montalvão et al., 2022; Müller et al., 2020)].  

In the traditional model of the evolution of dioecy, it occurs as a two-gene system, with 

an initial, recessive male-sterility mutation followed by a dominant female-sterility mutation 

(Charlesworth, 2002; Charlesworth & Charlesworth, 1978). These mutations affect a pair of 

genes with strong linkage, meaning that recombination of the SDR is extremely rare or 

impossible. Genomics studies of dioecious plants have found support for the two gene model but 

also exceptions, including single gene systems. The most commonly observed form of a two 

gene-system sees one gene act as a promoter of one sex, and the other acts as a suppressor of the 

opposite sex. In the example of asparagus, the Y-specific SUPPRESSOR OF FEMALE 

FUNCTION (SOFF) gene prevents development of female organs, and DEFECTIVE IN 

TAPETUM DEVELOPMENT AND FUNCTION 1 (TDF1) promotes development of male organs 

(Harkess et al., 2020). Knockout of only SOFF converts males to hermaphrodites, knockout of 

only TDF1 converts males to asexual neuter flowers, and knockout of both genes converts males 

to females.  

In a single gene system, sex is determined by the presence or absence of a gene, which 

may result in transitions between XY and ZW systems. In poplar, an ortholog of ARABIDOPSIS 

https://paperpile.com/c/KZGQEt/OEFIh
https://paperpile.com/c/KZGQEt/kPm35+hhcbz
https://paperpile.com/c/KZGQEt/kPm35+hhcbz
https://paperpile.com/c/KZGQEt/UckYl+0Rwav
https://paperpile.com/c/KZGQEt/dNdR5+DrNYf
https://paperpile.com/c/KZGQEt/RFJN
https://paperpile.com/c/KZGQEt/W7CmT
https://paperpile.com/c/KZGQEt/ViInr
https://paperpile.com/c/KZGQEt/ViInr
https://paperpile.com/c/KZGQEt/pMtCp
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https://paperpile.com/c/KZGQEt/X3TOy
https://paperpile.com/c/KZGQEt/42UoD
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RESPONSE REGULATOR 17 (ARR17) serves as the sex-determining gene. Poplar species with a 

ZW sex-determining system (Populus alba) lack ARR17 in the Z haplotype, and females carry a 

single copy of ARR17 in the W haplotype. Poplar species with an XY sex-determining system 

(P. tremula and P. trichocarpa) contain ARR17 in both X and Y haplotypes, but the Y haplotype 

contains partial duplicates of ARR17, which produce small RNAs that silence ARR17 expression. 

As evidence, knockouts of ARR17 with CRISPR-Cas9-induced mutations converted female P. 

tremula into males (Müller et al., 2020). Gene expression analysis of ARR17 knockouts 

determined that ARR17 represses the expression of B-class MADS-box genes responsible for 

stamen development (Leite Montalvão et al., 2022). We do not expect green ash to share these 

exact mechanisms, but we expect the mechanism of sex-determination in green ash to be 

similarly driven by alterations in a MADS-box-associated pathway.  

 The goal of this project was to identify markers of sex determination in the green ash 

genome. We performed a double-digest genotyping-by-sequencing (ddGBS) analysis of 192 ash 

individuals to identify regions of the genome that significantly correlated with the male and 

female phenotypes. Compared to whole genome sequencing (WGS), which aims to cover as 

much of the genome as possible, GBS is a reduced-representation sequencing (RRS) strategy that 

focuses on capturing higher coverage in a lower percentage of the genome. In olive, this analysis 

has been shown to be effective for comparing genetic diversity between samples as a cheaper 

alternative to WGS (Friel et al., 2021). In amphibians, a clade of animals with homomorphic sex 

chromosomes, GBS experiments have been used to successfully identify SDRs (Luo et al., 2020; 

Yang et al., 2022). Thus, due to the homomorphic architecture of most plant chromosomes, we 

deemed GBS to be a reasonable first approach to identifying genomic regions associated with the 

sex of an organism. Consequently, our results identified a region of interest on Chromosome 8 in 

the recently published green ash genome (Huff et al., 2022). Further study with more 

comprehensive genomic techniques is needed for confirmation of this locus.   

Materials and Methods 

Sample collection 

Samples were collected for DNA extraction from the leaves of green ash throughout its 

native range, though the majority of samples were collected in East Tennessee due to proximity. 

To confirm the sex of collected material, collecting was performed during the spring, when male 

and female flowers were present. No samples were collected from trees that did not flower or did 

not display remnant inflorescences from previous flowerings. Samples were confirmed as green 

ash by assessing bud scar and samara morphology (of female trees). Additionally, samples of 

white ash (F. americana) and Biltmore ash (F. biltmoreana) were collected as we expect a 

shared sex determining system due recent evolutionary divergence. Samples were initially dried 

following collection and intermittently frozen using liquid nitrogen and homogenized four times 

using 5 silica beads in a Fisherbrand Bead Mill 24 Homogenizer (Thermo Fisher Scientific, 

Pittsburgh, PA, USA) before DNA extraction. Our DNA extraction protocol followed the 

E.Z.N.A.® Plant DNA DS Mini Kit protocols for dried samples (Omega Bio-Tek Inc., Norcross, 

GA, USA) with the following modifications: centrifugations speeds were universally set to 

14,400 rpm, centrifugation time was increased by 1 minute per cycle, and elution buffer was 

heated to 65 °C and allowed to incubate at room temperature on the HiBind® DNA Mini 

Column for 5 minutes before each centrifugation cycle. After testing multiple combinations of 

https://paperpile.com/c/KZGQEt/Sxh5j
https://paperpile.com/c/KZGQEt/CqQc7
https://paperpile.com/c/KZGQEt/oNxfp
https://paperpile.com/c/KZGQEt/OGmmL+kQRfi
https://paperpile.com/c/KZGQEt/OGmmL+kQRfi
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REs on test data collected from green ash leaves, PstI was selected as the first enzyme for this 

double-digest experiment, followed by MseI as the second enzyme, as this combination provided 

the best fragment size and coverage. GBS libraries for Illumina short-read sequencing were 

prepared and paired-end sequencing (150 bp) was performed on the Illumina NovaSeq 6000 

sequencing platform (Illumina, San Diego, CA, USA) at the University of Wisconsin Madison 

Genomics Core (Madison, WI, USA). 

Genotyping-by-sequencing read processing and variant calling 

 Reads were demultiplexed using SABRE, version 1.0 (https://github.com/najoshi/sabre), 

and trimmed of adapter content using Skewer, version 0.2.2 (Jiang et al., 2014). We allowed a 

mean quality score of 30 or higher before trimming, and a minimum read length of 30 bp after 

trimming. Following read trimming, we aligned reads to the chromosome-scale genome 

assembly (Huff et al., 2022) using the Burrows-Wheeler Aligner tool (BWA), version 0.7.17 (Li 

& Durbin, 2010). The SAM output of BWA was converted to BAM format using samtools, 

version 1.10 (Danecek et al., 2021; Li et al., 2009), and which was also used throughout the 

project to obtain index files. 

 Read groups were created using Sambamba (Tarasov et al., 2015), and variant calling 

was performed using FreeBayes, version 1.3.1, on the individual chromosomes in the green ash 

genome for each sample (Garrison & Marth, 2012). We did not filter out InDels in this analysis, 

choosing instead to include every type of variant in an attempt to capture larger structural 

changes. We created a combined VCF file using BCFtools, version 1.10.2, to concatenate the 

individual VCF files into a combined file for each chromosome, followed by merging these 

chromosome files (Danecek et al., 2021). We filtered our samples using VCFtools (Danecek et 

al., 2011), selecting only variants with a minor allele frequency (MAF) of 0.05 or more. We 

reran this filtering step with different “max missing” values to identify SNPs found in 50%, 70%, 

and 90% of our samples.  

 Variants strongly associated with male and female phenotypes were called using PLINK, 

version v1.90b6.21 (Purcell et al., 2007). PLINK was run without parental information. We also 

allowed PLINK to include excess chromosomes, in this case referring to unplaced scaffolds 

beyond the 23 chromosome-scale scaffolds (Chapter III). PLINK association files were 

visualized using qqman version 0.1.8 (Turner, 2014).  

We next created a file to test for regions with significant presence/absence variation 

correlated to sex. We altered the vcf file to reflect locus presence or absence. At each locus, 

samples with genotype information were encoded as “present” by the use of 0/0 and samples 

without genotype information were encoded as “missing” by 1/1.  PLINK was run on this new 

file with the same approach previously described, without filtering for “max missing” values. 

Regions of interest were visualized using the Integrative Genomics Viewer (IGV) web 

viewer, version 1.12.9 (Robinson et al., 2011), and annotations for genes of interest were 

obtained from our green ash genome assembly (Huff et al., 2022). 

https://github.com/najoshi/sabre
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Results 

Sample population 

A total of 263 ash floral samples were collected, and 230 were considered viable for 

sequencing. Samples were collected from Kentucky, Mississippi, Nebraska, North Carolina, 

Ohio, South Carolina, and Tennessee (Figure 6). We sequenced 192 of these samples, consisting 

of 170 green ash samples, 20 white ash (F. americana) samples, and 2 Biltmore ash (F. 

biltmoreana) samples, which represented the most comprehensive geographic distribution of 

individuals possible with our dataset. We collected 99 samples from female trees and 92 samples 

from male trees, confirmed by identification and collection of floral material (Figure 7). 

Genotyping-by-sequencing SNPs were not associated with sex  

We first opted to use the GBS data to identify SNPs and test for association with sex. 

While SDRs are usually large regions with significant structural variation, we hypothesized that 

neighboring variants may be in linkage disequilibrium with the SDR region. A total of 4,993,034 

variants were called using FreeBayes, 60,359 of which had an MAF of at least 0.05. This number 

was reduced to 5,837 when filtering out genotypes called in 50% or more samples, 1,953 for 

variants called in 70% or more samples, and 466 for variants in 90% or more samples. Each 

variant set was tested for association with sex using PLINK, which identified only 1 significant 

variant (p ≤ 0.05) before any genotype filtering, and no significant variants after filtering for 

variants called in 50% or more of samples. For the significant SNP, despite the general 

association of homozygous reference allele with females and homozygous alternate allele with 

males, multiple samples did not fit this pattern (Table 5).  

A candidate presence/absence variation region identified on Chromosome 8  

 By altering the VCF file to test for presence/absence of genotype calls instead of the 

specific allelic variants, we identified a region of interest along Chromosome 8 spanning from 

17,168,000 to 17,170,000 bp, with additional SNPs of interest past this point (Figures 8 and 9, 

Table 6). Of the 20 variants in this region, 8 were considered significant, and most of these 

variants were considered the most significant across all variants. Outside of two outliers, variants 

were more likely to be present in female samples and absent in male samples (Table 6), and even 

in these outliers the variants  

were observed most often in female samples. While we observed variants that were called in 

male samples, they were far less abundant in comparison to the overall number of male samples 

compared to the female samples. The haplotype phasing does not support a heterozygous SNP in 

these called male SNPs, but the bias towards its absence in males indicates this is a region of 

interest. 

