
ABSTRACT 

YOW, ASHLEY GAIL. RNA-Seq Analysis for Identifying Host Genes Involved in Response to 

Monilinia vaccinii-corymbosi Infection of Blueberry. (Under the direction of Dr. Hamid 

Ashrafi). 

 

In recent years, blueberries have been steadily increasing in their importance as a 

commodity in the United States, both for domestic use and exportation. Blueberries have been 

ranked second after strawberries in popularity among all berries consumed in the US. Due to the 

popularity of blueberries in the US, demand often exceeds production amounts, despite the US 

being the world’s largest producer of blueberries.  

One of the major limiting factors of fruit production is the prevalence of different 

diseases. One of the most important diseases of blueberry is mummy berry, which is caused by 

the fungal pathogen Monilinia vaccinii-corymbosi (Mvc). Mummy berry disease has a wide 

geographic distribution and occurs almost everywhere blueberries are cultivated, with the highest 

disease rates in the Eastern US. Crop losses of 50% or more can occur regularly in organic 

blueberry production fields, but losses of 80% have been reported in years conducive to disease 

development and spread. Currently, methods for controlling mummy berry disease include 

cultural practices and chemical controls. However, these methods are not sustainable for long-

term disease management. A more sustainable approach for disease management is the 

development of resistant cultivars through conventional breeding methods.  

To identify host genes that play roles in disease induction and plant-pathogen interaction, 

we performed differential gene expression analysis via RNA-Seq between infected and 

uninfected tissues and between infected tissues at different stages of infection from two 

susceptible southern highbush blueberry cultivars (cvs.) Arlen and Legacy. Various tissues 

including leaf, root, flowers, and fruit in different developmental stages were used to construct 



33 Illumina RNA-seq libraries (150 bp, paired-end) and 2 billion raw reads were generated, 

corresponding to 307 Gb of raw data. After trimming and cleaning to remove adapter sequences, 

reads were used to create a combined de novo transcriptome assembly for cvs. Arlen and Legacy 

containing 212,192 contigs (≥300 bp) with a contig N50 of 1.1 kb. Reads were mapped to the 

transcriptome assembly to identify differentially expressed genes (DEGs) in response to 

infection with the R package DESeq2. A total of 22,256 DEGs were identified for all 

comparisons combined. Blast2GO (B2G) was used for functional annotation of the transcriptome 

assembly and GO enrichment for the DEG datasets. These GO enrichment results identified 

biological processes involved in immune signaling that were altered or evaded by Mvc and 

provided insight into the changes that occur during the switch of Mvc from its biotrophic to its 

necrotrophic phase. The genes contributing to these identified processes can be used in future 

research for studying resistance to mummy berry disease across cultivars and molecular marker 

development. 

  Using Single-Molecule Real-Time sequencing (SMRT) PacBio technology, we 

sequenced the genome of M. vaccinii-corymbosi isolate RL-1 and generated an Iso-Seq 

transcriptome. HGAP4 software package was used to create a de novo genome assembly. The 

genome assembly was composed of 59 contigs with a contig N50 size of 3.6 Mb. Genes from the 

transcriptome of M. vaccinii-corymbosi were functionally annotated using B2G and fungal 

elicitors and effectors were identified. 

By comparing up- and down-regulated genes in the transcriptome profile of susceptible 

blueberry hosts during infection by Mvc, we investigated the methods by which Mvc is able to 

bypass or alter immune responses from the host and continue the infection process. By 

functionally annotating a high-quality transcriptome for Mvc, we identified genes present in the 



fungus that contribute to its pathogenicity and gained insight into the molecular components that 

contribute to its complex life style. This research will provide more understanding into the 

molecular basis of infection of Mvc in blueberry.  
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Chapter 1 Literature Review 

 

Blueberries (Vaccinium spp. Sect. Cyanococcus) 

Blueberries are native to North America, and a member of the genus Vaccinium within 

the Ericaceae family, which contains about 450 species. Blueberries, which are closely related to 

cranberries, lingonberries, and bilberries, are a woody perennial fruit crop adapted to growing in 

acidic soils (pH 4.5-5.5) similar to other members of the Ericaceae (Ballington 2009; Boches et 

al. 2006; Merhaut 2007; Michalska and Lysiak 2015; Retamales and Hancock 2012).  

Blueberry production is currently a fast-growing industry due to the recent increased 

interest in health benefits of superfoods (D. Brazelton, Pers. Comm.). Blueberry health benefits 

include: helping maintain healthy bone structure, lowering blood pressure, helping with diabetes 

management, reducing heart disease, aiding in cancer prevention, promoting digestive health, 

weight loss and management, and helping to maintain a healthy complexion (Diaconeasa et al. 

2015; Michalska and Lysiak 2015; Neto 2007; Rodriguez-Mateos et al. 2013; Ware 2016; 

Zegarac 2014). Blueberries contain calcium, magnesium, potassium, iron, vitamin C, and 

antioxidants, while also providing fiber (Michalska and Lysiak 2015; USDA-ARS 2016; Ware 

2016; Zegarac 2014).  With all of these compounds, the medical community is focused on the 

effects of blueberry consumption on chronic health-related issues such as diabetes, 

cardiovascular and neurodegenerative diseases, with promising results (Diaconeasa et al. 2015; 

Joseph et al. 2003; Malin et al. 2011; Neto 2007; Rodriguez-Mateos et al. 2013; Zegarac 2014). 

Antioxidants, one of the main reasons for the high interest in blueberries, are hypothesized to 

have some positive effects on health in regards to aging and chronic diseases such as cancer, due 

to their ability to mitigate oxidative stress associated with the formation of free radicals in the 
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body (Fusco 2007; Michalska and Lysiak 2015; Neto 2007; NIH 2010; Routray and Orsat 2011; 

Zegarac 2014). For these reasons, blueberries are an important commodity in the United States, 

both for domestic use and exportation. 

 

Blueberry Breeding: Past, Present, and Future 

Dr. Frederick Coville of the USDA began the breeding effort for blueberries in 1908 with 

his first selection of V. corymbosum from New Hampshire, which he named ‘Brooks’. In 1911, 

he developed a collaboration with a private grower from New Jersey, Elizabeth White, for the 

purpose of making blueberry crosses with commercial quality fruits (Draper 2007; Retamales 

and Hancock 2012; USHBC 2014a). Since then public and private breeding effort have 

continued and thus far, breeding efforts in blueberry have been performed using traditional 

breeding. Many programs have focused on breeding for increased yield, fruit size, firmness, 

reduced chilling hour requirements for southern regions, cold hardiness in northern regions, 

tolerance to higher soil pH and other traits (Draper 2007; Lobos and Hancock 2015; Moore 

1965; Prodorutti et al. 2007). 

Four species of Vaccinium have been the primary sources of germplasm for developing 

commercial cultivars of V. corymbosum L. (northern highbush blueberry), V. angustifolium 

Aiton (lowbush blueberry), V. virgatum Aiton (rabbiteye blueberry; syn. V. ashei Reade), and V. 

darrowii Camp.  Southern highbush varieties are interspecific hybrids of V. corymbosum and V. 

darrowii species (Ballington 2009; Bian et al. 2014; Brevis et al. 2008; Draper 2007; Lobos and 

Hancock 2015; Love et al. 2014; Retamales and Hancock 2012). Blueberries are diploid 

(2n=2x=24), tetraploid (2n=4x=48) or hexaploid (2n=6x=72), but most commercially grown 

cultivars of northern and southern highbush are tetraploid. 
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Currently, blueberry breeders are developing cultivars with improved shelf-life, delayed 

flowering times (southern regions), improved disease resistance, desirable flavor, and traits that 

make mechanical harvesting possible (Cline ; Lobos and Hancock 2015; Lyrene 2006; Retamales 

and Hancock 2012). Today, there are hundreds of blueberry cultivars that have been released 

from many different breeding programs. Blueberries are challenging to breed due to varying 

degrees of self-incompatibility, long juvenility period and ploidy barriers between species. Using 

traditional breeding methods for cultivar development requires approximately 10-20 years 

(Lobos and Hancock 2015; Retamales and Hancock 2012).  

The future of blueberry breeding involves using genomic information to maximize 

selection efficiency when selecting breeding parents and performing seedling trials. Exploiting 

new technologies for genomic-assisted and marker-assisted breeding would be a feasible option 

for greatly reducing the time involved in blueberry cultivar development (Bian et al. 2014; 

Boches et al. 2006; Covarrubias-Pazaran et al. 2016; Gupta et al. 2015; Hyun et al. 2014; Lobos 

and Hancock 2015; McCallum et al. 2016; Milkovich 2015; Moore 1993; Prodorutti et al. 2007). 

Important traits to breed for in the future will be related to climate change, (e.g., drought 

tolerance and water use efficiency; heat tolerance and reduced chill hour requirements). 

 

Blueberry Production: Past, Present, and Future 

Commercial cultivation of blueberries began in New Jersey in 1916 (Geisler 2015; 

USHBC 2014a). Over 100 years later, they are more popular than ever and the acreage used for 

cultivation continues to expand. Today, the total global production of blueberries exceeds 300 

tons, with the United States being the world’s largest producer (D. 2017; Geisler 2015; 

Retamales and Hancock 2012; Yarborough 2017). A survey by the USDA-NASS found that in 
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2016, the US produced a market value of $567.3 million worth of fresh market blueberries and 

$152.8 million worth of processing blueberries (USDA-NASS 2017). 

Although blueberries are grown in 38 states, only 10 states (Washington, Oregon, 

Georgia, Michigan, California, New Jersey, North Carolina, Florida, New York, and Mississippi) 

produce about 98 percent of all blueberries in the US (USHBC 2014b). North Carolina ranks 7th 

in production output for blueberries among the 10 commercial production states (USDA 2016; 

Writer 2016).  

Between the years of 1995 and 2015, there was a per capita increase of 599% in 

blueberry consumption in the US, which is higher than any other fruit or vegetable (USHBC 

2017). In 2015, fresh blueberry sales in the US were up to $1.5 billion while frozen blueberry 

sales in the US were up to $189.6 million. This puts blueberries at position number 2 for fresh 

and frozen berry sales in the US in 2015. While blueberries are among the most popular fruits for 

fresh consumption, they are also used in over 1000 products, including everything from breakfast 

cereals to skin care creams (Geisler 2015). 

From 2015 to 2019, blueberry production is projected to increase from 750.2 million 

pounds to 940 million pounds. That's a 25 percent increase in production over just 4 years. Since 

2004, market demand has kept up with the increasing production outputs, and is projected to 

continue this trend, especially with the increasing exportation of blueberries from North America 

to other markets (Pullano 2016; Strik and Buller 2005; Strik and Yarborough 2005). 
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Overview of Mummy Berry Disease in Blueberry 

Mummy berry disease, caused by the fungal pathogen Monilinia vaccinii-corymbosi 

(Reade) Honey, is one of the most widespread and economically important diseases of 

blueberries. It causes major damage to crop yields by blighting both leaves and flowers and 

mummifying fruit (Batra 1983; Burchhardt and Cubeta 2015; Cline 2009; Ehlenfeldt et al. 

2010a; Ehlenfeldt and Stretch 2001; Florence 2014, 2016; Gosch 2003, 2006; Holst-Jensen et al. 

1997; Lathrop 2016; Ngugi et al. 2002; Penman and Annis 2005; Prodorutti et al. 2007; 

Retamales and Hancock 2012; Scherm et al. 2004; Shinners and Olson 1996; Stretch et al. 1995; 

Strik and Yarborough 2005).  

Almost all fungi in the genus Monilinia are primarily pathogens that infect Rosaceous 

and Ericaceous plants, and cause significant crop losses throughout the world (Willetts and 

Harada 1984). M. vaccinii-corymbosi (Mvc) is a member of the Sclerotiniaceae family within the 

phylum Ascomycota. Other Monilinia species, of which there are approximately 30, infect 

important fruit crops like peach, pear, sweet cherry, cranberry, and others. 

If left untreated, crop damage as high as 50% can occur during normal growing seasons 

(Lathrop 2016). Yield losses of as much as 80% have been reported during growing seasons that 

were especially conducive to disease (Florence 2014). This demonstrates the economic 

importance of reducing disease incidence for mummy berry. 

The physiology and life cycle, in vitro culture techniques, population structure and 

diversity, phylogenetic relationships, and methods of biological control using fungicides for Mvc 

have been reported (Batra 1983; Burchhardt 2014; Burchhardt and Cubeta 2015; Burchhardt et 

al. 2017; Cline 2009; Cox and Scherm 2001a, 2001b; Ehlenfeldt et al. 1997; Ehlenfeldt et al. 

2010a, 2010b; Ehlenfeldt and Stretch 2000, 2001; Ehlenfeldt et al. 1996; Florence 2014, 2016; 
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Holst-Jensen et al. 1997; Lehman and Oudemans 1997, 2000; Ngugi and Scherm 2004; Ngugi et 

al. 2002; Scherm et al. 2004; Scherm et al. 2001; Stretch and Ehlenfeldt 1997, 2000; Stretch et 

al. 1995; Stretch et al. 2001; Tarnowski 2005). Research studies have also been conducted to 

examine the infection process by Mvc on host physiology, relationships between host and 

pathogen phenology, and to screen various blueberry species, ploidy levels, and cultivars for 

resistance to mummy berry disease (Ehlenfeldt et al. 1997; Ehlenfeldt et al. 2010a, 2010b; 

Ehlenfeldt and Stretch 2000, 2001; Ehlenfeldt et al. 1996; Lehman et al. 2007; Lehman and 

Oudemans 1997, 2000; Ngugi et al. 2002; Stretch and Ehlenfeldt 1997, 2000; Stretch et al. 1995; 

Stretch et al. 2001).  

A study conducted by Shinners and Olson (1996) used histopathology to examine the 

gynoecial infection pathway of the pathogen within the stylar canal. This study found that M. 

vaccinii-corymbosi conidia follow the same pathway to reach the ovary as pollen tubes do after 

pollination (Shinners and Olson 1996). Ngugi and Scherm (2004) found that Mvc hyphae mimic 

host pollen tubes in their directional growth and branching pattern as they travels down the stylar 

canal (Ngugi and Scherm 2004). 

Penman and Annis (2005) examined the relationship between leaf and flower bud 

development and leaf and flower blight incidence in lowbush blueberry. They found that clones 

with faster leaf and bud development displayed higher rates of leaf and flower blighting, while 

clones with delayed leaf and bud development had lower blighting rates, which may suggest 

avoidance to the disease (Penman and Annis 2005).   

Despite the wide array of previous research on mummy berry, there is still a lack of 

genomic information available for this disease, and infection process on a molecular level. This 
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research aims to fill in the gaps in our knowledge for genomic information of mummy berry 

disease infection in southern highbush blueberry. 

 

RNA-Seq for Transcriptome Profiling of Mummy Berry Infected Tissues 

RNA-Seq is a popular technology for gene expression studies. In recent years, the cost of 

Next-Generation Sequencing (NGS) has decreased dramatically (Chung et al. 2013; Conesa et al. 

2016; Covarrubias-Pazaran et al. 2016; Gupta et al. 2015; Hyun et al. 2014; Milkovich 2015; 

Rowland et al. 2012). RNA-Seq has become a fast and inexpensive method for observing gene 

expression fluctuations due to plant pathogen interactions (Gusberti et al. 2013; Mahesh et al. 

2016; Rodrigues et al. 2013; Socquet-Juglard et al. 2013; Witek et al. 2016). This information is 

useful for genome editing and genomic-assisted breeding applications. 

Utilizing RNA-Seq can provide gene expression information quickly and affordably. For 

instance, in plant pathology field of study it gives insight into the fungal infection process by 

fungal and bacterial pathogens (Gupta et al. 2015; Gusberti et al. 2013; Hyun et al. 2014; 

Mahesh et al. 2016; Rodrigues et al. 2013; Socquet-Juglard et al. 2013; Witek et al. 2016). 

Gusberti et al. (2013) demonstrated the usefulness of RNA-Seq technology for uncovering 

disease resistance genes for apple scab caused by Venturia inaequalis (Gusberti et al. 2013). 

Socquet-Juglard et al. (2013) used RNA-Seq to identify novel transcripts related to bacterial spot 

disease in peach (Socquet-Juglard et al. 2013). Rodrigues et al. (2013) identified auxin-related 

genes in mandarin orange that play a role in defense response against citrus variegated chlorosis 

disease by utilizing RNA-Seq (Rodrigues et al. 2013). 
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Functional Annotation  

Blast2GO (B2G) is a widely used tool for annotating, analyzing, and visualizing genomic 

and transcriptomic data (Conesa et al. 2005; Gupta et al. 2015; Rowland et al. 2012).  This 

program is helpful for annotating de novo transcriptome assemblies, assigning biological 

functions to sequences in the form of gene ontology (GO) terms, and allows researchers to 

perform KEGG pathway, gene enrichment and differential gene expression analyses. B2G is a 

“one-stop shop” for determining functional roles of selected sequence data and can be used to 

determine if differentially expressed sequences are involved in metabolic pathways related to 

infection. The drawback for pathway analysis is that not all protein sequences or biosynthetic 

pathways have been fully characterized and our knowledge about the function of sequences is 

limited to the amount of data that are publicly available in databases. Any gene expression and 

pathway analysis conducted will never be complete without a fully-characterized protein 

database and for each plant metabolic pathway. 

Based on previous studies for systemic acquired resistance (SAR), induced systemic 

resistance (ISR), and hypersensitivity response (HR) pathway analysis in plant-pathogen 

interaction studies, we hypothesized that genes related to jasmonic acid (JA), salicylic acid (SA), 

and ethylene biosynthesis pathways, will be up- or down-regulated in blueberry in response to 

Mvc infection (Derksen et al. 2013; Dong 1998; Kunkel and Brooks 2002; Mahesh et al. 2016; 

Meng and Zhang 2013; Rodrigues et al. 2013; Socquet-Juglard et al. 2013; Weiberg et al. 2013; 

Witek et al. 2016). 
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Applications for Gene Expression Data 

According to plant breeders, the need for molecular tools in plant breeding is increasing, 

and will continue in the future (Milkovich 2015). Genomic-assisted selection has been steadily 

increasing in popularity and usage, while the price of obtaining genomic data has steadily 

decreased (Bian et al. 2014; Chung et al. 2013; Conesa et al. 2005; Covarrubias-Pazaran et al. 

2016; Gupta et al. 2015; Hyun et al. 2014; Livak and Schmittgen 2001; McCallum et al. 2016; 

Milkovich 2015; Rowland et al. 2012; Varshney et al. 2005; Vêncio et al. 2004; Witek et al. 

2016).  

The use of molecular markers in plant breeding allows the breeder to work within a 

smaller time scale for making plant selections. Plants lacking certain genetic markers for a trait 

of interest can be discarded as young seedlings, rather than having to wait for the plant to mature 

enough to display (or not display) the trait of interest. Along with the benefit of decreased time, 

genomic-assisted breeding can also improve the efficiency of breeding for a desired trait 

(Varshney et al. 2005). These advantages are especially important in breeding woody, perennial 

fruit crops like blueberry, which may have at least 2 years of juvenility before they begin to bear 

fruit and are not always self-compatible. Using molecular breeding techniques for blueberry 

improvement could help the US and other blueberry producing countries increase their 

production threshold and reduce production costs. 

Identification of genes involved in disease resistance would be valuable to plant breeders 

because they can use this information for genomic-assisted breeding. Knowledge of the location 

of pathogenesis-related genes in the genome and their links to molecular markers could allow for 

fast and efficient development of new disease-resistant cultivars and improvement of current 

cultivars. Disease resistance is a very desirable trait for breeders when selecting cultivars for 



 

10 

commercialization because host plant resistance will reduce production costs by reducing the 

amount of fungicides needed to manage disease and production thresholds will increase (Scherm 

et al. 2004). Aside from economic benefits, using disease resistant cultivars also reduces 

fungicide impact on ecosystems. Moreover, the use of disease resistant cultivars provides both 

economic and environmental advantages over susceptible cultivar. The information generated in 

this study will aid in the process of breeding for mummy berry resistance which is one of the 

most economically important diseases of blueberries. 

 

Research Objectives 

Compared to other popular berry crops (e.g., grape and tomato), the molecular 

information available for blueberry is severely lacking. One of the issues in working with 

blueberry is that there is no annotated reference genome available of significant quality. This 

creates drawbacks in current genomic and transcriptomic experiments because sequences need to 

be annotated before gene expression analyses can be conducted. There is however, a good 

quality, unannotated reference genome available for the diploid accession of blueberry 'W85-20', 

and some lesser-quality annotated assemblies from several other studies (Gupta et al. 2015; 

Rowland et al. 2012). Bian et al. (2014) used the draft genome for blueberry to characterize 

simple sequence repeat (SSR) genetic markers within the ‘W85-20’ diploid accession. Aside 

from not being annotated, the draft genome for blueberry was created using a diploid accession. 

This can pose a problem for aligning sequence data from commercial populations to the draft 

genome because most commercial varieties are tetraploid (Bian et al. 2014; McCallum et al. 