Annotation of genes located in close proximity to the region of interest 

We confirmed the presence of two genes in the current green ash annotation surrounding 

this region of interest (Figure 9A), Fp_g19699 and Fp_g19700. While functional annotation of 

Fp_g19699 indicated it did not have any known protein functions (Table 7), Fp_g19700 was 

annotated as a homolog of phospholipase A2-alpha (PLA2). On a broad scale, PLA family 

enzymes hydrolyze phospholipids to release acyl groups, which are then used to produce free  
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Figure 6. Map of Fraxinus sp. Samples Collected for Study. Coordinates obtained from 

TreeSnap collections information.  
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Figure 7. Flower structure of male (A) and female (B) Fraxinus pennsylvanica flowers. 

Samples collected from Turkey Creek, Knoxville, TN, USA. 
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Table 5. Significant SNPs from FreeBayes lack expected genotype segregation for a sex-

linked marker. SNPs were obtained from FreeBayes, version 1.3.1, and called as significant by 

PLINK, version 1.90b6.21. 

 

Chromosome Position p-value 

Adj. p-

value 

Called 

(%) 

Uncalled 

(%) 

Male 

Samples 

Female 

Samples 

0/0 

(M,F) 

0/1 

(M,F) 

1/1 

(M,F) 

Chr09 12,880,363 

3.901e-

08 0.002352  

30 

(15.6%) 

162 

(84.4%) 21 9 17,0 2,2 2,7 
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Figure 8. Manhattan plot of significantly present/absent variants obtained from FreeBayes. 

Blue lines represent the suggestive cut-off for each plot, and red lines represent the genome-wide 

significance cut-off for each plot. Plot only includes variants where p < 0.10.  
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Figure 9. A region along Chromosome 8 with preferential presence in females of Fraxinus 

section Melioides females and absence in males of Fraxinus sect. Melioides. (A) An overview 

of the region, obtained from IGV, web version 1.12.9. (B) A plot of read coverage around this 

region. Read coverage was obtained from BEDTools, version 2.25.0. 
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Table 6. Statistics of variants of interest in the region on Chromosome 8. Adjusted p-values 

used Bonferroni correction and were determined using PLINK, version 1.9.  

 

SNP Location Called (%) Uncalled (%) Male Samples Female Samples p-value Adj. p-value 

17168052 41 (21%) 151 (79%) 0 41 4.30E-23 1.97E-16 

17168074 69 (36%) 123 (64%) 0 69 6.38E-46 2.92E-39 

17168095 73 (38%) 119 (62%) 0 73 4.74E-50 2.17E-43 

17168123 81 (42%) 111 (58%) 4 77 4.34E-48 1.99E-41 

17168128 45 (23%) 147 (77%) 0 45 7.90E-26 3.62E-19 

17168330 55 (29%) 137 (71%) 0 55 n/a n/a 

17168345 55 (29%) 137 (71%) 0 55 n/a n/a 

17178050 90 (47%) 102 (53%) 2 88 5.02E-31 1.26E-08 

17178055 117 (61%) 75 (39%) 29 88 5.02E-31 1.26E-08 

17178069 32 (17%) 160 (83%) 0 32 0.1694 1 

17178084 46 (24%) 146 (76%) 1 45 0.1435 1 

17178088 26 (14%) 166 (86%) 0 26 0.1694 1 

17178089 29 (15%) 163 (85%) 0 29 0.1694 1 

17178097 32 (17%) 160 (83%) 2 30 1.38E-13 6.34E-07 

17178103 30 (16%) 162 (84%) 1 29 0.1435 1 

17178106 62 (32%) 130 (68%) 1 61 0.246 1 

17178118 29 (15%) 163 (85%) 13 16 n/a n/a 

17178124 63 (33%) 129 (67%) 3 60 0.01086 1 

17178129 82 (43%) 110 (57%) 39 43 n/a n/a 

17178152 50 (26%) 142 (74%) 7 43 n/a n/a 
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Table 7. Genes from Fraxinus pennsylvanica located in proximity to the region of interest 

on Chromosome 8. “Upstream” means the gene is found before the SNP, and “downstream” 

means the gene is found after the SNP. 

 
Gene Name Start End Location Function 

Fp_g19699 17165500 17166078 Upstream 

uncharacterized protein LOC111376422 isoform X1 

[Olea europaea var. sylvestris] 

Fp_g19700 17168230 17170215 Downstream 

phospholipase A2-alpha-like [Olea europaea var. 

sylvestris] 
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fatty acids and lysophospholipids  (Chen et al., 2013). In plants, PLAs play a variety of roles in 

plant defense, stress response, and developmental processes (Takáč et al., 2019). Of note to this 

study, mutated PLAs in Arabidopsis have been shown to result in defective pollen development, 

reduced germination after contact with the stigma, and issues in jasmonic acid (JA) biosynthesis 

(Ishiguro et al., 2001; Kim et al., 2011). 

Discussion 

Green ash populations have sustained significant losses following the introduction of the 

invasive emerald ash borer (EAB) (Kovacs et al., 2010). Certain trees have been shown to 

survive otherwise infested woods, leading to interest in propagating these “lingering” trees to 

breed EAB-resistant progeny. Breeding ash trees takes many years, and the dioecious trees 

cannot be sexed until about 10-25 years after germination (Hausman et al., 2014; Schopmeyer & 

Others, 1974). Breeding programs can benefit from an earlier molecular-based sex detection 

system, for example in planning crosses and planting seed orchards. By uncovering a marker of 

sex determination in green ash, breeders will be able to identify the sex of individual trees prior 

to reaching maturity, improving the efficiency of designing and planting long-term seed 

orchards. In this study, we searched for SNPs with significant association to green ash sex 

determination through a double-digest genotyping-by-sequencing (ddGBS) approach. While we 

have found a novel SNP of interest in our analysis, our overall results suggest a weakness in 

using GBS experiments in the search for markers of dioecy. 

 In the closely related Olea europaea, GBS (a cheaper alternative to WGS) was found to 

be a viable alternative for comparing the genetic relationships of multiple accessions (Friel et al., 

2021). In theory, a ddGBS approach would allow us to identify a SNP that is in linkage 

disequilibrium with the SDR, but our analysis did not find any SNPs matching this pattern. The 

single significant SNP did not match the expected genotype segregation for a sex-linked marker, 

with no full segregation of haplotypes between male and female samples. Most plants with well-

understood mechanisms of dioecy are not characterized by a single SNP determining sex as male 

or female but feature some structural differences between the two haplotypes. This can be 

observed as a missing gene, such as the ARR17 gene in Populus alba (Müller et al., 2020), or as 

a whole region of the chromosome, such as the two-gene system of asparagus (Harkess et al., 

2020). This is a major drawback to identifying a sex-determining region, where a presence-

absence analysis is rarely employed. Restriction-associated digest sequencing (RADseq) 

technologies such as GBS can only capture a fragment of the entire genome, with some estimates 

pointing to only 5% of the genome (Hoban et al., 2016). 

  To this point, altering our VCF file for a presence/absence approach identified a region of 

interest for our study goal along Chromosome 8 of the green ash genome (Huff et al., 2022). 

Variants called in this region were found to strongly skew towards being called in female 

samples while remaining uncalled or called in much lower numbers in male samples. These 

results indicate that this region of Chromosome 8 is a candidate location for the sex-determining 

region (SDR) due to the strong association between presence of the genotype in females and its 

absence in males. Based on these analyses, we predict that green ash has an XY sex determining 

system with males as the heteromorphic sex. Whereas in a ZW system–with heteromorphic 

females–we would be unlikely to observe any alignment of female-exclusive SNPs due to the 

male assembly lacking the female haplotype. This could also explain why a few male samples 
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contained SNPs along this region of interest as males have a copy of the female haplotype in 

addition to the male haplotype. Overall, these results indicate that the current green ash genome, 

which was not haplotype phased, has either captured the female haplotype or consists of a 

chimera of both haplotypes. Functional annotation of nearby genes identified a phospholipase 

A2-alpha-like (PLA2) downstream of the region. In Arabidopsis, PLAs play a critical role in the 

development of pollen and in germination once pollen reaches a stigma, and mutations in the 

PLA genes can result in sterile pollen (Ishiguro et al., 2001; Kim et al., 2011). While the gene 

itself does not appear to be mutated–the gene is located downstream of the region of interest–

SNPs in the region are sufficiently proximal to affect expression if it were to occur in a promoter 

region. It is important to note that the case of ARR17 in poplar has shown that predicted gene 

function in silico does not always indicate gene function in vivo (Leite Montalvão et al., 2022; 

Müller et al., 2020). 

A comparison of our organism to dioecious plants with known gene determinants 

strongly indicates that the genes responsible for sex determination function by altering 

expression of floral MADS-box genes, which are required for the development of sex-linked 

floral organs. In plants with sex-determining systems that do not rely on MADS-box genes, such 

as grape (Vitis vinifera), there are vestigial remnants of the opposite sex in the flower structure, 

such as female flowers producing stunted, infertile stamen (Massonnet et al., 2020). By contrast, 

in plants with sex-determining systems that rely on MADS-box genes, such as poplar, there are 

no vestigial remnants of the opposite sex in the flower structure (Müller et al., 2020). Expression 

of a combination of specific MADS-box genes is required to form specific organs. Thus, if these 

genes are not present, the organs will not develop (Cronk & Müller, 2020). In the case of poplar, 

males consistently express the MADS-box genes PISTILLATA (PI) and APETALA3 (AP3), genes 

involved in the development of stamen (Cronk et al., 2020). ARR17 represses expression of PI, 

resulting in female poplars lacking vestigial stamen (Leite Montalvão et al., 2022). Without 

ARR17, PI is over-expressed, and the pistil is unable to develop, resulting in male poplars 

lacking any form of pistils. The flower structure of green ash is similar to that of poplar, i.e., no 

features of the opposite sex are present in either male or female flowers (Figure 7). For this 

reason, we believe that one or more genes determine sex by targeting a MADS-box gene, such as 

PI or AP3. This would also indicate that mutations associated with the PLA2 gene are not the 

main driver of dioecy, as there would likely be vestigial remnants of stamen in female flowers 

that are not present in green ash. 

 Future research to assess this region along Chromosome 8 will utilize WGS to further 

confirm the SDR. One approach is to produce k-mers, or subsequences of length k, exclusive to 

male and female ash trees. Identifying sex-exclusive k-mers and comparing their frequencies is a 

well-established method to identify SDRs in dioecious plants, and this method has been used to 

identify SDRs in nightshade (Wu et al., 2021), date palm tree (Torres et al., 2018), kiwifruit 

(Akagi et al., 2018), and jojoba (Al‐Dossary et al., 2021). Based on the findings of these papers, 

we would expect to find an enrichment of male-specific k-mers that strongly align to a region in 

the genome if green ash displays an XY sex-determining system. However, given that the current 

genome is not haplotype-phased (Huff et al., 2022), it is also possible that we will see an 

enrichment of female-specific k-mers in our region of interest. If male is the heterogametic sex, 

our genome will possibly include both haplotypes. If a GBS approach were employed again in 
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the future, a follow-up approach would utilize REs that flank the putative SDR on Chromosome 

8 to better confirm reduced presence in male samples. 