2016). Using a diploid accession for sequencing and assembly of the reference genome is easier 

because there is a smaller chance for inter-genomic variation that lead to genome phasing-related 
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issues and the assembly is bioinformatically easier to piece together accurately, simply because 

there is less complexity when compared to polyploids. To elaborate on the issue of aligning 

polyploid sequence data to the diploid reference genome, not all sequences will align accurately 

to the reference because the reference may be lacking allelic variations that are within a 

polyploid genome. Heterozygosity in the genomes of polyploids also poses an issue when using 

short-read technology, due to the inability to accurately distinguish individual haplotypes, which 

leads to the creation of chimeric sequences during genome assembly. 

The objectives of this research were 1) To use transcriptome sequencing (e.g., RNA-Seq) 

of two susceptible southern highbush blueberry cultivars, ‘Arlen’ and ‘Legacy’, to examine the 

transcriptome profiles of flowers and fruits during different disease stages. This allows us to fill 

in gaps in our knowledge for the genetic basis of infection of southern highbush blueberry to 

Mvc, the causal agent of an economically important disease of blueberry. We utilized Blast2GO 

to identify metabolic pathways altered during the infection process, which will aid other 

researchers in the understanding of biological changes that occur in the host during disease 

development. Based on the functional roles of differentially expressed genes, we can extrapolate 

what interactions may be occurring between genes in blueberry and genes in Mvc during 

infection. 2) To sequence the genome and transcriptomes of Mvc. We aimed to fill in the gaps in 

genomic resources available for the Mvc pathogen and to divulge what genes within the Mvc 

transcriptome contribute to its pathogenicity. Currently, no reference genome is available for this 

fungal pathogen, even though other closely-related members of the Sclerotiniaceae family have 

had their genomes sequenced and published, including Botrytis cinerea Pers. Fr. and Sclerotinia 

sclerotiorum (Lib.) de Bary (Amselem et al. 2011; Derbyshire et al. 2017). Utilizing Pacific 

Biosciences long-read sequencing technology, the genome and transcriptome of the M. vaccinii-
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corymbosi pathogen (strain RL-1) were sequenced and assembled. 3) To functionally annotate 

the Mvc transcriptome with Blast2GO and structurally annotate the genome with Maker, 

providing insight into the effectors utilized by this pathogen to evade or alter host defense 

machinery, including genes involved in pollen mimicry during flower infection. 
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Chapter 2 RNA-Seq Analysis for Identifying Host Genes Involved in Response to Monilinia 

vaccinii-corymbosi Infection of Blueberry 

 

Abstract 

Mummy berry disease, caused by the fungal pathogen Monilinia vaccinii-corymbosi 

(Mvc), is one of the most economically important diseases affecting commercial blueberries 

(Vaccinium corymbosum L.). Crop losses of as high as 80% have been reported for years with 

increased rainfall and humidity. Currently, mummy berry disease is controlled with fungicides 

and cultural practices, but these methods are costly and unsustainable. Very little is known on a 

molecular level about the process of host infection by Mvc and the subsequent development of 

mummy berry disease in susceptible host tissues. In this study, we use Illumina RNA-seq data to 

examine the transcriptome profiles during mummy berry disease progression in 3 types of host 

tissues (inoculated flowers, early stage infected fruits, and late stage diseased fruits) from two 

different susceptible cultivars, ‘Arlen’ and ‘Legacy’. Differential expression analysis was 

performed between infected and control (noninfected) tissues and between tissues at different 

disease stages using DESeq2. We observed a down-regulation of important immune responses in 

inoculated flower tissues, which we believe is due to host immune signaling alteration by 

effectors of the Mvc pathogen. In the latest stage of disease, we observed an increase in nutrient 

source pooling in host tissues, providing a carbohydrate source for the pathogen to metabolically 

prepare for overwintering. The information found here can be incorporated into molecular 

breeding programs for effector-based breeding of blueberry varieties that are resistant to mummy 

berry disease. 
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Introduction 

RNA-Seq is a powerful and affordable tool for transcriptome analysis, with many 

different applications from differential expression to genome annotation to isoform discovery. 

RNA-Seq generates data similar to microarrays, and therefore has largely replaced the use of 

microarrays for gene expression analysis. Due to the large amounts of data that can be generated 

from the Illumina HiSeq platform and sensitive nature of RNA sequencing, even low-abundance 

transcripts can be discovered and studied (Chakraborty et al. 2016). RNA-seq can also provide 

higher accuracy and reproducibility when compared with microarrays and tag-based approaches 

(Chung et al. 2013; Seyednasrollah et al. 2015; Wang et al. 2009). 

Many RNA-Seq studies involve measuring gene expression before and after a treatment 

and comparing gene expression results to identify up- and down-regulated genes involved in 

treatment response. RNA-Seq has become a popular method for analyzing differential gene 

expression in response to plant pathogen infection (Chakraborty et al. 2016; de Jonge et al. 2012; 

Gusberti et al. 2013; Petre et al. 2012; Rodrigues et al. 2013; Savory et al. 2012; Socquet-Juglard 

et al. 2013). Due to the popularity of RNA-Seq technology, many pipelines and software 

packages exist for achieving this goal (Conesa et al. 2016; Li and Dewey 2011). However, there 

is no single technique that will work universally for every dataset with RNA-Seq. Pipelines must 

be optimized with the correct analytical tools and methods for the type of organisms and data 

used. This usually requires either experience with the organism(s) and data being studied, or 

preliminary investigations to identify and optimize methods for data acquisition and analysis. 

For this research, the southern highbush blueberry cultivars ‘Arlen’ and ‘Legacy’ were used for 

transcriptome analysis in response to Mvc infection. These cultivars were chosen because they 

are susceptible to Mvc and infected tissues were either collected in 2015 from Castle Hayne, NC 
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(cv. Arlen) or provided (cv. Legacy) by Dr. Jeffrey Rollins from the University of Florida. 

Cultivar ‘Arlen’, whose genealogy is presented in Figure 2.1, is a blueberry cultivar released by 

Dr. Jim Ballington with the USDA in 2000 as part of the North Carolina State University 

blueberry breeding program (Ballington 2015; Retamales and Hancock 2012). Arlen was 

developed as a cultivar based on high fruit quality, bush architecture, self-fertility, low chill hour 

requirement, moderate cold hardiness, resistance to stem blight (Botryosphaeria dothidea), and 

later ripening time in the growing season (Ballington 2015; Cline ; Retamales and Hancock 

2012). Arlen was derived from an ancestry composed primarily of northern highbush (V. 

corymbosum), with some incorporation of V. darrowii and V. virgatum (previously V. ashei). 

Arlen is the result of a cross between the USDA NHB selection ‘G-144’ and ‘FL 4-76’, an 

interspecific hybrid of V. corymbosum, V. darrowii Camp, and V. virgatum. The parents of ‘G-

144’ are ‘US 11-93’ (a sibling of cv. ‘Bluecrop’) and cv. ‘Darrow’ (a northern highbush 

cultivar). Selection ‘FL 4-76’ is a result of the crossing of cv. ‘Bluecrop’ with selection ‘FL 13-

236’. ‘FL 13-236’ is a hybrid developed from (Florida 4B (V. darrowii) × V. virgatum) × (V. 

corymbosum × V. darrowii) (Ballington 2015; Boches et al. 2006; Brevis et al. 2008; Clark et al. 

1996; Cline ; Draper and Hancock 2003; Leisner et al. 2017; Moore 1965). Florida 4B is a wild 

V. darrowii selection from central Florida that has been widely used in the development of 

southern highbush (SHB) varieties to reduce chill hour requirements (Brevis et al. 2008; Draper 

and Hancock 2003). While the majority of the genetic makeup of Arlen comes from V. 

corymbosum, the use of V. darrowii and V. virgatum in the pedigree line have contributed the 

heat tolerance and low chill requirement characteristic of SHB cultivars (Draper and Hancock 

2003; Merhaut 2007; Moore 1965; Strik and Yarborough 2005). Legacy was released in 1993 as 

a joint effort between USDA and Rutgers University, NJ. It is the result of a cross between 
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Elizabeth cultivar and US7 (Vaccinium darrowi,'Florida 4B', × 'Bluecrop'). Elizabeth was named 

after Elizabeth White, queen of blueberry who bred blueberries for the first time. The parents of 

Elizabeth are unknown because it was the first cultivar that was developed by Ms. White.  

Since all cultivars carry some degree of susceptibility to mummy berry disease, it is 

challenging to determine why ‘Arlen’ is highly susceptible to Mvc race(s) that are present in 

Castle Hayne, NC. On the same field, and in the same year and subsequent years (2015 -2017) 

Legacy showed less severity of the disease while Arlen’s fruits were 95% infected (H Ashrafi, 

Pers. Comm.). According to Ehlenfeldt et al. (2010), Arlen was ranked 97th and Legacy was 

ranked 40th in susceptibility (listed in order of increasing susceptibility to the fruit blighting 

phase of the disease) of 134 cultivars evaluated, while Bluecrop ranked 108th in the same list. In 

the same study, ‘Bluecrop’ was ranked 49th of 117 cultivars for mummy fruit infection estimates. 

‘Arlen’ was not included in this latter list, but its full siblings, Ozarkblue and Summit, were 

ranked 77th and 79th, respectively (Ehlenfeldt et al. 2010). Previous studies have found 

‘Bluecrop’ to be intermediate in susceptibility to shoot and fruit infection by Mvc (Schilder 

2008).  

In this study, we used RNA-Seq for differential gene expression analysis of susceptible 

southern highbush cvs. ‘Arlen’ and ‘Legacy’, comparing infected and non-infected flower and 

fruit tissues. The objective of this study is to identify host genes involved in the infection process 

for the fruit blight stage of mummy berry disease. Due to the large variability in the degree of 

susceptibility/resistance of different cultivars to shoot and fruit blight stages of mummy berry 

disease, we tested the hypothesis that resistance to mummy berry disease is quantitative in 

nature, and therefore will involve many genes in the pathogenesis process. Based on previous 

studies for systemic acquired resistance (SAR), induced systemic resistance (ISR), and 
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hypersensitive response (HR) pathway analysis in plant-pathogen interaction studies, we also 

hypothesized that genes related to the jasmonic acid (JA), salicylic acid (SA), and ethylene 

biosynthesis pathways, will be up- or down-regulated in the blueberry host in response to 

mummy berry disease flower infection and fruit blight (Derksen et al. 2013; Dong 1998; Kunkel 

and Brooks 2002; Mahesh et al. 2016; Meng and Zhang 2013; Rodrigues et al. 2013; Socquet-

Juglard et al. 2013; Weiberg et al. 2013; Witek et al. 2016). We believe that Mvc is able to 

circumvent the basal immune response of the blueberry host, known as pathogen associated 

molecular pattern (PAMP)-triggered immunity (PTI). 