 Another analysis that could help characterize the expression pathways involved in dioecy 

is an RNA sequencing experiment. This experiment would compare gene expression between 

male and female flowers collected at multiple time points. This would identify genes with 

significant differential expression between male and female flowers, indicating one or more 

pathways that drive the sex-determining pathway. Gene expression was utilized in poplar to 

identify differential expression of PI and AP3 in male flowers (Cronk et al., 2020) and was later 

used to confirm the role of ARR17 in inhibiting  MADS-box genes (Leite Montalvão et al., 

2022). While our results found a gene of interest potentially associated with pollen tube 

development, comparisons with flower structure indicate differences in a MADS-box-gene-

associated pathway. Comparing gene expression between male and female flowers could help 

clarify the pathway of sex determination, either by confirming sex-specific expression of key 

MADS-box genes or by indicating a different mechanism of sex determination. As the SDR in 

green ash becomes better characterized, future RNASeq experiments could characterize the 

effects of gene knockouts in female flowers using synthetic biology. 

 While our results have identified a candidate SDR in the green ash genome, we have yet 

to confirm it as a genetic marker of sex determination. While a GBS approach identified this 

region, we found that this technique was not sufficiently informative to characterize the SDR in 

green ash. Future research is warranted to evaluate this region of interest as the potential SDR in 

green ash. Confirming this region will provide a reliable marker of sex determination and 

improve current breeding efforts for restoration.  
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CHAPTER V: 

LONG-READ, CHROMOSOME-SCALE ASSEMBLY OF VITIS 

ROTUNDIFOLIA CV. CARLOS AND ITS UNIQUE RESISTANCE TO 

XYLELLA FASTIDIOSA SUBSP. FASTIDIOSA 
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Abstract 

Muscadine grape (Vitis rotundifolia) is resistant to many of the pathogens that negatively 

impact the production of common grape (V. vinifera), including the bacterial pathogen Xylella 

fastidiosa, subsp. Fastidiosa (Xfsf), which causes Pierce’s Disease (PD). Previous studies in 

common grape have indicated Xfsf delays host immune response with a complex O-chain antigen 

produced by the wzy gene. Muscadine cultivars range from tolerant to completely resistant to 

Xfsf, but the mechanism is unknown. We assembled and annotated a new, long-read genome 

assembly for ‘Carlos,’ a cultivar of muscadine that exhibits tolerance, to build upon the existing 

genetic resources available for muscadine. We used these resources to construct an initial pan-

genome for three cultivars of muscadine and one cultivar of common grape. This pan-genome 

contains a total of 34,970 synteny-constrained entries containing genes of similar structure. 

Comparison of resistance gene content between the ‘Carlos’ and common grape genomes 

indicates an expansion of resistance (R) genes in ‘Carlos.’ We further identified genes involved 

in Xfsf response by transcriptome sequencing ‘Carlos’ plants inoculated with Xfsf. We observed 

234 differentially expressed genes with functions related to lipid catabolism, oxidation-reduction 

signaling, and abscisic acid (ABA) signaling as well as seven R genes. Leveraging public data 

from previous experiments of common grape inoculated with Xfsf, we determined that most 

differentially expressed genes in the muscadine response were not found in common grape, and 

three of the R genes identified as differentially expressed in muscadine do not have an ortholog 

in the common grape genome. Our results support the utility of a pan-genome approach to 

identify candidate genes for traits of interest, particularly disease resistance to Xfsf, within and 

between muscadine and common grape. 
 

Introduction 

Muscadine (Vitis rotundifolia Michx., syn. Muscadinia rotundifolia 2n = 2x = 40) is a 

species of grape native to the southeastern United States. It is part of the Muscadinia subgenus of 

Vitis, which contains only three species (Hickey et al., 2019). In comparison, the subgenus 

Euvitis (bunch grapes) exhibits greater diversity and includes about 60 species. Compared to the 

common table grape (V. vinifera; a member of the Euvitis subgenus), muscadine grapes are a 

small-market crop (Hoffmann, 2020). Native Americans used the muscadine fruit both as a food 

source and a dye prior to European colonization, and wineries in the Southeast have produced 

special red and white wines from muscadine berries since the 16th century (Reimer et al., 1906). 

Muscadine grapes have increased in commercial interest outside of culinary applications, 

including medicinal use and nutritional supplements, due to higher antioxidant content and an 

increased diversity of bioactive compounds relative to other grape species. Several studies 

demonstrate treatment of cancer cells in vitro with muscadine grape skin extracts (MGSEs) has 

been found to increase cytotoxicity and trigger apoptosis in breast cancer cells (Luo et al., 2017; 

Mendonca et al., 2019) and prostate cancer cells (Ignacio et al., 2019). In the context of grape 

breeding, muscadines have attracted interest in providing a resource for beneficial traits to be 

introduced into bunch grape species. However, breeding efforts are complicated by the different 

number of chromosomes caused by fusion of two muscadine chromosomes in the Vitis vinifera 

genome.  
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Pierce’s Disease (PD) has become a major limiting factor in the production of wine and 

table grapes in southern California, the center of winemaking in the continental United States 

(US). Symptoms include leaf necrosis, leaf scorch, and dieback, leading to vine death within 

three to five years. PD is caused by the xylem-limited bacterial pathogen Xylella fastidiosa 

subsp. fastidiosa (Xfsf) and is spread by xylem-feeding sharpshooter family (Cicadelladea) insect 

vectors (Krivanek & Walker, 2005). Disease spread was limited by short flying distance and low 

feeding rate of the insect vector, however, the introduction of a more efficient vector in the 

1990s, the glassy-winged sharpshooter (Homalodisca vitripennis), exacerbated the impact of PD 

in California (Blua et al., 1999). Xfsf is a gram-negative bacterium that is indigenous to the Gulf 

Coast region of the US, but it has since spread to other regions of both American continents as an 

invasive disease (Hopkins & Purcell, 2002). The bacteria clog the xylem vessels of susceptible 

grape genotypes, leading to water and nutrient stress. PD symptoms usually appear in late 

summer during high temperatures or when the plants are exposed to drought conditions. In most 

muscadine grapes, PD is of little concern, with disease symptoms typically limited to occasional 

necrosis or marginal leaf burn on tolerant cultivars.  

Previous studies have found clues to the physiology and molecular basis of resistance to 

PD in both muscadines and common grapes. In comparison to susceptible bunch grapevines, 

tolerant muscadine cultivars infected with Xfsf produced higher frequencies of tyloses and gums, 

which occlude xylem vessels to encapsulate and prevent internal spread of the bacteria 

(Mollenhauer & Hopkins, 1976). In addition, gums and tannins occur more frequently in the PD-

resistant muscadine grape cultivar ‘Noble’ after PD inoculation than in the PD-tolerant cultivar 

‘Carlos’ (Fry et al., 1990; Fry & Milholland, 1990). Furthermore, higher amounts of xylem sap 

β-1,3-glucanase and peroxidase was observed in PD-tolerant muscadine grapes compared to PD-

susceptible bunch grapes (Basha et al., 2010). In PD, knockout of the wzy gene in Xfsf was 

observed to result in a tolerant host response (Rapicavoli et al., 2018). The wzy mutants were 

unable to produce a complex lipopolysaccharide O-antigen that, in wild-type Xfsf, delays host 

immune response. Comparison of infected and uninfected grape vines (var. Thompson Seedless) 

found an up-regulation of antioxidant strategies, cell wall modification enzymes, and 

pathogenesis-related proteins (Zaini et al., 2018). Although structural barriers provide some 

degree of resistance/tolerance against pathogens, little is known about the relationship between 

muscadine grape anatomy and its tolerance to Xfsf. 

At present, two muscadine genomes have been published. The first genome was a 

haplotype-phased, chromosome-level assembly of the male cultivar ‘Trayshed,’ representing 

about 86.2% of the estimated 484.3 Mbp genome size (Cochetel et al., 2021). The genome was 

used to verify the fusion of muscadine chromosome 7 and 20 in common grape as chromosome 

7, previously only supported by muscadine linkage group evidence (Blanc et al., 2012; Lewter et 

al., 2019). Compared to the assembly of Cabernet Sauvignon, a disease-susceptible cultivar of 

bunch grape, the ‘Trayshed’ assembly had an expansion of Toll/Interleukin-1 Receptor-like 

Nucleotide-Binding Site Leucine-Rich Repeat (TIR-NBS-LRR) proteins, a class of disease 

resistance genes. A second assembly was recently published for the ‘Noble’ cultivar and 

represents 81.5% of the estimated total genome size (Park et al., 2022). Additionally, this study 

included a genome-wide association study (GWAS) which identified 52 quantitative trait 

nucleotides (QTNs) associated with 12 berry-related traits. Due to the similarity between 

Muscadinia and Euvitis genomes, these QTN markers can be used to study comparative genetics 

https://paperpile.com/c/iKaixp/OqhUS
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https://paperpile.com/c/iKaixp/oS4Vj
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between species. As the dynamic of genomics shifts towards a pan-genome model, which covers 

genetic content across multiple cultivars of a species, these two assemblies can be used together 

to provide a more accurate understanding of the relationship between different cultivars (Bayer 

et al., 2020; Della Coletta et al., 2021).  

To examine gene-expression changes in response to inoculation with Xfsf, RNA-Seq was 

performed on the muscadine ‘Carlos,’ a bronze-skinned, commercial cultivar with tolerance to 

PD infection. A ‘Carlos’ reference genome was constructed to improve the accuracy of the 

RNA-Seq data analysis and expand existing muscadine genomic resources. To establish a 

genomic framework for this comparison within and across species, we developed a pan-genome 

resource incorporating three muscadine genome assemblies and a common grape genome 

assembly. To further understand the differences in response between muscadine and common 

grapes, we compared our gene expression data to grapes inoculated with both wild-type Xfsf and 

wzy knock-out mutants (Rapicavoli et al., 2018). 
 

Materials and Methods 

Plant sampling - DNA sequencing 

The muscadine grape clone ‘US19-33’, a self-pollinated accession of V. rotundifolia 

Michx., (2n=2x=40) cultivar ‘Carlos’ (Fry & Milholland, 1990), maintained at the USDA ARS 

Southern Horticultural Research Laboratory in Poplarville, MS was selected for genomic DNA 

(gDNA) extraction (30.8402° N, 89.5342° W). Young leaves were collected from a single plant 

of clone ‘US19-33’ and used for gDNA extraction using a modified 

hexadecyltrimethylammonium bromide (CTAB) protocol (Nishiyama et al. 2021). Isolated 

gDNA was quantified with a Nanodrop 2000 spectrophotometer and a Qubit dsDNA HS assay 

kit (ThermoFisher Scientific, Waltham, MA), and gDNA quality was assessed using an Agilent 

2100 Bioanalyzer (Agilent Tech, Santa Clara, CA, USA). Ultimately, gDNA libraries for 

Illumina short-read sequencing were prepared, and paired-end sequencing (2 × 150 bp, 30× 

coverage) was performed on the Illumina NovaSeq 6000 sequencing platform (Illumina, San 

Diego, CA, USA). 

To isolate high molecular weight (HMW) DNA suitable for PacBio long-read 

sequencing, young expanding leaves were dark-treated for 48 h prior to harvest and flash frozen 

in liquid nitrogen prior to gDNA extraction. HMW DNA was used to construct libraries 

following the manufacturer’s protocol and sequenced using the CLR (continuous long read) 

protocol on the Pacific Biosciences (PacBio) sequencing platform (Pacific Bioscience, Menlo 

Park, CA, USA). 

Plant sampling - RNA Sequencing 

A total of 8 plantlets from tissue culture propagated muscadine grape cultivar ‘Carlos’ 

were transferred from Magenta boxes into 1-gallon plastic pots containing a mixture of pine bark 

mulch and sand (1:1, v/v) with a pH of 5.6. Stems were needle-inoculated approximately 7 cm 

above the media surface with 10 µl of succinate-citrate buffer containing 106 cells of X. 

fastidiosa subsp. fastidiosa (Xfsf) strain NOB1 (Mavrodi et al., 2020). Control plants were mock 

inoculated with 10 µl of succinate-citrate buffer. Plants were stored inside an incubator 
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maintained at the following conditions: 25° C temperatures during 16 h photoperiods of 154 

µmol m-2s-1 photon flux density, 22° C temperatures during 8 h skotoperiods, and 65% consistent 

relative humidity.  

Approximately 0.1g of leaf tissues were collected 28 days post-inoculation and used for 

DNA and RNA extraction. Total genomic DNA was extracted using a CTAB method and used 

for the detection of Xfsf using RST31/RST33 primer pairs as described by Minsavage et al. 1994. 

Total RNA was isolated from leaf tissues collected from control and PD-inoculated plants using 

the Spectrum plant total RNA kit protocol (Sigma-Aldrich, MO, USA). RNA quantity and purity 

were assessed with a Nanodrop 2000 spectrophotometer and a Qubit 2.0 Fluorometer 

(Thermofisher, Waltham, MA, USA), respectively, and RNA quality was evaluated using an 

Agilent 2100 Bioanalyzer (Agilent Tech, Santa Clara, CA, USA). RNA sequencing libraries 

were constructed using the NEBNextTM II Directional RNA library prep kit, and sequencing 

was performed on the Illumina NovoSeq 6000 platform (Illumina, San Diego, CA, USA). 

Genome scaffolding and assembly 

CLR reads were initially assembled into contigs using MECAT2 version 2019.03.04 

(Xiao et al., 2017), which implemented CANU version 1.9 (Koren et al., 2017). Resulting 

contigs underwent one round of polishing with Arrow (Pacific BioSciences SMRT Tools 

Reference Guide, 2019), followed by additional polishing with Pilon (Walker et al., 2014). 

Circular contigs, which were labeled in the output of CANU (Koren et al., 2017)v. 1.9, were 

removed from the assembly. 
Following initial contig-joining, RagTag version 1.0.1 (Alonge et al., 2019) was used to 

align the 'Carlos' contigs to the previously published 'Trayshed' assembly (focusing on haplotype 

1). This produced a chromosome-level assembly with gap regions. These gaps were resolved 

with raw PacBio reads by running TGS-GapCloser, version 1.1.1 (Xu et al., 2020). 

Benchmarking Universal Single-Copy Orthologs (BUSCO), version 5.2.2, was run to assess the 

completeness of the 'Carlos' cultivar assembly (Seppey et al., 2019). Statistical analysis of the 

scaffolds was performed using the BBtools “stats” command (Bushnell, 2018). Repetitive 

regions were identified using RepeatModeler (Smit et al., 2015b) and softmasked using 

RepeatMasker (Smit et al., 2015a). RNA-associated repetitive sequences were left unmasked. 

Gene annotation 

Gene Model Maker (GeMoMa) version 1.8 was used to predict the “Carlos” gene 

annotation using the existing annotation for the 'Trayshed' haplotype 1 genome assembly 

(Keilwagen et al., 2019). GeMoMa includes an option to enhance the lift-over by incorporating 

RNASeq read alignment files, which we used to include the PD-inoculation transcriptome data  

in this analysis. Thereafter, input reads were trimmed with Skewer version 0.2.2 (Jiang et al., 

2014), and trimmed reads were aligned to the 'Carlos' assembly with STAR version 2.7.9a 

(Dobin et al., 2013). All alignment files were merged into a single file using the Samtools 

version 1.10 “merge” command (H. Li et al., 2009). In addition to including the alignment data, 

GeMoMa was run with options to include untranslated regions (UTRs) and other features from 

the 'Trayshed' annotation. Identified genes were renamed, and gFACs version 1.1.2 was run 

without any filtering parameters to produce updated coding sequence (CDS) and amino acid 

(AA) FASTA files (Caballero & Wegrzyn, 2019). Non-coding RNA features such as rRNA and 
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tRNA were annotated using RNAmmer version 1.2 (Lagesen et al., 2007) and tRNAScan version 

2.0.9. (Chan & Lowe, 2019; Lowe & Eddy, 1997). 

Comparative genomics of 'Carlos' to other genomes 

The 'Carlos' chromosomes were aligned to the 'Trayshed' haplotype 1 chromosomes and 

the 'Noble' chromosomes using MiniMap2 version 2.24 with default settings (H. Li, 2018). The 

resulting alignment files were run through synteny and rearrangement identifier (SyRI), version 

1.6.3, to identify any structural rearrangements (Goel et al., 2019). The resulting output was 

placed into SyRI’s sister program PlotSR, version 0.5.4, to visualize all structural rearrangements 

between 'Carlos' and the aforementioned 'Noble' and 'Trayshed' genomes (Goel & Schneeberger, 

2022). In-depth gene annotation comparison and initial pan-genome construction was performed 

using GENESPACE, version 0.9.4 (Lovell et al., 2022). The common grape (Vitis vinifera), 

version 12.1, annotation was included in the GENESPACE analysis (Jaillon et al., 2007). A 

custom script was developed to obtain statistics from the GENESPACE results 

(https://github.com/MattHuff/GENESPACE-Companion-

Script/blob/main/parse_pangenome.py). Plant disease resistance-related genes (R-genes) were 

identified in these four genomes using the Disease Resistance Analysis and Gene Orthology 

(DRAGO2) pipeline (Osuna-Cruz et al., 2018). 

 Due to grape and muscadine having a different total number of chromosomes, SyRI could 

not be run to compare assembly structure. Instead, Orthofinder version 2.3.12 was used to 

identify orthologs between 'Carlos' muscadine and common grape (D. M. Emms & Kelly, 2019). 

Protein sets from a total of 8 other species, including the 'Trayshed' haplotype 1 annotation, were 

included as outgroups to enhance OrthoFinder phylogenetic results based on the suggested best 

practices in the OrthoFinder documentation (D. Emms, 2019). Multiple sequence alignment 

(MSA) mode was selected using MAFFT version 7.467 to obtain MSA files (Katoh & Standley, 

2013). Orthogroups with a single gene member from both 'Carlos' and common grape were 

selected (Huff et al., 2022; Staton et al., 2020), and the related orthologous links were plotted 

using RIdeogram version 0.2.2 to visualize synteny between the genomes (Hao et al., 2020). 

Differential expression analysis 

Our 'Carlos' RNASeq data were trimmed using Skewer, version 0.2.2, with identical 

parameters to those used in the gene annotation section (Jiang et al., 2014). STAR, version 2.7.9a 

(Dobin et al., 2013), was rerun for the muscadine samples against the 'Carlos' genome with gene 

annotation included. Following alignment, gene features were associated with read counts using 

HTSeq-Count version 0.13.5 (Anders et al., 2010). Differential expression was determined using 

DESeq2 version 1.26.0 analysis of the read count data (Love et al., 2014). Expression was 

compared between the control samples and the inoculated samples. Significantly differentially 

expressed genes were called with an adjusted p-value of 0.05. DRAGO2 was rerun on the 

differentially expressed genes to identify candidate R-genes. 

 Common grapevine RNASeq data were obtained from a previous study that confirmed 

the effect of wzy knockout in Xfsf, strain Temecula1, on host response (NCBI accession: 

PRJNA345471) (Rapicavoli et al., 2018). Due to the difference in strains, we compared the 

existing annotations of both strains to confirm that no significant structural variation occurred in 

Wzy between the strains. To match the conditions of our 'Carlos' RNASeq data, samples were 

https://paperpile.com/c/iKaixp/cAKTH
https://paperpile.com/c/iKaixp/FOWYQ+ZlnsH
https://paperpile.com/c/iKaixp/x2fWr
https://paperpile.com/c/iKaixp/ypynF
https://paperpile.com/c/iKaixp/ekdHG
https://paperpile.com/c/iKaixp/ekdHG
https://paperpile.com/c/iKaixp/Qhkc
https://paperpile.com/c/iKaixp/mQve
https://github.com/MattHuff/GENESPACE-Companion-Script/blob/main/parse_pangenome.py
https://github.com/MattHuff/GENESPACE-Companion-Script/blob/main/parse_pangenome.py
https://paperpile.com/c/iKaixp/CO3r
https://paperpile.com/c/iKaixp/NjJnv
https://paperpile.com/c/iKaixp/gZ1P
https://paperpile.com/c/iKaixp/1tbwF
https://paperpile.com/c/iKaixp/1tbwF
https://paperpile.com/c/iKaixp/Jwmpm+xy15C
https://paperpile.com/c/iKaixp/qGv9p
https://paperpile.com/c/iKaixp/JalQI
https://paperpile.com/c/iKaixp/mBK5T
https://paperpile.com/c/iKaixp/wkITv
https://paperpile.com/c/iKaixp/6FOJO
https://paperpile.com/c/iKaixp/GLBc
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only included if collected 4 weeks after inoculation from petioles. A total of 9 samples were 

analyzed: 3 representing control, 3 representing infection with wild-type Temecula1 strain Xfsf, 

and 3 representing infection with mutant wzy knockout Temecula1 strain Xfsf. For both sets of 

samples, Skewer, version 0.2.2, was run using identical parameters to those used in the gene 

annotation section. The same version and parameters of STAR were run to align the reads with 

the V. vinifera genome, version 2.1. For the common grape data, expression was compared 

between the control and inoculated samples, the inoculated and mutant samples, and the control 

and mutant samples (SRR4345376-SRR4345378, SRR4345409-SRR4345411, and 

SRR4345433-SRR4345435) using the same adjusted p-value to call differentially expressed 

genes.  