 

Materials and Methods 

Tissue Collection and RNA Extraction. 

Plant materials: Images for tissues at different developmental stages are presented in (). 

Tissues of ‘Arlen’ were collected between April-June, 2015 at 2 different field locations; Ideal 

Tract Farm at Castle Hayne, NC and Horticultural Research Station Field at Sandhills, NC. 

Collection dates vary, as they were collected at different developmental stages. The tissues were 

immediately flash frozen in liquid nitrogen in order to preserve the RNA expression profile. 

These tissue samples include leaf, flowers of stages 1, 3, and 5, fruits of stages 1, 2, 3, and 4, and 

fully developed, mummified stage 4 fruits. Root tissue was also collected from potted bushes in 

the greenhouse. Leaf, flower and fruit tissues of Legacy were only collected from Ideal Tract 

Farm, Castle Hayne, NC as described above. The root tissue was collected from rooted cuttings 

of ‘Legacy’ that were grown in the greenhouses of the Department of Horticultural Science at 

NC State University. Stylar canal tissues before and after inoculation with Mvc were collected at 

University of Florida, Department of Plant Pathology, Gainesville, FL. After collection, these 
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samples were kept at -80°C until further use for RNA extraction. A total of 12 tissue samples 

were used from the cv. ‘Arlen’ and RNA was extracted from two biological replications, except 

for ‘Arlen Castle Hayne Fruit Stage 3’ due to a lack of available material. As a result, 23 cDNA 

libraries were constructed for ‘Arlen’ tissues as described below. A total of 9 tissue types were 

collected for ‘Legacy’ with no biological replication, to make a transcriptome assembly of 

‘Legacy’. In addition, 3 and 20 days post inoculation (DPI) stylar canal and fruit tissues, 

respectively, of Legacy were collected in 6 biological replications (Error! Reference source not 

found.). 

RNA extraction: RNA was extracted from cv. ‘Arlen’ and ‘Legacy’ tissues using the 

Sigma-Aldrich Spectrum Plant Total RNA Kit (50 preps) (Catalog No.: STRN50). 

Approximately 70 mg of tissue (range of 30-100 mg) was weighed out and ground to a fine 

powder with liquid nitrogen. During the lysis step, samples were incubated at room temperature 

(~22°C) for 3 mins after addition of the lysis buffer. During the RNA column binding step, 

protocol A was used and the optional on-column DNase digestion was done to remove any DNA 

contamination in the samples. For root tissue, 750 µl of binding solution was added, as per the 

suggestion for difficult or low-yielding tissues. The elution solution was allowed to sit on the 

column for 2 minutes at room temperature before centrifugation during the elution step. RNA 

concentration was measured using a Qubit 3.0 fluorometer (Life Technologies, Carlsbad, CA) 

and the RNA broad range assay (Catalog No.: Q10211). The average of 3 Qubit readings were 

used as the concentration for each RNA sample. RNA of UF inoculated ‘Legacy’ tissues were 

extracted using the Norgen Plant/Fungi Total RNA Kit (Catalog No. 25800) with the DNase I 

option. 
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RNA sample quality was assessed using the 2100 Bioanalyzer system (Agilent 

Technologies, Santa Clara, CA). The Eukaryote Total RNA Nano Assay with RNA Nano 6000 

reagents (Catalog No.: 5067-1511) were used for the analysis. Only samples with an RNA 

integrity number (RIN) of 7.4 or higher were used for subsequent library construction.  

 

Library Preparation and Sequencing. 

Illumina mRNA libraries for sequencing were prepared on two separate dates with the 

BiooScientific NEXTflex Rapid Directional RNA-Seq Kit (Catalog No.: 5138-07) according to 

manufacturer’s instructions. The BiooScientific kit had no size specificity, but is made for 

preparing libraries with an insert size of >150bp. A starting amount of 500 ng of RNA was used 

for all library preparations.  

After RNA was reverse transcribed into double-stranded cDNA, Eppendorf DNA LoBind 

tubes (Catalog No.: 022431021 & 022431048) were used to minimize DNA binding to 

microtubes. All thermocycler programs were carried out with a heated lid to prevent 

condensation formation at the top of the tubes. For any steps requiring a bead cleanup, 

Agencourt AMPure XP beads (Catalog No.: A63881) were used. Beads were dried for 30 

seconds at RT with the tubes open during ethanol evaporation steps. During final elution steps, 

tubes were incubated for 5 mins in Qiagen EB buffer (Catalog No.: 19086) at room temp to elute 

DNA off the beads. All 23 libraries were barcoded for multiplexing using the BiooScientific 

NEXTflex DNA Barcodes for Illumina (Catalog No.: 514101). Library concentrations were 

measured with a Qubit 3.0 fluorometer and the dsDNA high sensitivity assay (Catalog No.: 

Q32854). DNA quality and insert size was assessed using the Agilent 2100 Bioanalyzer system 

and the High Sensitivity DNA kit (Catalog No.: 5067-4626). 
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qPCR was performed using the KAPA Biosystems Library Quantification Kit for 

Illumina platforms (Catalog No.: KK4824) and the Bio-Rad CFX96 Real-Time PCR Detection 

System on all samples in order to get accurate molarity concentrations for each library. The 

Illumina standard 0 from KAPA Biosystems (Catalog No.: KK4906) was used as an internal 

control and was treated the same as library samples. A reaction volume of 10 µl was used and 

ROX Low was added. The dilution series used was 1:10000 and 1:20000, with 2 reps per sample 

for each dilution. Each of the 6 DNA standards had 3 reps. A melt curve analysis was run to 

detect adapter-dimer contamination of library samples. Libraries were stored at -20°C after 

preparation until use for sequencing. 

Libraries were shipped to Novogene Co. (Sacramento, CA)  for 150bp PE sequencing on 

the Illumina HiSeq (they use various platforms 4000, X Ten or NovaSeq 6000). The raw 

sequence data and QC reports were provided either on an external hard drive or via FTP site. 

 

Sequence Data Analysis 

Raw paired-end reads in FASTQ format were imported into CLC Genomics Workbench 

(v. 10.0.1). Paired-end Illumina reads for field-collected blueberry cv. ‘Legacy’ tissues from an 

unrelated RNA-seq project were included in the analysis to enrich the transcriptomes assembly. 

Paired-end Illumina HiSeq 3000 reads in FASTQ format were also received from Dr. Jeff 

Rollins (University of Florida Department of Plant Pathology) for inoculated cv. ‘Legacy’ flower 

styles (3 days post-inoculation (DPI)) and stage 1 fruits (20 DPI) to be included in the 

comparisons for differential expression. After the incorporation of this data, a total of 44 samples 

were available for analysis. 
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These reads were trimmed based on quality scores using a default limit of 0.05 and 15 bp 

from the 5’ terminal nucleotides and 5 bp from the 3’ terminal nucleotides were removed. 

NEXTflex adapter sequences and poly-A/-T tails were trimmed off to prevent ambiguous 

mapping during downstream processes. In each trimming step, ambiguity trim was enabled with 

a maximum number of ambiguous nucleotides allowed after trimming set to 2. Reads shorter 

than 45 nucleotides were discarded. 

In order to remove fungal RNA sequence contamination from our blueberry reads, the 

trimmed reads were then used in CLC for RNA-seq alignment to the diploid blueberry ‘W85-20’ 

reference genome. The parameters used for the alignment of reads to ‘W85-20’ were a length 

fraction of 80% and similarity fraction of 90%. Aligned reads were collected and used for further 

analysis, because these reads are theoretically all from blueberry. The clean blueberry reads were 

exported from CLC in FASTQ format and imported onto the Linux server. Forward and reverse 

reads were separated for each sample because CLC interleave the forward and reverse reads after 

importing them into the software.  

Several de novo transcriptome assemblies for cv. ‘Arlen’ were created in CLC using the 

cleaned blueberry reads mentioned previously. By using a variety of tissues, we believe the 

transcriptomes generated capture nearly almost all the genes within blueberry. The CLC de novo 

assemblies were created using a minimum contig length of 300 bp, word size (k-mer) of 31 bp, 

and bubble sizes of 150, 200, 250, and 300 bp. The ‘Arlen’ transcriptome assemblies made with 

CLC were compared based on the assembly statistics: contig N50 length, number of contigs, and 

maximum contig length and the assembly with highest N50 and minimum contig number was 

selected. Assembly quality was also assessed by aligning the assembly contigs to the blueberry 

reference genome sequence using GMAP (Wu and Watanabe 2005) and visualization of the 
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alignments in IGV (Robinson et al. 2011; Thorvaldsdóttir et al. 2013). The best ‘Arlen’ 

transcriptome assembly was merged with a de novo transcriptome assembly of ‘Legacy’, which 

was previously assembled in our laboratory in CLC using the same parameters as final assembly 

of ‘Arlen’. This represents a comprehensive set of transcripts for both cv. ‘Arlen’ and cv. 

‘Legacy’.  

The combined ‘Arlen’ and ’Legacy’ assemblies was imported into a local Linux server 

and both CD-HIT (Fu et al. 2012; Li and Godzik 2006) and Vmatch (Ashrafi et al. 2015; Brendel 

et al. 2002; Kurtz 2010) were used to reduce contig redundancies. CD-HIT was run with default 

parameters (90% similarity) and Vmatch was run with a search length of 299 bp and a 90% 

similarity fraction. The non-redundant assemblies were compared to determine which program 

worked better. The Vmatch assembly (based on statistics mentioned earlier) was chosen as the 

best quality assembly and therefore was used as the alignment reference for differential 

expression (DE) analysis. 

The non-redundant  assembly was imported into Blast2GO (v. 4.1.9) (Conesa and Götz 

2008; Conesa et al. 2005; Götz et al. 2008) and locally blasted using BLASTx 2.4.0+ against the 

NCBI NR (non-redundant) protein database with an e-value cutoff of 1E-10 and number of blast 

hits set to 10. Blast2GO was also used for querying the transcriptome against GO (Gene 

Ontology), InterProScan, Orthologous Groups (KOG (EuKaryotic Orthologous Groups), COG 

(Clustered Orthologous Groups), and EggNOG (Evolutionary genealogy of genes: Non-

supervised Orthologous Groups) and KEGG (Kyoto Encyclopedia of Genes and Genomes) 

databases. Blast2GO annotation of the transcriptome was performed using an e-value cutoff of 

1E-10 and the annotation results were merged with InterProScan and KOG annotations. All other 

parameters were used as default values. 
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A total of 25 samples were used for DE analysis to compare tissues from 2 different 

cultivars, ‘Arlen’ and ‘Legacy’, at 3 different disease stages (infected flower styles, early-stage 

infected fruit, and late-stage diseased fruit) (see Error! Reference source not found.). In the 

current study, we were interested in identifying differences between diseased and healthy tissues 

and differences between progression of disease stages, therefore, samples that were the same 

tissue type but from different cultivars were combined for DE analysis. 

The Trinity RNA-Seq workflow (Grabherr et al. 2011; Haas et al. 2013) was used for 

downstream analyses. An alignment-based abundance estimation was performed for each sample 

using the RSEM (RNA-Seq by Expectation Maximization) estimation method (Li and Dewey 

2011). For RSEM, bowtie2 (Langmead and Salzberg 2012) was used to align individual sample 

reads back to the combined Arlen-Legacy non-redundant assembly. DE analysis was performed 

using pairwise comparisons between all tissue types by utilizing the R package DESeq2 (Love et 

al. 2014) with an FDR p-value cutoff of 0.01 (corresponding to a false positive rate of 1%) and a 

minimum absolute log2 fold change of 2 (corresponding to a quadrupled increase/decrease in 

gene expression level).  

The DE contigs from each comparison were put into individual text lists for enrichment 

analysis in Blast2GO. Up-regulated and down-regulated transcript lists were run separately. GO 

enrichment analysis was performed on each up- and down-regulated dataset by comparing the 

list of DE transcripts to the whole transcriptome. An FDR p-value cutoff of 0.01 was used as the 

filter for the one-tailed Fisher’s exact test. This allowed us to visualize what gene functions were 

over-represented in the up- and down-regulated DE dataset for each tissue type comparison and 

subsequently, the changes in host gene expression as mummy berry disease progresses over time. 
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Results and Discussion 

Illumina data acquisition. 

Approximately 243 Gb of Illumina data was obtained from sequencing ‘Arlen’ samples. 

After combining this data with the transcriptome data of healthy ‘Legacy’ from NCSU and the 

inoculated ‘Legacy’ stylar canal data from UF|IFAS, a total amount of ~419 Gb was available 

for trimming and analysis. During trimming, ~175 Gb of data was removed from the raw reads, 

leaving a total of ~244 Gb of data left for alignment to the ‘W85-20’ blueberry reference genome 

(see Table 2.2). Slightly over 92 Gb of ‘Arlen’ data (in paired reads) aligned to the ‘W85-20’ 

reference genome and were subsequently collected for assembly and DE analysis (see Table 2.3). 

 

Assembly of a non-redundant, comprehensive transcriptome. 

Out of the several transcriptome assemblies constructed in CLC, the one chosen as the 

highest quality composed of 146,476 contigs with an N50 contig length of 1 kb (see Table 2.4). 

This assembly was merged with a ‘Legacy’ transcriptome assembly to make a combination 

‘Arlen/Legacy’ transcriptome containing 220,555 contigs. The combination transcriptome 

contained redundancies, which were eliminated using both Vmatch and CD-HIT. Vmatch 

seemed to work the best for our data based on alignment comparison of the two non-redundant 

transcriptomes to the ‘W85-20’ blueberry reference genome visualized in IGV. Therefore, the 

combined ‘Arlen/Legacy’ assembly used for functional annotation was the Vmatch non-

redundant assembly. This assembly had 212,192 contigs, N50 length of 1,125 bp, and a total 

length of ~181 Mb (see Table 2.5). 
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Functional annotation of the transcriptome. 

Out of 212,192 contigs in the non-redundant cv. Arlen/Legacy transcriptome assembly, 

Blast2GO was able to annotate 60,029 (28%) using at least 1 of the earlier mentioned databases 

(see Figure 2.3). We believe 72% of the transcriptome was not annotated due to potential 

truncation of genes (due to RNA degradation), contamination of intronic DNA in the RNA-seq 

reads, and lack of available matches in databases and being new and specific to blueberry. 

The Orthologous Groups databases (KOG, COG, and EggNOG) assigned 6,339 contigs 

in the transcriptome with 13,853 orthologous group (OG) categories. Contigs could be assigned 

to more than one OG category. The most frequently assigned OG category was posttranslational 

modification, protein turnover, and chaperones at 1,616 contigs (see Table 2.6). Signal 

transduction mechanisms and function unknown were the 2nd and 3rd most frequently assigned 

categories, respectively. This 3rd most frequent category confirms that there is still a large gap in 

the information for plant functions at the molecular level. Out of the 13,853 OG category 

assignments, 302 were defense mechanisms. Another category commonly assigned to these 

defense mechanism sequences was secondary metabolites biosynthesis, transport and catabolism. 

Secondary metabolites play various roles in plant defense against pathogen attack, and their 

biosynthesis is up-regulated by both JA and SA signaling cascades (Turner et al. 2002; 

Wasternack and Hause 2013). Looking more closely at descriptions for this subset of defense 

mechanism-related sequences, we observed that the ABC transporter description occurred 213 

times. ABC transporters are known components of defense-related response pathways (Boyd et 

al. 2013; Wasternack and Kombrink 2010). 
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Differential expression and GO enrichment 

Comparisons were made between infected tissues (flower stage 5, fruit stage 1, and fruit 

stage 4) and their non-infected (control) counterparts, and between infected tissues at different 

developmental stages. Infected tissues of stage 5 flowers were 3 DPI and from cv. ‘Legacy’, 

stage 1 fruits were 20 DPI or field-collected (unsure of infection timing) and from cvs. ‘Arlen’ 

and ‘Legacy’, and stage 4 fruits were fully mummified, field collected and from cv. ‘Arlen’. In 

order to observe genes that are only DE due to disease cycle progression and not due to different 

tissue developmental stage, comparison results of infected tissues with non-infected, non-

counterpart tissues were subtracted from the comparisons between different diseased tissue 

stages (for instance, the comparison of 3DPIFL5 vs FR1 was subtracted from the comparison of 

3DPIFL5 vs InfFR1). This created a baseline for comparison of tissues at different disease 

stages. Data for the same tissue type between the two cultivars were grouped together to give a 

comprehensive transcriptome profile for the compatible interaction between susceptible 

blueberry hosts and Mvc, and because the objective of this study was to observe differences in 

gene expression due to disease stage, not due to cultivar. 

We can recall from the description of methods that the parameters used for DE analysis 

between samples were an FDR p-value of 0.01 and an absolute log2 fold change of 2. In the 

results presented here, that corresponds to a 1% false positive rate among the results with 

significant fold change and for genes to meet the log2 fold change criteria, they must be 4 times 

more up- or down-regulated in one sample than the other. 

DE results are presented in Table 2.7. The tissue comparison with the highest number of 

DE genes was the one between infected stage 5 flowers and the non-infected stage 5 flowers, 

with 4,574 up-regulated and 6,286 down-regulated (10,860 total) genes in the infected tissues. 
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According to the DE results, the two tissues that were the most similar in their expression 

patterns were stage 1 infected fruits and stage 4 infected fruits, which had only 1,312 DE genes 

total. This comparison also had the most “symmetry” between up- and down-regulated genes, 

with 629 up-regulated and 683 down-regulated in the stage 1 infected fruits when compared to 

stage 4 infected fruits. Other comparisons had much higher differences between the number of 

up-regulated and down-regulated genes. 

 

Inoculated Late-Stage Flowers vs. Healthy Late-Stage Flowers 

 GO enrichment of the down-regulated subset of DE genes between inoculated and 

healthy stage 5 flowers revealed alteration of host innate immune pathways and down-regulation 

of resistance to biotrophic pathogens. Among the biological process GO terms that were enriched 

in the down-regulated subset were “protein phosphorylation”, “negative regulation of auxin-

mediated signaling pathway”, and “flavonoid biosynthetic process” (see  

Figure 2.4).  

 Hemibiotrophic pathogens utilize biotrophic-type effectors during early stages of 

infection, which allow the pathogen to evade and/or suppress host immune responses while 

acquiring nutrition from the host cells (Kazan and Lyons 2014; Vleeshouwers and Oliver 2014). 

Effectors will often act upon important components of immune system signaling, including MAP 

kinases and hormone-mediated responses. Protein phosphorylation is an indispensable process 

for immune signaling in plants during pathogen attack. The phosphorylation of defense enzymes 

and proteins results in their activation and subsequent immune responses during both PTI and 

effector-triggered immunity (ETI) (Meng and Zhang 2013). By down-regulating the process of 

protein phosphorylation, Mvc is able to successfully suppress PTI in susceptible blueberry 
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cultivars. Auxin is involved in the hormonal cross-talk between the antagonistic immune 

pathways that confer resistance to either biotrophic or necrotrophic pathogens (Kazan and Lyons 

2014; Kunkel and Brooks 2002). Auxin-mediated responses are normally in a repressed state 

within the plant until developmental or environmental signals cause their de-repression. Auxin is 

known to negatively regulate SA-mediated defense responses, thereby inducing susceptibility to 

biotrophs and resistance to necrotrophs. By down-regulating the negative regulation of auxin-

mediated signaling pathways, this de-represses auxin-mediated responses and ultimately results 

in prevention of SA-mediated defense and induces susceptibility to biotrophic pathogens such as 

Mvc during early infection stages. Flavonoids are also known to play roles in defending plants 

against pathogens (Falcone Ferreyra et al. 2012). The down-regulation of flavonoid biosynthesis, 

such as antimicrobial phenylpropanoids can result in increased susceptibility to biotrophic 

pathogens.  

 Enriched GO terms in the up-regulated set of genes included “response to SA”, “PAMP-

dependent induction by symbiont of host innate immune response”, and “PRR signaling 

pathway” (see Figure 2.5). The up-regulation of PRR signaling and PAMP-dependent immune 

responses indicates that Mvc is recognized by the blueberry host cells at the cell surface. Innate 

defenses mediated by SA (i.e. PTI) are up-regulated in an effort to prevent colonization by Mvc. 

Expression of genes that are active within the cell wall, plasmodesma, and apoplast are up-

regulated in the 3 DPI flowers as shown by the cellular component GO enrichment, indicating 

that a host-pathogen interaction occurs at the cell surface, an interaction zone is established in the 

apoplastic space and PTI defense signals are trafficked to neighboring cells via the 

plasmodesmata. 
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Based on these results, we believe that in the early stages of mummy berry disease 

infection, Mvc PAMPs are recognized by host cell wall pattern recognition receptors (PRRs), 

which induces PTI. SA is transferred to surrounding cells to halt fungal colonization, a common 

response to biotrophic pathogen infection. However, the innate immune responses in susceptible 

blueberry cultivars are unable to prevent colonization by Mvc and an apoplastic interaction zone 

is established within the stylar canal. We hypothesize that Mvc utilizes effectors that are able to 

interrupt pathways involved in conferring resistance to biotrophs during early infection stages, 

allowing for unperturbed hyphal growth through the style and into the ovary. This is achieved 

through interference with the phosphorylation of immune response pathway enzymes and 

proteins, alteration of the regulation of hormone-mediated defense responses, and down-

regulation of secondary metabolites that aid in antimicrobial activity.  