 To compare the expression of genes in 'Carlos' muscadine to common grape, the results 

of the earlier OrthoFinder run were used. Orthogroups containing significantly differentially 

expressed genes from analyses were identified. Functional gene annotation of 'Carlos' was 

determined using EnTAP version 0.10.8 (Hart et al., 2020), which assigned functions based on 

sequence similarity, Gene Ontology (GO) term assignment, and Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway annotation. The Muscadine proteins of interest were also 

functionally annotated using KEGG’s BlastKOALA and GhostKOALA functions (Kanehisa et 

al., 2016). Impacted pathways were determined by running KEGG separately on up- and down-

regulated genes. 

Results 

Genome assembly information and statistics 

Our 'Carlos' chromosome-scale assembly utilized PacBio CLR long-read sequencing to 

generate DNA scaffolds. The initial assembly consisted of 384 contigs arranged into 355 

scaffolds with a total of 413 Mb sequences and a contig N50 of 2.3 Mb (Supplemental Table S8). 

Reference-guided scaffolding of the initial 'Carlos' assembly to the 'Trayshed' haplotype 1 

assembly (Cochetel et al., 2021) arranged the contigs into 76 scaffolds, including 20 

chromosome-level scaffolds that contained 99% of the sequenced bases. After resolving gaps, 

the assembly consisted of 112 contigs in 76 scaffolds with a low percentage of uncalled bases 

(Table 8). The final assembly has a total sequence length of 413 Mb with the 20 assembled 

chromosomes representing 97.7% of the total length. Assessment of our assembly by 

benchmarking universal single-copy orthologs (BUSCOs) indicated the sequence was largely 

complete (Seppey et al., 2019). This assembly is slightly longer than the two other sequenced 

cultivars (394Mb for 'Noble' and 400Mb for 'Trayshed'), but all three are notably lower than the 

flow cytometry estimate of 483Mb, suggesting the flow cytometry is likely an overestimate 

(Cochetel et al., 2021; Park et al., 2022).  

Gene annotation report 

Using a combination of de novo repeat calling and known plant repeats, 51.12% of the 

'Carlos' assembly was identified as repetitive (Supplemental Table S9). Long-terminal repeats 

(LTRs) were the most common repeats (15.96%), primarily consisting of Gypsy/DIRS1 (8.06%) 

and Ty1-Copia (7.33%) retrotransposon families. A total of 27,923 genes were identified in the 

'Carlos' assembly, of which 27,747 (99.4%) of these genes were located on the 20 assembled  

https://paperpile.com/c/iKaixp/uSeci
https://paperpile.com/c/iKaixp/bwpC
https://paperpile.com/c/iKaixp/bwpC
https://paperpile.com/c/iKaixp/QcKW
https://paperpile.com/c/iKaixp/0SI1R
https://paperpile.com/c/iKaixp/QcKW+BEHX
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Table 8. Summary of the Vitis rotundifolia 'Carlos' genome assembly. BUSCO scores were 

identical when considering all scaffolds and only chromosomes. 

 
 

 All Scaffolds Chromosomes Only 

Total Scaffold Length 413,913,702 404,563,012 

Total Contig Length 413,908,995 404,559,443 

No. of Scaffolds 76 20 

No. of Contigs 112 55 

Largest Scaffold 31,234,097 31,234,097 

Smallest Scaffold 2,758 13,845,986 

# of Ns 3,707 3,569 

GC (%) 34.11 34.01 

Protein Coding Genes 27,923 27,747 

Total Transcripts (w/Isoforms) 40,416 40,219 

BUSCO category Number in genome 

Complete BUSCOs (C) 1583 (97.9%) 

Complete, Single-Copy (S) 1556 (96.4%) 

Complete, Duplicated (D) 25 (1.5%) 

Fragmented BUSCOs (F) 21 (1.3%) 

Missing BUSCOs (M) 12 (0.8%) 

Total 1614 
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chromosomes. The inclusion of RNA-Seq alignment data allowed GeMoMa to identify 40,219 

gene isoforms (Keilwagen et al., 2019), and tRNAscan identified 611 tRNAs across all 20 

chromosomes (Chan & Lowe, 2019). RNAmmer identified two nucleolus organizing regions 

(NORs) with 18S-5.8S-26S (35S) rDNA arrays on chromosomes 15 and 17, as well as two 

distinct 5S rDNA regions on chromosome 17 (Figure 10) (Lagesen et al., 2007). 

Comparison of assembly to existing cultivars and common grape genome 

Overall chromosome size was consistent among all three assemblies, though 

chromosome 18 was notably longer in the 'Trayshed' assembly than in the other cultivar 

assemblies. Alignment of the 'Carlos' cultivar assembly to the existing 'Trayshed' and 'Noble' 

cultivar assemblies demonstrated an overall similar structure among cultivars (Figure 10) 

(Cochetel et al., 2021; Park et al., 2022). Most regions in all three genomes were syntenic, with 

83.8% of the 'Carlos' genome syntenic with the 'Trayshed' assembly and 73.4% syntenic with the 

'Noble' assembly (Table 9). In these syntenic comparisons with 'Carlos', 'Trayshed' had a higher 

number of sites with translocations compared to 'Noble'. In contrast, the 'Noble' genome 

assembly had a larger number of inversions despite containing more syntenic regions with 

'Carlos'. Chromosome 8 in the 'Carlos' assembly had a gap in synteny in its alignments to both 

'Trayshed' and 'Noble' at approximately 5 Mb.  

Alignment of the 'Carlos' cultivar to the common grape genome, V. vinifera version 12.1 

(Jaillon et al., 2007), showed strong collinearity between the two assemblies, and chromosome 7 

in the common grape assembly was shown to be split between chromosomes 7 and 20 in the 

'Carlos' assembly, consistent with previous muscadine cultivar assemblies and linkage maps 

(Figure 11) (Cochetel et al., 2021; Delame et al., 2019; Lewter et al., 2019; Park et al., 2022). 

Comparison of the three muscadine and the common grape genome annotation sets with 

GENESPACE, version 0.9.4, produced a synteny-based pan-genome (Table 10, Supplemental 

Table S10) (Lovell et al., 2022). GENESPACE predicted a total of 34,970 synteny-constrained 

orthogroups. 17,457 orthogroups contain at least one gene from each genome, representing the 

core Vitis gene set. Of these genes, 10,750 match exactly one gene from each genome, 

representing single copy orthologs. The remaining 17,513 orthogroups are missing genes from at 

least one genome. 4,919 orthogroups are represented by only genes from one genome, and 4,321 

of these have a single gene from a single genome, hereafter referred to as singleton genes. Of the 

singletons, 426 were observed in 'Carlos', 607 were observed in 'Noble', 455 were observed in 

'Trayshed', and 2,833 were observed in common grapes. Annotation of the 'Carlos' singletons 

indicated the presence of RPV1 and RUN1, two muscadine disease-resistance genes (Feechan et 

al., 2013), among other plant defense proteins (Supplemental Table S11). The GENESPACE 

riparian synteny plot is consistent with the synteny plots produced by SyRi and RIdeogram 

(Supplemental Figure S5). 

We ran RNAmmer, version 1.2 (Lagesen et al., 2007), on the assemblies for 'Trayshed', 

'Noble', and common grape to compare predicted rDNA regions between other muscadine and 

grape assemblies (Figure 5, Supplemental Tables S12-15). In the 'Carlos' assembly, two 

nucleolus organizing regions (NORs) were found on chromosomes 15 and 17, and two 5S arrays 

were found on chromosome 17. In 'Trayshed', an NOR was only detectable on chromosome 17. 

In 'Noble', a single NOR on chromosome 15 was detected. We did not detect any complete  

https://paperpile.com/c/iKaixp/tAbHL
https://paperpile.com/c/iKaixp/FOWYQ
https://paperpile.com/c/iKaixp/cAKTH
https://paperpile.com/c/iKaixp/QcKW+BEHX
https://paperpile.com/c/iKaixp/mQve
https://paperpile.com/c/iKaixp/QcKW+oTCR+pWwa+BEHX
https://paperpile.com/c/iKaixp/Qhkc
https://paperpile.com/c/iKaixp/nivs
https://paperpile.com/c/iKaixp/nivs
https://paperpile.com/c/iKaixp/cAKTH
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Figure 10. Plot of collinearity between Vitis rotundifolia 'Carlos', V. rotundifolia 'Trayshed', 

and V. rotundifolia 'Noble' assemblies. The location of rDNA containing a nucleolus 

organizing region (NOR) is denoted by a star, while rDNA containing a 5S array is denoted by a 

triangle. Symbols are correlated by color to the associated cultivar (see figure legend). 
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Table 9. Quantitative statistics of collinearity between Vitis rotundifolia 'Carlos', V. 

rotundifolia 'Trayshed', and V. rotundifolia 'Noble' assemblies.  

 

'Carlos' Aligned to 'Trayshed' 

Variation_type Count Length ('Trayshed') Length ('Carlos') 

Syntenic regions 551 337,011,859 334,838,553 

Inversions 43 2,924,794 2,055,345 

Translocations 562 7,624,712 7,764,274 

Duplications ('Trayshed') 211 1,719,701 - 

Duplications ('Carlos') 401 - 1,477,822 

Not aligned ('Trayshed') 1272 52,190,426 - 

Not aligned ('Carlos') 1504 - 58,644,910 

'Carlos' Aligned to 'Noble' 

Variation_type Count Length ('Noble') Length ('Carlos') 

Syntenic regions 563 301,890,417 297,062,683 

Inversions 278 37,080,995 35,655,433 

Translocations 427 11,422,729 11,474,627 

Duplications ('Noble') 353 1,807,614 - 

Duplications ('Carlos') 229 - 3,255,480 

Not aligned ('Noble') 1580 43,540,564 - 

Not aligned ('Carlos') 1345 - 59,119,165 

'Trayshed' Aligned to 'Noble' 

Variation_type Count Length ('Noble') Length ('Trayshed') 

Syntenic regions 624 294,764,948 294,233,443 

Inversions 241 30,059,987 34,873,805 

Translocations 608 16,742,580 16,733,441 

Duplications ('Noble') 229 3,805,281 - 

Duplications ('Trayshed') 715 - 4,612,284 

Not aligned ('Noble') 1482 54,144,482 - 

Not aligned ('Trayshed') 2001 - 51,185,359 
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Figure 11. Plot of collinearity between Vitis rotundifolia 'Carlos' and Vitis vinifera v12.1 

assemblies. Figure generated using RIdeogram version 0.2.2. Yellow hexagons indicate the 

location of 35S rDNA arrays. 
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NORs in the Version 2.1 assembly of the common grape genome (Figure 11). Two 5S arrays 

along chromosome 17 were detected in all assemblies. 

We identified and classified predicted plant disease resistance-related genes (R-genes) in 

'Carlos', 'Trayshed', 'Noble', and common grape to compare between tolerant, resistant, and 

susceptible species (Figure 12). We first identified genes with R-gene relevant domains, 

including coiled-coil (CC), kinase, leucine rich repeat (LRR), nucleotide binding site (NBS), 

Toll/interleukin-1 receptor (TIR), and transmembrane helix domains. 'Carlos' contained a total of 

3,522 genes containing domains associated with R-genes, a comparable number to 'Trayshed' 

(3,274), but higher than the number observed in 'Noble' (2,394) and common grape (2,332). 