 

Infected Early-Stage Fruits vs. Healthy Early-Stage Fruits 

The down-regulated set of DE genes in the infected stage 1 fruits of cvs. ‘Arlen’ and 

‘Legacy’ when compared to healthy stage 1 fruits were enriched for biological process GO terms 

“hopanoid and pentacyclic triterpenoid biosynthetic processes”, “defense response”, and 

“regulation of biological process” (see Figure 2.6). Hopanoids, though primarily found in 

bacteria, are polycyclic triterpenoids that can be found in small amounts in some plant species 

(Bosak 2007; Ricci et al. 2013; Schaechter 2014). Triterpenoids are plant secondary metabolites 

that have been implicated in playing roles in plant development and defense during biotic and 

abiotic stress (Moses et al. 2014; Sawai and Saito 2011; Yendo et al. 2010). In the stage 1 

infected fruits, Mvc has successfully down-regulated the susceptible blueberry host’s defense 

responses by employing methods of down-regulating the phosphorylation of proteins in defense 
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signaling pathways and preventing biosynthesis of antimicrobial secondary metabolites. This is 

shown by the enrichment of the GO terms defense response and regulation of biological process 

in the down-regulated subset for infected fruits.  

GO terms “oxidation-reduction process”, “response to jasmonic acid”, “ethylene-

activated pathway”, and “toxin catabolic process” were enriched in the up-regulated genes of 

infected stage 1 fruits (see Figure 2.7). Oxidation-reduction (redox) processes play key roles in 

immune signaling by catalyzing the production of reactive oxygen species (ROS) and reactive 

nitrogen species (RNS), one of the first responses to pathogen invasion. These ROS and RNS 

produced by redox processes, especially hydrogen peroxide (H2O2) and nitric oxide (NO), in 

turn, mediate a plethora of other defense signals, including various points in the mitogen-

activated protein kinase (MAPK) cascade, SA-mediated hypersensitive response (HR) pathway, 

secondary metabolite production, and cross-talk between SA, JA, and ethylene pathways 

(Derksen et al. 2013; Frederickson Matika and Loake 2014; Rodriguez et al. 2010; Yendo et al. 

2010). JA and ethylene pathways are known to work jointly to confer resistance to necrotrophs 

(Glazebrook 2005; Spoel et al. 2007). Along with the increase in JA/ethylene-mediated 

signaling, the process of toxin catabolism is also up-regulated in the infected tissues. Phytotoxins 

are a method commonly employed by necrotrophic pathogens to increase virulence and destroy 

host tissues for sustenance (Glazebrook 2005; Spoel et al. 2007; Vleeshouwers and Oliver 2014). 

Botrytis cinerea Pers. Fr. is a necrotrophic pathogen closely related to Mvc and is known to 

produce phytotoxins that contribute to pathogenicity (Amselem et al. 2011; Reino et al. 2004). 

The necrotrophic fungus Sclerotinia sclerotiorum (Lib.) is another close relative of Mvc and it 

too, secretes phytotoxins to progress disease symptoms (Seifbarghi et al. 2017; Williams et al. 

2011). The production of toxins by Mvc and the up-regulation of JA/ethylene pathways by the 



 

39 

host designates a switch by Mvc from biotrophy into necrotrophy, in which the pathogen 

proceeds to destroy the fruit tissues while living within the fruit locules. 

While it is not known exactly when Mvc switches to the necrotrophic phase in the disease 

cycle, based on our results, we can reasonably determine that the up-regulation of JA and 

ethylene-mediated defenses in the blueberry host signifies that Mvc is producing necrotrophic 

signals in the stage 1 fruits. These results are interesting because evidence of Mvc necrotrophy is 

not actually visible until fruits reach their final maturity stage (stage 4), in which they turn 

brownish pink instead of purple-blue and abscise from the plant. From a physiological 

standpoint, we would expect the necrotrophic phase of Mvc to be initiated later than these host 

gene expression results suggest. Further investigation into the molecular processes of Mvc during 

mummy berry disease progression are needed to confirm that it switches to the nectrotrophic 

phase while host fruits are still in the early stages of development. 

 

Infected Late-Stage Fruits vs. Healthy Late-Stage Fruits 

 The GO enrichment of DE gene subsets for the comparison between diseased stage 4 

fruits (mummy berries) and healthy stage 4 fruits showed that cellular transport processes have 

been disrupted in diseased tissues. The down-regulated subset was enriched for biological 

process GO terms “system process”, “water transport”, “ion transport”, and “transmembrane 

transport” (see  

Figure 2.8). This is characteristic of a reduction in the ability for host tissues to perform basic 

metabolic processes and the subsequent death of those tissues. The reduction in metabolic 

activity is accompanied by a reduction in the cellular ability to respond to hormonal-mediated 
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signaling for defense, as seen by the enriched GO terms “response to acid chemical” and 

“cellular response to ethylene stimulus”. 

 The up-regulated subset contained enriched GO terms “oxidation-reduction process”, 

“response to wounding”, and “response to SA”, indicating that the host tissues are still 

attempting to induce a SAR defense ( 

Figure 2.9). However, GO terms “hydrogen peroxide catabolic process”, “sucrose induced 

translational repression”, and “response to sucrose” were also enriched in the dataset, which 

indicates that the pathogen has successfully created a nutrient sink for itself in the mummified 

berries. Hexose biosynthesis was also enriched in the up-regulated dataset, which is another 

sugar commonly utilized by fungal pathogens for sustenance (Bezrutczyk et al. 2018; Morkunas 

and Ratajczak 2014).  

 These results are what we would expect to see in the interaction between a plant host and 

a nectrotrophic pathogen that has progressed through the disease cycle. However, the 

transcriptome profiles of second and third stage infected fruits still need to be elucidated. 

 

Host Gene Expression Across Disease Stages 

When the 3 DPI stage 5 flower tissues were compared with infected stage 1 fruits, 436 

genes were up-regulated and 1,964 were down-regulated in the 3 DPI stage 5 flowers. These 436 

genes correspond to processes that are occurring in infected flowers, but then the expression 

levels of these genes are down-regulated in infected fruits after disease progression takes place. 

In contrast, the 1,964 down-regulated genes for this comparison play roles in processes that are 

occurring at higher rates in infected stage 1 fruits than in 3 DPI stage 5 flowers. 
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In the subset of genes up-regulated in the 3 DPI flower tissues, biological process GO 

terms were enriched for “oxidation-reduction process”, “transport”, “cell wall organization or 

biogenesis”, and “flavonoid biosynthetic process”. This tells us that ROS and certain flavonoids 

are produced at a higher rate in the earliest stages of infection immediately after the pathogen is 

first recognized. The production of ROS and RNS are one of the first stages of PTI and the up-

regulation of oxidation-reduction reactions occurring in inoculated tissues corresponds to the 

oxidative burst we would expect to see in a host plant that is attempting to initiate PTI. These 

ROS species function in the activation of MAPK cascade components and HR. “ROS metabolic 

process” is an enriched GO term in the subset of genes up-regulated in the 3 DPI flower stage 5 

tissues when comparing these against the stage 4 mummy fruits, confirming that ROS are 

generated at higher rates in the initial infection stage. Cell wall thickening and antimicrobial 

metabolite production in an effort to prevent further hyphal migration and colonization are 

common defense responses to pathogen attack in plants (Sarowar et al. 2011), however, 

filamentous fungal pathogens frequently employ cell wall degrading enzymes to provide 

themselves entry into host cells (Aro et al. 2005; Chibucos and Tyler 2009).  

The down-regulated subset of 1964 genes were enriched for biological process GO terms 

“response to chitin”, “positive regulation of innate immune response”, “protein 

phosphorylation”, “regulation of cell death”, and “modification of morphology or physiology of 

other organism involved in symbiotic interaction”. These processes are occurring at a statistically 

significant higher level in the early infected berries than they are in the 3 DPI flowers. Chitin is 

recognized within the fruit by extracellular PRRs and the basal level of defense is activated via 

SA-mediated defense responses. This basal defense also includes HR, as seen by the up-

regulation of cell death in the infected fruit tissues. Protein phosphorylation is also occurring at a 
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higher rate in the fruit tissues, as it mediates the activation of defense pathway cascades and 

plays a key role in the cross-talk between phytohormone signaling pathways (Meng and Zhang 

2013). The enriched set of GO terms also tells us that the defense mechanisms used to induce 

host resistance to mummy berry disease are manipulated by the Mvc pathogen and these 

mechanisms are more down-regulated in the earliest stage of infection, indicating that this may 

be a strategy employed by Mvc to delay the onset of defense responses, thereby providing time 

for Mvc to colonize host tissues. The set of sequences corresponding to the GO term 

“modification of morphology or physiology of other organism involved in symbiotic interaction” 

were classified as argonaute family proteins, protein kinase enzymes, and aquaporin proteins. 

These proteins play roles in defense response signaling and transmembrane transport; through 

their manipulation, Mvc can both reduce the activity of defense response pathways and can 

control the osmotic regulation of the host cell, which subsequently can provide adequate pH 

conditions and pooling of nutritive substances for hyphal growth (Chibucos and Tyler 2009; de 

Jonge et al. 2012; Lecompte et al. 2017; Lingner et al. 2011; Morkunas and Ratajczak 2014; 

Oliva et al. 2014). The infected blueberry host continues to attempt to confer resistance to Mvc 

via SAR as the colonized flower ovaries develop into infected fruits with colonized locules and 

disease progresses. This means Mvc successfully evades a significant amount of host defense 

mechanisms while in the flower tissues, but not while in fruit tissues. 

A total of 1,312 genes (629 up- and 683 down-regulated) were DE between infected stage 

1 fruits and the stage 4 mummy fruits. This comparison had the fewest DE genes, and so the 

expression profiles of these tissues were the most similar. 