These sets of genes were further categorized by domain combinations into common R-gene 

classes: receptor-like kinases (RLK), receptor-like proteins (RLP), TIR-NBS-LRRs (TNL), CC-

NBS-LRRs (CNLs), and other NBS-LRRs (NLs). 'Carlos' and 'Trayshed' have similar gene 

counts in most classes, and are consistently higher than in 'Noble', except the TNL class. 

Common grape has the lowest number in all R-gene categories except NLs, where it has one 

gene more than 'Noble', yet still less than the other two muscadine cultivars. This reveals an 

overall trend of expansion of R-genes in muscadine grape species that is not present in common 

grape species. All four gene sets had a higher number of RLK and RLP class genes than other 

NBS-related classes (Supplemental Table S16). 

We then identified orthogroups from GENESPACE that contained one or more R-gene 

candidates from 'Carlos'. The 3,522 candidate R-genes were placed into 2,061 synteny-

constrained orthogroups. Of these orthogroups, 250 were predicted to function as RLKs, 303 as 

RLPs, 84 as TNLs, 132 as CNLs, and 89 as other NLs. In comparing the number of genes in 

these orthogroups from 'Carlos' to those of common grape, we found that 518 of these 

orthogroups contain genes novel to 'Carlos', and 392 contain more genes in 'Carlos' compared to 

grape. The orthogroups unique to 'Carlos' contained 64 genes predicted to function as RLKs, 109 

as RLPs, 50 as TNLs, 54 as CNLs, and 37 as other NLs. Of the 392 orthogroups with more 

'Carlos' genes, 65 are predicted to function as RLKs, 166 as RLPs, 36 as TNLs, 87 as CNLs, and 

57 as other NLs. For the remaining orthogroups, 244 contained more genes in grape than in 

'Carlos', and 907 contained an equal number of genes between 'Carlos' and grape. These numbers 

support that a number of R-genes have either undergone expansions in muscadine or are unique 

to muscadine. 

Differential expression in response to Pierce’s Disease 

Four weeks after stem inoculation of Xfsf in 'Carlos' cultivar plants, RNA sequencing of leaf 

tissue revealed 234 differentially expressed (DE) genes compared to control inoculated plants 

(Table 11, Supplemental Table S17). 89 of these genes were up-regulated in infected 'Carlos' 

vines, and 145 were down-regulated. Annotation of these differentially expressed genes 

indicated a down-regulation of genes associated with lipid catabolism (mostly consisting of 

GDSL lipases), both up and down regulation of genes associated with oxidation-reduction, and 

an up-regulation of genes associated with ubiquitin, a proteolysis mediator associated with plant 

defense (Sharma et al., 2016). Genes predicted to function as lignin-degrading laccases were 

down-regulated, possibly indicating a strengthening of the cell wall through lignin fortification 

(Christopher et al., 2014). Genes associated with abscisic acid (ABA) biosynthesis, a pathway 

involved in drought resistance and stress response in plants (Muhammad Aslam et al., 2022),  

https://paperpile.com/c/iKaixp/hnJp
https://paperpile.com/c/iKaixp/gqWa
https://paperpile.com/c/iKaixp/AgUw
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Table 10. Muscadine pan-genome information and statistics. Four gene sets, three from 

muscadine genome assemblies ‘Carlos’, ‘Trayshed’, ‘Noble’ and one from V. vinifera were 

utilized. “Syntenic links” are regions of the genomes that share gene order. “Core” orthogroups 

refer to orthogroups with at least one gene member from each of the four gene sets. “Single-

copy” orthogroups refer to core orthogroups with exactly one gene from each of the four gene 

sets. “Accessory” orthogroups refer to orthogroups where at least one gene set does not have an 

included gene. “Single-individual” orthogroups refer to orthogroups where genes from only a 

single gene set are present. “Singletons” refer to orthogroups containing only a single gene from 

a single gene set. 
 

 

Number of Initial Orthogroups 22,864 

Number of Syntenic Links 1,084 

Number of Synteny-Constrained Orthogroups 34,970 

Number of Core Vitis Orthogroups 17,457 (49.9%) 

Number of Single-Copy Orthogroups 10,750 (30.7%) 

Number of Accessory Vitis Orthogroups 17,513 (50.2%) 

Number of Single-Individual Orthogroups 4,919 (14.1%) 

Number of Singletons 4,321 (12.4%) 

Number of 'Carlos' Singletons 426 (1.2%) 

Number of 'Noble' Singletons 607 (1.7%) 

Number of 'Trayshed' Singletons 455 (1.3%) 

Number of Common Grape Singletons 2,833 (8.1%) 

Number of Non-Singleton Single-Species 

Orthogroups 598 (1.7%) 
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Figure 12. Gene Counts of R-Gene Classes for Three Muscadine Cultivars and Common 

Grape. Gene class was assigned based on the set of domains found in the gene (Supplemental 

Table S16). 
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Table 11. Differential expression results in Vitis rotundifolia 'Carlos' and Vitis vinifera. 

 

 Up-Regulated Down-Regulated Total 

Representative 

Orthogroups 

Muscadine (Control vs. Inoculated) 89 145 234 208 

Grape (Control vs Inoculated) 66 31 97 78 

Grape (Inoculated vs wzy KO) 206 12 218 165 

Grape (Control vs wzy KO) 124 11 135 102 
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were mostly up-regulated, though some genes activated by ABA were down-regulated. Sixteen 

of the differentially expressed genes were found to have R-gene domains, 5 of which were 

assigned to the Kinase R-gene class, indicating a plant defense response after inoculation with 

Xfsf (Table 12). Of these candidate R-genes, 9 were down-regulated and 7 were up-regulated. 

VITMroCarlos_v1.3.g17552, an up-regulated gene with RLP domains, is predicted to function as 

Eix2, a receptor driving disease resistance in plants (Ron & Avni, 2004). GhostKOALA, version 

2.2 (Kanehisa et al., 2016), analysis of the differentially expressed genes indicated an enrichment 

of pathways associated with metabolism, cell signaling, and genetic processing. Up-regulated 

genes were associated with the Toll and immune deficiency (IMD) signaling pathways, 

ubiquitin-mediated proteolysis, and terpenoid biosynthesis. The Toll and IMD pathways are 

consistent with up-regulation of R-genes containing Toll domains, and plant terpenoids have 

well-characterized roles in plant defense (Singh & Sharma, 2015). Down-regulated genes were 

associated with biosynthesis of phenylpropanoids and other plant secondary metabolites, plant-

pathogen interactions, and cell cycle processes. 

In common grape, tolerance can be induced in otherwise susceptible cultivars by 

knockout of the wzy gene in Xfsf, which results in truncation of the complex, O-chain  

antigen that delays PAMP-triggered immunity (PTI) (Clifford et al., 2013; Rapicavoli et al., 

2018). It is currently unclear how muscadine grapes, which have greater tolerance to wild type 

Xfsf, are able to bypass the O-chain antigen, or if it has an alternative method of tolerance. To 

gain insight into the possible differences or overlaps of these two grape species to Xsfs, we 

examined the overlap of the gene orthogroups between our dataset and data from Rapicavoli et 

al., 2018. Rapicavoli et al. 2018 reported an RNASeq experiment with inoculation of ‘Cabernet 

Sauvignon' grapes with wild type WZY Xfsf, mutant wzy Xfsf, or control buffer. RNA sequencing 

in tissue both local and systemic to the site of inoculation spanned collection times ranging from 

hours to 4 weeks after inoculation (Rapicavoli et al., 2018). We selected data that mirrored our 

experimental design, i.e. systemic tissue collected four weeks after inoculation, for comparison.  

Genes were compared between species by orthogroups, with each orthogroup 

representing a common ancestral grape gene for all orthogroup members. The 25,556 

orthogroups identified by OrthoFinder analysis were filtered for orthogroups containing the 

genes of interest - including orthogroups containing two or more differentially expressed genes - 

and an overlap between all four conditions was determined (Figure 13). Most orthogroups 

containing muscadine DE genes were unique to the muscadine response, with any grape gene 

members not reported as differentially expressed. Only 1 orthogroup, OG0000266, shared genes 

that were differentially expressed (all up-regulated) in all four comparisons (Table 13). 

Functional annotation of the muscadine DE gene defined it as a Dirigent protein, a plant defense 

gene associated with lignin biosynthesis (N. Li et al., 2017; Paniagua et al., 2017). Four 

orthogroups contained genes that were differentially expressed in the three comparisons 

associated with greater tolerance to PD. Functional annotation of these orthogroups of interest 

identified more genes associated with plant pathogen response, including Snakin-1 and an auxin-

binding protein (Table 13). Half of these genes were up-regulated in muscadine, and the other 

half were down-regulated. A full list of orthogroups, including those containing DE muscadine 

genes, is available in Supplemental Table S18. 

The 16 differentially expressed R-gene candidates from the 'Carlos' DE gene set were 

placed into 13 orthogroups in this analysis. While most of these orthogroups contained genes  

https://paperpile.com/c/iKaixp/DJwU
https://paperpile.com/c/iKaixp/bwpC
https://paperpile.com/c/iKaixp/tQQw
https://paperpile.com/c/iKaixp/GLBc+7XGO
https://paperpile.com/c/iKaixp/GLBc+7XGO
https://paperpile.com/c/iKaixp/GLBc
https://paperpile.com/c/iKaixp/G7SA+pPJ6


 

97 

 

Table 12. Placement of candidate R-genes in Orthogroups. RLP = Receptor-like protein; KIN 

= Kinase; CLK = Coiled-coil, leucine-rich repeat, kinase; RLK = Receptor-like kinase; CK = 

Coiled-coil, kinase; TNL = Toll/Interleukin receptor, nucleotide binding site, leucine-rich repeat. 

Log fold change from 'Carlos' RNASeq experiment, with positive values indicating up regulation 

in inoculated samples and vice versa. Grape and 'Carlos' Gene Count are the total number of 

genes from each found in the orthogroup. Differentially expressed genes that are not present in 

common grape are shown in bold. 
 

Class Orthogroup Candidate R-Gene LogFoldChange Grape 

Gene 

Count 

'Carlos' 

Gene 

Count 

CK OG0002568 VITMroCarlos_v1.3.g25887 -2.1 2 2 

OG0009426 VITMroCarlos_v1.3.g15699 -1.8 1 1 

CLK OG0008270 VITMroCarlos_v1.3.g12650 0.9 5 5 

KIN OG0000032 VITMroCarlos_v1.3.g16025 3.6 29 32 

OG0000484 VITMroCarlos_v1.3.g10347 -1.3 2 3 

OG0005040 VITMroCarlos_v1.3.g19102 -2.2 1 2 

OG0013253 VITMroCarlos_v1.3.g17633 -6.8 0 9 

VITMroCarlos_v1.3.g17647 -7.0 0 9 

OG0015829 VITMroCarlos_v1.3.g20953 6.5 0 5 

RLK OG0000068 VITMroCarlos_v1.3.g21507 3.2 14 19 

OG0002084 VITMroCarlos_v1.3.g15393 -2.2 2 2 

VITMroCarlos_v1.3.g24514 -5.2 2 2 

RLP OG0000075 VITMroCarlos_v1.3.g01514 -1.1 9 6 

OG0005036 VITMroCarlos_v1.3.g17550 3.2 2 9 

VITMroCarlos_v1.3.g17552 3.3 2 9 

TNL OG0008267 VITMroCarlos_v1.3.g24911 3.2 1 8 
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Figure 13. Overlap of orthogroups associated with differentially expressed genes in Vitis 

rotundifolia 'Carlos' and Vitis vinifera. Orthogroups contained one or more genes that were 

differentially expressed in the comparison. “Musc” = Muscadine Control vs. Inoculated. 