The subset of 629 DE genes that were up-regulated in the stage 1 fruits included enriched 

GO terms for “calcium-mediated signaling”, “mRNA metabolic process”, “translation”, “signal 
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transduction by protein phosphorylation”, and “chromatin organization”. These results are as 

expected, as the influx of calcium ions (Ca2+) from the apoplast into the cytosol are one of the 

very first processes to occur upon PAMP recognition. After the accumulation of Ca2+ within the 

cytosol reaches a certain threshold, various Ca2+-sensing components, such as calmodulin-like 

proteins (CLPs) and calcium-dependent protein kinases (CDPKs), act to relay cell surface 

receptor signals by phosphorylating specific amino acid residues of various immune signaling 

components (Meng and Zhang 2013).  Ca2+ influx into the cytosol, which results in a pH change 

within the cytosol and apoplast, indirectly mediates ROS/RNS production and subsequent 

specialized immune responses, including the MAPK cascade, cell wall thickening, stomatal 

closure, secondary metabolite production, and HR (Frederickson Matika and Loake 2014; Ranf 

et al. 2011; Zhang et al. 2014). Protein phosphorylation by CDPKs and mitogen-activated protein 

3-kinases (MAPKKKs) is mediated by cytosolic Ca2+ influx and is a requirement for the 

activation of repressed or inactive immune signaling pathway components (Ranf et al. 2011; 

Schulz et al. 2013; Wernimont et al. 2010; Zhang et al. 2014). mRNA metabolism and 

translation processes are also expected to be more up-regulated in earlier disease stages than in 

later stages. These processes correspond to the alleviation of transcriptional repression (via 

phosphorylation) of pathogenesis-related (PR) mRNAs, processing of PR mRNAs, and 

translation of PR proteins. Transcription of defense-related mRNAs is usually constitutively 

repressed in wild-type plant systems, which prevents the plant from mounting unnecessary 

defense responses in the absence of any pathogen. Extracellular signals, including PAMP or 

effector recognition, indirectly induce the de-repression of TFs, such as WRKY family TFs 

(Birkenbihl and Somssich 2011; Gao et al. 2013; Goto et al. 2016; Ülker and Somssich 2004). 

De-repression of immune pathway transcription factors allows for the production of PR gene 
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mRNA and subsequent translation into PR proteins. One factor of immune signaling during 

pathogen attack that is frequently overlooked is the regulation of gene expression through 

epigenetic changes of chromatin structure, including acetylation, methylation, and ubiquitination. 

As with any other developmental process, the structure of the chromatin at defense gene loci 

plays an important role in the regulation of mRNA transcription of these genes (Birkenbihl and 

Somssich 2011; Ding and Wang 2015). Chromatin modification allows for the fine-tuning of 

immune signaling, as the type and location of the modification governs the expression of the 

targeted PR gene. Acetylation is generally associated with transcriptional activation, while 

methylation and ubiquitination are associated with transcriptional activation or repression, 

depending on the context. These results show that the epigenetic regulations occurring in the 

stage 1 infected fruits are inducing transcriptional activation of PR genes, as seen by the GO 

terms related to mRNA production in the up-regulated dataset. However, we may conclude that 

the PR genes being induced are not conferring resistance to the necrotrophic-phase Mvc. Immune 

signaling is a finely-tuned process on a multitude of levels and the tuning of the earliest signals 

regulates what responses and cross-talk interactions will occur. Specific signals relayed by the 

secondary messenger Ca2+ from extracellular receptors and chromatin modifications are able to 

control hormonal responses and cross-talk, thereby indirectly controlling the ability of a plant to 

defend itself against either biotrophs or necrotrophs. Further work in monitoring the chromatin 

signatures that are occurring at these different stages of disease will need to be done in order to 

confirm the conclusions stated here. 

The GO enrichment of the 683 DE genes that are more down-regulated in stage 1 

infected fruits when compared to the stage 4 fruits included the biological process terms “sucrose 

induced translational repression”, “response to sucrose”, “small molecule metabolic process”, 
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and “cellular response to water deprivation”. Another method of interpreting these results is to 

consider these genes as more up-regulated in the stage 4 mummy fruits (late disease stage) than 

in the stage 1 infected fruits. These GO terms correspond to transcriptome profiles of heavily 

diseased tissues that are undergoing pathogen-induced necrosis. Sucrose has been implicated in 

the involvement of immune signaling during abiotic and biotic stress, specifically in the 

production of secondary metabolites, mediation of cell wall thickening as a carbon source, and 

the translational regulation of some small molecules (H. Koschwanez et al. 2011; Lecompte et al. 

2013; Lecompte et al. 2017; Morkunas and Ratajczak 2014; Talbot 2010). It has been shown that 

an increase in sucrose content of a cell corresponds to a decrease in susceptibility to the 

necrotrophic pathogens B. cinerea and S. sclerotium (Lecompte et al. 2013; Lecompte et al. 

2017), however, these results have yet to be verified due to the complex relationships between 

sucrose, hexoses, cellular water content, and plant- and fungal-derived invertases. It has also 

been suggested that rather than absolute content, relative content of sucrose to other carbon or 

nitrogen sources may be the governing factor for resistance vs. susceptibility to necrotrophic 

pathogens. Invertases cleave sucrose into the smaller hexose sugars fructose and glucose, which 

can be utilized by both biotrophic and necrotrophic pathogens (H. Koschwanez et al. 2011; 

Talbot 2010; Veillet et al. 2017). Both B. cinerea and S. sclerotium, the two closest relatives of 

Mvc, are known to utilize invertases for the cleavage of sucrose into usable hexoses (Dulermo et 

al. 2009; Lecompte et al. 2013; Lecompte et al. 2017; Morkunas and Ratajczak 2014; Proels and 

Hückelhoven 2014; Veillet et al. 2017). These results show that in the late disease stages, there is 

a higher expression of genes involved in sucrose and water stress-mediated responses than in 

earlier disease stages. This could be due to either the induction of these responses by Mvc 

effectors for sugar acquisition from the host or could be due to the destruction of host tissues and 
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subsequent innate stress-response signaling, although based on previous research of closely 

related fungal pathogens, we believe it is likely the former. 

In the stage 1 infected fruits, Ca2+ influx into the cytosol occurs to mediate the production 

of ROS/RNS and the phosphorylation of other immune signaling components by CDPKs. 

Through these Ca2+ and phosphorylation-mediated processes, mRNA transcription and 

subsequent translation of PR proteins can occur. The basal level of immune signaling has been 

shown to be significantly up-regulated in the stage 1 infected fruits when compared to stage 4 

mummy fruits, but this basal defense response is inadequate for providing resistance to Mvc due 

to the already well-established colonization of host tissues and the switch of Mvc into the 

necrotrophic phase. Basal immune signaling (PTI) must occur before the pathogen becomes well 

established on its host and is often associated with resistance to biotrophic rather than 

necrotrophic pathogens. 

 

Conclusions 

To summarize our results, many genes involved in defense response signaling were DE in 

diseased tissues when compared with their control tissue counterparts, but certain defense 

components were more up- or down-regulated in specific disease stages than others when 

infected tissues were compared to each other. For instance, we observed that ROS production 

and signaling is up-regulated in the earliest stage of infection by Mvc, but is then more down-

regulated as disease progresses. 

Results show that the inoculated flowers recognize the onset of colonization by Mvc, 

however, the host defense responses that take place within the flower style in susceptible 

cultivars are not able to counteract disease progression. Cultivars that are susceptible to the fruit 
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blighting stage of mummy berry disease lack the necessary R genes needed to interact with Mvc 

effectors and halt disease. Upon contact with a receptive flower stigma, Mvc conidia produce 

hyphae that grow down the stylar canal via the pollen germ tube pathway, proceed to colonize 

the developing ovary, and subsequently reside inside the locules as the fruit develops. Mvc 

utilizes biotrophic effectors for the manipulation of immune signaling pathways in the earliest 

stage of colonization in order to evade host defense responses and provide an adequate 

environment for hyphal proliferation. This can be concluded based on the results for down-

regulated biological processes in 3 DPI flowers when compared against control (uninfected) 

flowers and tissues at later disease stages. Genes involved in these processes are more up-

regulated in both stages of diseased fruit tissues than in the 3 DPI flowers. This likely signifies 

the switch of Mvc from the biotrophic phase to the necrotrophic phase, in which Mvc would also 

switch to utilizing a different set of effectors for interaction with its host. We can conclude that 

Mvc switches to the necrotrophic phase during the process of fruit locule colonization. This 

conclusion is supported by the results for the comparisons between 3 DPI stage 5 flowers and 

control stage 5 flowers, infected stage 1 fruits and control stage 1 fruits, and 3 DPI stage 5 

flowers and infected stage 1 fruits. In the late stages of disease, when blueberry fruits have fully 

matured and are mummified, but have not yet abscised from the parent plant, we observed 

significant up-regulation in sucrose-mediated signaling compared to other disease stages 

(infected stage 5 flowers and stage 1 fruits). We conclude that this is likely due to changes to 

immune signaling imposed on the susceptible host by Mvc during the necrotrophic phase. We 

believe it was not as up-regulated in stage 1 fruits due to the recent switch from biotrophy to 

necrotrophy. In the latest stage of mummy berry disease, fruits were fully colonized by Mvc and 

were hardly recognizable as blueberries on a physical and molecular level (only ~8 % of 
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mummified berry Illumina reads aligned to the blueberry reference genome). During the last 

stage of fruit development, Mvc would be utilizing its full arsenal of fungal effectors to acquire 

nutrients from the host for the overwintering process. Further work that incorporates 

transcriptome profiles for middle stages of fruit development will need to be done to verify when 

the up-regulation in sucrose-mediated signaling occurs. The transcriptome profiles of the Mvc 

pathogen during different stages of fruit blighting would also be a useful future study to 

compliment the results reported here. 

By incorporating resistant cultivars into this data in future work, R genes that are able to 

interact with Mvc effectors and induce ETI may be identified. Future work in monitoring the 

chromatin signatures that are occurring at different stages of disease will need to be done in order 

to confirm the conclusions stated here. 
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Table 2.1 List of tissues used for RNA-seq study of mummy berry disease progression in blueberry cvs. 'Arlen' and 

'Legacy'. Highlighted fields indicate tissues used in differential expression analysis. 3DPIstyles corresponds to 

inoculated stage 5 flowers (3 days after inoculation) and 20DPIberry corresponds to inoculated stage 1 fruits (20 

days after inoculation) from Jeff Rollins at UF (continued). 