“Grape_CvI” = Grape Control vs. Inoculated (Wild-type). “Grape_IvK” = Grape Inoculated 

(Wild-type) vs. Inoculated (wzy Knockout). “Grape_CvK” = Grape Control vs. Inoculated (wzy 

Knockout).  
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Table 13. Functional annotation of orthogroups of interest. Functional annotation was 

performed using EnTAP version 0.10.8. The listed Gene IDs include only the genes that are 

differentially expressed. “Musc” indicates the Muscadine control vs. inoculated comparison, 

“Grape IvK” indicates the wild-type X. fastidiosa subsp. fastidiosa inoculated Grape vs. wzy 

knockout strain inoculated Grape comparison, and “Grape CvK” indicates the Grape control vs. 

wzy knockout strain inoculated Grape comparison. 

 
 

Orthogroup 

ID V. vinifera DE Gene IDs 

V. 

rotundifolia 

(Carlos) DE 

Gene IDs 

DE in 

Comparisons Protein Function 

DE in Infected 

Muscadine 

OG0000266 

VIT_206s0004g01000.1, 

VIT_206s0004g01015.1 

VITMroCarlos

_v1.3.g23332 All 

Dirigent Protein, 

Disease resistance 

response protein Up 

OG0000539 VIT_218s0001g14810.1 

VITMroCarlos

_v1.3.g24572 

Musc, Grape 

IvK, and 

Grape CvK 

Lipase_GDSL 

domain-

containing 

proteinGDSL 

esterase lipase Down 

OG0000585 VIT_207s0129g00580.1 

VITMroCarlos

_v1.3.g18058 

Musc, Grape 

IvK, and 

Grape CvK 

Snakin-1, GASA 

Family protein Down 

OG0001153 

VIT_212s0034g01890.1, 

VIT_212s0034g01930.1, 

VIT_212s0034g01950.1, 

VIT_212s0034g01970.1 

VITMroCarlos

_v1.3.g00557 

Musc, Grape 

IvK, and 

Grape CvK 

Globulin seed 

storage protein 2 Up 

OG0011935 VIT_209s0002g01320.1 

VITMroCarlos

_v1.3.g13207 

Musc, Grape 

IvK, and 

Grape CvK 

Germin-like 

protein, auxin-

binding protein 

ABP19a-like Up 
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from the common grape assembly, only the muscadine genes were differentially expressed in 

response to infection with Xfsf (Table 12). One orthogroup contained more genes in common 

grapes compared to 'Carlos', and 5 contained an equal number of genes between the two species. 

The remaining orthogroups contained more genes from 'Carlos' than in common grapes. Of 

these, 2 orthogroups - OG0013253 and OG0015829 - contained no genes from the common 

grape annotation, indicating proteins novel to the muscadine annotation (Table 12, bold). These 

R-genes are predicted to function as kinases - from both the annotation results and the R-gene 

analysis - with the R-genes of OG0013253 being down-regulated in response to Xfsf and the R-

gene of OG0015829 being up-regulated. Another orthogroup, OG0005036, contained 

VITMroCarlos_v1.3.g17552, previously established as a predicted plant defense gene. 

Orthogroup analysis indicates an expansion in this family in 'Carlos' compared to common 

grapes, supporting an R-gene expansion.  

Discussion 

Pierce’s Disease, caused by the gram-negative bacteria Xylella fastidiosa subsp. 

fastidiosa, represents a limiting factor in the production of Californian common grapes, yet is 

inconsequential to wild and commercial muscadine grapes grown as a native food crop in the 

Southeast. While current understanding of muscadine’s mechanisms of tolerance and resistance 

is limited, current research suggests that muscadine grapes produce novel proteins that improve 

host tolerance (Katam et al., 2015) or produce tyloses to prevent spread of the bacteria 

(Mollenhauer & Hopkins, 1976). A better understanding of genetic and molecular resistance 

mechanisms will allow researchers to improve tolerance in common grape varieties through 

either gene introgression or selection of traits through breeding. To that end, we have worked to 

expand our existing knowledge of the muscadine genome and PD tolerance by providing a 

genome assembly and Xfsf response transcriptome for the tolerant cultivar ‘Carlos’.  

 The 'Carlos' muscadine genome assembly is the third public reference genome from 

muscadine, following the 'Trayshed' and 'Noble' reference genomes (Cochetel et al., 2021; Park 

et al., 2022). Using the 'Trayshed' assembly as a guide, our assembly anchored over 99% of 

sequenced bases into 20 chromosome-level scaffolds. By default, this method resulted in 

chromosome-level scaffolds, but still containing a number of gap regions. We were able to 

resolve a number of the gaps using raw PacBio reads, resulting in an assembly with a low 

percentage of uncalled bases. Structural comparison of the 'Carlos' assembly to the 'Trayshed' 

assembly showed that, because of the high-quality contig assembly, we were able to identify 

structural variants between the two assemblies (Cochetel et al., 2021). Comparison of ‘Carlos’ 

with the 'Noble' assembly is consistent with the collinear analysis from the 'Noble' paper (Park et 

al., 2022), finding most structural variants previously observed between 'Noble' and 'Trayshed' 

were also identified when comparing 'Carlos' and 'Noble'. Due to the 'Noble' assembly utilizing a 

combination Illumina and PacBio CLR reads - as opposed to our PacBio CLR-only approach -it 

is likely that some of these structural variations may be artifacts of a lower contiguity assembly 

in ‘Noble’. Supporting this, the contig N50 of the ‘Noble’ assembly is 105.8 KB, while the 

contig N50 for the ‘Carlos’ assembly is 11.3 MB. Recent developments in long-read sequencing, 

in particular the PacBio HiFi technology, have resulted in more accurate assemblies using long-

reads alone than either hybrid- or short-read assemblies only (Hon et al., 2020; Rayamajhi et al., 

2022). As accurate long-read sequencing becomes more common, future genome assemblies will 

https://paperpile.com/c/iKaixp/wAAG
https://paperpile.com/c/iKaixp/ragH
https://paperpile.com/c/iKaixp/QcKW+BEHX
https://paperpile.com/c/iKaixp/QcKW+BEHX
https://paperpile.com/c/iKaixp/QcKW
https://paperpile.com/c/iKaixp/BEHX
https://paperpile.com/c/iKaixp/BEHX
https://paperpile.com/c/iKaixp/MRPf+mGPa
https://paperpile.com/c/iKaixp/MRPf+mGPa
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provide more accurate insights into true structural variation, as genome assembly quality is a key 

factor in these pan-genome type comparisons (Mascher et al., 2021).   

Ribosomal gene arrays (rDNA arrays) are fundamental parts of genome architecture with 

high tandem copy numbers. In plants, the two array types - 5S and 35S (18S-5.8S-26S) - can 

occur in one or a few locations in the genome. In Vitis species, rDNA arrays have been used to 

profile chromosome architecture and to infer phylogenies, and results of the available assemblies 

indicate the number and length of both array types varies within V. vinifera cultivars and across 

Vitis species (Castro et al., 2018; Pierozzi, 2011). These arrays represent a challenge to most 

assembly algorithms, as their total length may exceed even long read sequencing reads. To build 

on the findings of the existing muscadine genome assemblies, we compared placement of rDNA 

arrays along the 'Carlos' assembly to those of existing muscadine and grape cultivars. We found 

some overlap in rDNA locations between our ‘Carlos’ assembly and the ‘Trayshed’ and ‘Noble’ 

muscadine assemblies, particularly in regard to the placement of 5S sequences, but found that 

each of the existing genomes missed one of the two 35S arrays we identified in ‘Carlos’. Often, 

rDNA array presence was associated with large structural variations (Figure 10); of note, the 

NOR along Chromosome 15 in ‘Carlos’ is placed in a different region of the same chromosome 

in the ‘Noble’ assembly. In the case of ‘Trayshed’, the region containing the array on 

Chromosome 15 was not scaffolded to the current assembly. These differences in rDNA array 

locations between otherwise similar genomes highlight the difficulty in capturing these repetitive 

regions in genome assemblies. Similarly, we found that NORs could not be reliably found in the 

common grapevine version 12.1 genome. Further cytogenetic work in these specific cultivars is 

needed to confirm the actual 5S and 35S loci locations, confirm nearby structural variants (or 

indicate errors in assembly), and tie the reference genomes back to the chromosomal karyotypes.  

There are over 100 cultivars of muscadine available in and beyond its native range 

(Andersen et al., 2020). Recent studies have found substantial genetic diversity within muscadine 

cultivars (Buck & Worthington, 2022; Cao et al., 2020). Attempting to use a single one of the 

three available genomes to characterize every cultivar will result in gaps in knowledge due to the 

phenotypic and genotypic differences between each cultivar (Bayer et al., 2020; Hufford et al., 

2021). The solution is to further develop resources for these three cultivars - as well as additional 

cultivars - to develop a pan-genome. Pan-genomes cover the complete gene content of multiple 

cultivars of a single species, or multiple species of a closely-related genus. The pan-genome 

approach has been applied with great success to common crops such as maize, tomato, and rice 

(L. Gao et al., 2019; Woodhouse et al., 2021; Zhao et al., 2018; Zhou et al., 2020). In the context 

of Vitis species, pan-genome data can be used to better understand the mechanisms driving 

disease resistance, drought tolerance, and other traits of interest. For this study, we produced a 

foundational muscadine pan-genome consisting of the three muscadine cultivar annotations, as 

well as the common grape annotation. Of the 34,970 synteny-constrained orthogroups, almost 

half contain at least one gene from all four annotations, representing the “core” gene set across 

all four genomes. The other orthogroups represent “accessory” genes, including 4,919 

orthogroups containing only genes from a single genome. As more grape, muscadine, and other 

Vitis genomes continue to be produced, we will add new Vitis genomes to our pan-genome, and 

our understanding of what genes are currently considered “core” and “accessory” to evolve. 

In common grapes, pattern-associated molecular pattern (PAMP)-triggered immunity 

(PTI) is delayed by a long O-chain antigen associated with lipopolysaccharides (LPSs) in Xfsf. 

https://paperpile.com/c/iKaixp/mde3
https://paperpile.com/c/iKaixp/vtIr+QkRQ
https://paperpile.com/c/iKaixp/DR5U
https://paperpile.com/c/iKaixp/yzrs+Uayx
https://paperpile.com/c/iKaixp/6NhV+UCrf
https://paperpile.com/c/iKaixp/6NhV+UCrf
https://paperpile.com/c/iKaixp/uCll+8sTu+ewLw+GYOB
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Knock-out of the wzy gene results in grapevines mounting a faster immune response and having 

greater tolerance to infection (Rapicavoli et al., 2018). By contrast, muscadine cultivars range 

from tolerant to resistant against the bacteria, indicating that it is successfully detecting the 

pathogen by overcoming the O-chain antigen or utilizing another mechanism of detection. Plant 

resistance (R) genes are of particular importance to pathogen detection and response signaling 

(Pandolfi et al., 2017), and the immunity observed in muscadine cultivars could be attributed to 

an expanded suite of R-genes compared to the R-genes of common grapes (Feechan et al., 2013). 

The ‘Trayshed’ assembly paper reported an expansion of R genes in muscadine grapes compared 

to common grapes (Cochetel et al., 2021). Analysis of R-genes in the ‘Carlos’ assembly supports 

this expansion, with more R-genes identified in the ‘Carlos’ assembly than in ‘Trayshed’. The 

Trayshed genome paper described an expansion of Toll/Interleukin-1 Receptor-like Nucleotide-

Binding Site Leucine-Rich Repeat (TIR-NBS-LRR) genes compared to the common grape. R-

gene analysis of our gene annotation supported this expansion and indicated a nearly two-fold 

expansion of TIR-NBS-LRR genes in ‘Carlos’ compared to ‘Trayshed’. The ‘Noble’ assembly 

appears to have a contraction in most R-genes compared to other muscadine cultivars, though 

this may be the result of a different annotation strategy and deserves further exploration. Despite 

the overall lower number of R-genes compared to the other cultivars, ‘Noble’ had more proteins 

containing TIR-NBS-LRR domains compared to the ‘Trayshed’ assembly. The disparity in R-

genes identified in Noble may be attributed to a lower quality assembly. An enriched set of R-

genes in muscadine grape genomes supports the notion of improved disease resistance 

mechanisms in muscadine compared to the common grape. Further work will be needed to tease 

out candidates associated with improved response to infection with Xfsf. 

 The results of our gene expression analysis in ‘Carlos’, reveal that abiotic stress response, 

particularly drought tolerance, were up-regulated in ‘Carlos’ inoculated with Xfsf, with a few up-

regulated genes associated with defense. Of these defense genes, we observed a candidate gene, 

VITMroCarlos_v1.3.g17552, that showed similarity to EIX2, a receptor-like protein that confers 

resistance to a fungal pathogen of tomato after detecting an elicitor protein (Ron & Avni, 2004). 

While LPSs are well-characterized elicitors in common grapes, they are not the only PAMP that 

can induce PTI (Burbank & Ochoa, 2022). Orthogroup placement of this gene indicates an 

expansion in this family compared to grape, which could point to an expanded suite of PAMP 

response elements in muscadine compared to common grape (Table 12). It is important to note 

that, instead of samples collected from the site of inoculation, our sequencing data measured 

systemic responses to Xfsf inoculation. These results, therefore, offer no conclusions on 

parenchymal cell response in the xylem, where initial detection of Xfsf occurs. Further research 

will be needed to fully characterize the muscadine response to inoculation with Xfsf. In 

particular, it will need to be determined if the tolerance observed in ‘Carlos’, as opposed to 

resistance in other cultivars, can be attributed to a different immune response, or if it is the result 

of greater drought tolerance compared to common grapes. 

To contextualize how these observed genes overlap with the common grape response to 

Xfsf, we compared the gene expression of 'Carlos' muscadines inoculated with Xfsf to grapes 

inoculated with two strains: a wild-type strain and a wzy-knockout strain (Rapicavoli et al., 

2018). Rather than attempting to map reads from one organism to the genome of another, we 

utilized OrthoFinder to identify genes with a common ancestor of both species. Of the 208 

orthogroups containing differentially expressed genes in muscadine, 197 were unique to the 

https://paperpile.com/c/iKaixp/GLBc
https://paperpile.com/c/iKaixp/8c9L
https://paperpile.com/c/iKaixp/nivs
https://paperpile.com/c/iKaixp/QcKW
https://paperpile.com/c/iKaixp/DJwU
https://paperpile.com/c/iKaixp/PBat
https://paperpile.com/c/iKaixp/GLBc
https://paperpile.com/c/iKaixp/GLBc
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muscadine response to PD. Of note, 19 of these orthogroups contained no genes from the 

common grape annotation, suggesting them as interesting candidates for follow up study. For the 

remaining orthogroups with both muscadine and common grape members, unique changes in 

gene sequence or expression patterns may have emerged after the organisms diverged 

evolutionarily to drive a unique host response to PD.  

 Despite the variation in host susceptibility, some overlaps in DE genes between 

muscadine and common grape were found. One orthogroup contained genes that were 

differentially expressed across all four conditions, and four contained genes that were 

differentially expressed among all PD-tolerant responses (Figure 13). The single orthogroup 

representing all four conditions, OG0000266, was annotated as a Dirigent (DIR) protein. Among 

other important functions, plant (DIR) proteins play a role in plant defense response by 

modulating cell wall metabolism through lignin accumulation (N. Li et al., 2017). In muscadine, 

this gene was up-regulated in response to inoculation with Xfsf. The four orthogroups associated 

with PD-tolerant responses were also functionally annotated as genes associated with plant 

pathogen responses (Almasia et al., 2020; Cândido et al., 2011; M. Gao et al., 2017; Pei et al., 

2019). Among these, the muscadine gene coding for a GDSL lipase was down-regulated, which 

is consistent with the observed DEGs. While GDSL lipases can play a role in plant defenses (Lee 

et al., 2009), some plant systems see improved host resistance when GDSL lipases are silenced 

(M. Gao et al., 2017). While there is overlap in genes differentially expressed in muscadines 

inoculated with X. fastidiosa subsp. fastidiosa, our main conclusion is that most differentially 

expressed genes were uniquely expressed in muscadine, supporting a unique host response not 

found in common grapes. 

 While hybrids between common grapes and muscadine grapes have been produced, these 

efforts are made complicated by a chromosome-fusion event in common grapes. By identifying 

specific genes with high association to PD-resistance in muscadine, researchers will be better 

able to focus their efforts on candidate resistance genes. Our efforts in this study have provided 

three major outcomes to advance this goal. First, our 'Carlos' assembly adds to the existing 

genome reference sequences and gene annotation sets available for muscadine grapes. Second, 

our muscadine pan-genome provides a new resource for comparative genomics between 

muscadine cultivars and those of the common grape, while allowing room for expansion. Third, 

we provide a comparison of differentially expressed genes that are informative in comparing the 

immune response between muscadine and common grapes. There is more work to be done to 

fully characterize the muscadine response to Pierce’s disease, from an expanded time course at 

different times and locations after infection to host and pathogen knockout experiments. Our 

results have provided new resources to expand this understanding and provided a framework for 

future sequencing efforts.   

https://paperpile.com/c/iKaixp/G7SA
https://paperpile.com/c/iKaixp/UPzP+VMga+Ehe0+x2Oh
https://paperpile.com/c/iKaixp/UPzP+VMga+Ehe0+x2Oh
https://paperpile.com/c/iKaixp/U8Gw
https://paperpile.com/c/iKaixp/U8Gw
https://paperpile.com/c/iKaixp/Ehe0
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CHAPTER VI: CONCLUSION 
 

The field of plant genomics has expanded in the past few years with the introduction of new 

sequencing technologies and pipelines to analyze them. In these three chapters, I have 

demonstrated the use of these methods to produce and annotate genomes for the purpose of 

answering meaningful, biological questions relating to our species of interest. In the first chapter 

of my research, I utilized a chromosome-scale genome assembly to generate a gene annotation 

for green ash (Fraxinus pennsylvanica), a species that is threatened by the invasive emerald ash 

borer (EAB; Agrilus planipennis) (Chapter III). As part of this research, I also generated 

chromosome-level scaffolds for other ash species, using our genome as a reference, to provide 

new resources for these species. In the following chapter, I used this reference genome to search 

for regions in the genome associated with dioecy (Chapter IV). While I have found a region of 

interest on Chromosome 8, I am interested in doing more work to confirm this region of interest. 

In the final chapter, I performed a long-read assembly of muscadine grape (Vitis rotundifolia, cv 

Carlos) and laid the foundation for a Vitis species pan-genome (Chapter V). Complementing this 

work, I performed a functional comparison of 'Carlos' and common grapevine (Vitis vinifera) in 

response to inoculation with the bacterial pathogen Xylella fastidiosa subsp. fastidiosa. 

One aspect of this research that I want to continue developing further is the concept of a 

pan-genome. Rather than taking one specific reference as the guideline for an entire species, pan-

genomes use genomes from multiple cultivars in a species to identify genes shared by all 

members of the species (“core” genes) versus those that are not (“accessory/variable” genes). 

The pan-genome approach is also applicable at the genus-level, comparing gene content between 

different species in a closely-related genus. In Chapter V, I utilized this approach in muscadine 

to compare the genetic content of three cultivars of muscadine ('Carlos', 'Noble', and 'Trayshed') 

as well as that of common grapevine. Completion of this pan-genome allowed me to confirm an 

expansion of resistance-genes in most muscadine genomes compared to the grape genome 

assembly. This pan-genome is far from complete - there are multiple cultivars of muscadine and 

grape available, and the internal diversity of muscadine alone is robust - and I aim to add new 

Vitis sp. genomes as they become available. As more Fraxinus sp. genomes become available, I 

aim to generate a similar ash pan-genome to compare gene content between and within the 

different sections of the genus. In the context of EAB research, most American ash species are 

incompatible with Asian species with resistance to EAB. A pan-genome would be a useful tool 

to identify expanded gene families in EAB-resistant species compared to EAB-susceptible 

species. 

I also predict a continued focus on assemblies that are built with long-read sequences. 

Comparing the 'Carlos' muscadine assembly - which used PacBio CLR sequencing - to the 

Illumina short-read assembly of green ash, I found that the muscadine assembly had a higher 

contiguity and fewer gap sequences compared to the green ash assembly. Short-read assemblies 

have been observed to have difficulties placing repetitive regions, and I observed this in the 

green ash assembly and its inability to place the rDNA array in a chromosome-level scaffold. By 

contrast, the muscadine genome had no difficulty placing two separate nucleolar organizing 

regions (NORs) into their respective chromosomes. Further development of genomic resources 

for green ash will be necessary to characterize sex determination at the seedling stage, as Chapter 

IV demonstrated the limited ability to distinguish markers of sex determination with an unphased 
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genome. Due to the nature of sex-determining regions (SDRs) in plants, I believe a long-read 

approach would have a stronger chance of capturing the difference between the male and female 

haplotypes. While the use of long-read sequencing has been limited by cost, recent price drops 

for both Oxford Nanopore Technologies (ONT) and PacBio HiFi reads promise to make long-

read assemblies a more attainable option for research laboratories. 
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