# Tissue 

1 Arlen Castle Hayne Flower Stage 1 

2 Arlen Castle Hayne Flower Stage 1 Rep 2 

3 Arlen Castle Hayne Flower Stage 3 

4 Arlen Castle Hayne Flower Stage 3 Rep 2 

5 Arlen Castle Hayne Flower Stage 5 

6 Arlen Castle Hayne Flower Stage 5 Rep 2 

7 Arlen Castle Hayne Infected Fruit Stage 1  

8 Arlen Castle Hayne Infected Fruit Stage 1 Rep 2 

9 Arlen Castle Hayne Fruit Stage 2 

10 Arlen Castle Hayne Fruit Stage 2 Rep 2 

11 Arlen Castle Hayne Fruit Stage 3 

12 Arlen Castle Hayne Fruit Stage 4 

13 Arlen Castle Hayne Fruit Stage 4 Rep 2 

14 Arlen Castle Hayne Mummy Fruit Stage 4 

15 Arlen Castle Hayne Mummy Fruit Stage 4 Rep 2 

16 Arlen Sandhills Fruit Stage 3 

17 Arlen Sandhills Fruit Stage 3 Rep 2 

18 Arlen Sandhills Fruit Stage 4 

19 Arlen Sandhills Fruit Stage 4 Rep 2 

20 Arlen Castle Hayne Leaf 

21 Arlen Castle Hayne Leaf Rep 2 

22 Arlen Root 

23 Arlen Root Rep 2 

24 Legacy Castle Hayne Flower Stage 1 

25 Legacy Castle Hayne Flower Stage 3 

26 Legacy Castle Hayne Flower Stage 5 

27 Legacy Castle Hayne Fruit Stage 1 

28 Legacy Castle Hayne Fruit Stage 2 

29 Legacy Castle Hayne Fruit Stage 3 

30 Legacy Castle Hayne Fruit Stage 4 

31 Legacy Castle Hayne Leaf 

32 Legacy Root 

33 JRUF 3DPIstyles Rep A L07 

34 JRUF 3DPIstyles Rep A L08 

35 JRUF 3DPIstyles Rep B L07 

 
. 
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Table 2.1 List of tissues used for RNA-seq study of mummy berry disease progression in blueberry cvs. 'Arlen' and 

'Legacy'. Highlighted fields indicate tissues used in differential expression analysis. 3DPIstyles corresponds to 

inoculated stage 5 flowers (3 days after inoculation) and 20DPIberry corresponds to inoculated stage 1 fruits (20 

days after inoculation) from Jeff Rollins at UF (continued). 

# Tissue 

36 JRUF 3DPIstyles Rep B L08 

37 JRUF 3DPIstyles Rep C L07 

38 JRUF 3DPIstyles Rep C L08 

39 JRUF 20DPIberry Rep A L07 

40 JRUF 20DPIberry Rep A L08 

41 JRUF 20DPIberry Rep B1 L07 

42 JRUF 20DPIberry Rep B1 L08 

43 JRUF 20DPIberry RepD2 L07 

44 JRUF 20DPIberry RepD2 L08 
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Table 2.2 Sequence read data before and after cleaning. JRUF stands for Jeff Rollins University of Florida; these were greenhouse inoculated samples provided 

to the NCSU-BGL for this study. DPI stands for days post-inoculation (continued). 

Sample Raw Reads Raw Base Pairs 
Reads After 

Trimming 

Base Pairs After 

Trimming 

Arlen Castle Hayne Flower Stage 1 42,210,708 6,331,606,200 30,460,158 2,494,814,186 

Arlen Castle Hayne Flower Stage 1 Rep 2 115,181,126 17,277,168,900 107,824,430 12,638,617,293 

Arlen Castle Hayne Flower Stage 3 47,105,072 7,065,760,800 33,669,848 2,759,597,659 

Arlen Castle Hayne Flower Stage 3 Rep 2 81,898,120 12,284,718,000 63,405,118 7,373,485,854 

Arlen Castle Hayne Flower Stage 5 55,657,994 8,348,699,100 37,465,834 3,069,605,672 

Arlen Castle Hayne Flower Stage 5 Rep 2 113,900,988 17,085,148,200 101,636,508 11,916,671,426 

Arlen Castle Hayne Infected Fruit Stage 1 67,467,288 10,120,093,200 51,057,794 4,184,353,726 

Arlen Castle Hayne Infected Fruit Stage 1 Rep 2 100,054,044 15,008,106,600 78,774,718 9,162,856,394 

Arlen Castle Hayne Fruit Stage 2 64,968,156 9,745,223,400 50,127,276 4,106,233,046 

Arlen Castle Hayne Fruit Stage 2 Rep 2 95,985,722 14,397,858,300 75,423,632 8,771,116,218 

Arlen Castle Hayne Fruit Stage 3 63,378,596 9,506,789,400 47,672,724 3,908,375,425 

Arlen Castle Hayne Fruit Stage 4 62,919,488 9,437,923,200 47,969,834 3,928,383,767 

Arlen Castle Hayne Fruit Stage 4 Rep2 53,413,922 8,012,088,300 41,176,704 3,373,489,147 

Arlen Castle Hayne Mummy Fruit Stage 4 51,564,146 7,734,621,900 39,265,588 3,222,468,111 

Arlen Castle Hayne Mummy Fruit Stage 4 Rep 2 52,948,832 7,942,324,800 40,493,374 3,322,662,260 

Arlen Sandhills Fruit Stage 3 57,670,784 8,650,617,600 37,558,718 3,075,042,054 

Arlen Sandhills Fruit Stage 3 Rep 2 54,056,646 8,108,496,900 39,003,328 3,194,882,446 

Arlen Sandhills Fruit Stage 4 46,729,688 7,009,453,200 35,274,008 2,891,332,412 

Arlen Sandhills Fruit Stage 4 Rep 2 67,965,280 10,194,792,000 49,757,812 4,074,920,429 

Arlen Castle Hayne Leaf 42,684,694 6,402,704,100 30,885,706 2,531,267,941 

Arlen Castle Hayne Leaf Rep 2 130,686,740 19,603,011,000 120,479,452 14,105,484,664 

Arlen Root 51,072,278 7,660,841,700 38,649,004 3,166,146,432 

Arlen Root Rep 2 103,522,148 15,528,322,200 90,923,398 10,645,159,427 

Legacy Castle Hayne Flower Stage 1 45,596,132 6,885,015,932 39,620,838 2,607,005,084 

Legacy Castle Hayne Flower Stage 3 46,680,644 7,048,777,244 40,892,414 2,690,785,564 

 . 
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Table 2.2 Sequence read data before and after cleaning. JRUF stands for Jeff Rollins University of Florida; these were greenhouse inoculated samples provided 

to the NCSU-BGL for this study. DPI stands for days post-inoculation (continued). 

Sample Raw Reads Raw Base Pairs 
Reads After 

Trimming 

Base Pairs After 

Trimming 

Legacy Castle Hayne Flower Stage 5 49,991,414 7,548,703,514 32,785,676 2,892,668,724 

Legacy Castle Hayne Fruit Stage 1 37,791,374 5,706,497,474 24,593,980 2,201,312,215 

Legacy Castle Hayne Fruit Stage 2 50,367,094 7,605,431,194 15,490,290 2,997,849,795 

Legacy Castle Hayne Fruit Stage 3 53,331,148 8,053,003,348 47,246,834 3,109,184,908 

Legacy Castle Hayne Fruit Stage 4 44,545,712 6,726,402,512 38,668,030 2,544,513,751 

Legacy Castle Hayne Leaf 47,158,266 7,120,898,166 41,425,100 2,725,926,507 

Legacy Root 48,044,386 7,254,702,286 41,912,038 2,757,832,072 

JRUF 3DPIstyles Rep A L07 120,761,426 12,196,904,026 119,234,608 9,995,487,230 

JRUF 3DPIstyles Rep A L08 122,185,900 12,340,775,900 120,589,878 10,109,647,672 

JRUF 3DPIstyles Rep B L07 117,409,102 11,858,319,302 116,033,756 9,726,080,999 

JRUF 3DPIstyles Rep B L08 118,130,862 11,931,217,062 116,692,782 9,781,561,289 

JRUF 3DPIstyles Rep C L07 132,671,388 13,399,810,188 131,294,406 11,014,342,691 

JRUF 3DPIstyles Rep C L08 134,119,934 13,546,113,334 132,672,350 11,130,294,644 

JRUF 20DPIberry Rep A L07 65,389,432 6,604,332,632 64,674,314 5,421,577,008 

JRUF 20DPIberry Rep A L08 65,959,464 6,661,905,864 65,213,570 5,466,921,490 

JRUF 20DPIberry Rep B1 L07 51,242,918 5,175,534,718 50,614,328 4,239,179,017 

JRUF 20DPIberry Rep B1 L08 51,657,754 5,217,433,154 51,000,832 4,271,504,183 

JRUF 20DPIberry RepD2 L07 64,648,826 6,529,531,426 63,930,272 5,356,616,106 

JRUF 20DPIberry RepD2 L08 64,843,476 6,549,191,076 64,098,026 5,370,703,099 

Total Sequences 3,155,569,112   2,707,639,288   
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Table 2.3 Results for cv. 'Arlen' Illumina read alignment to the 'W85-20' diploid blueberry reference genome. Rows highlighted in pink indicate infected tissues. 

Sample 
Reads Aligned  

(pairs) 

Reads Aligned  

(broken pairs) 
% Reads 

Base Pairs  

Aligned* 

Arlen Castle Hayne Flower Stage 1 20,491,200 5,724,026 86.06 1,678,537,004 

Arlen Castle Hayne Flower Stage 1 Rep 2 96,397,440 6,830,546 95.73 11,323,275,612 

Arlen Castle Hayne Flower Stage 3 23,854,170 5,396,789 86.88 1,955,720,684 

Arlen Castle Hayne Flower Stage 3 Rep 2 42,466,240 10,059,306 82.85 4,948,706,798 

Arlen Castle Hayne Flower Stage 5 25,927,642 6,364,369 86.19 2,124,665,680 

Arlen Castle Hayne Flower Stage 5 Rep 2 90,724,158 6,211,977 95.37 10,655,596,332 

Arlen Castle Hayne Infected Fruit Stage 1 34,596,706 9,162,895 85.71 2,835,487,290 

Arlen Castle Hayne Infected Fruit Stage 1 Rep 2 49,938,950 12,668,552 79.47 5,820,398,761 

Arlen Castle Hayne Fruit Stage 2 34,672,704 8,705,178 86.54 2,840,437,729 

Arlen Castle Hayne Fruit Stage 2 Rep 2 49,018,388 12,925,622 82.13 5,711,036,950 

Arlen Castle Hayne Fruit Stage 3 32,508,714 8,147,715 85.28 2,666,720,641 

Arlen Castle Hayne Fruit Stage 4 32,086,870 8,463,449 84.53 2,628,157,148 

Arlen Castle Hayne Fruit Stage 4 Rep2 27,729,632 7,069,035 84.51 2,272,616,273 

Arlen Castle Hayne Mummy Fruit Stage 4 2,270,832 1,021,384 8.38 186,533,422 

Arlen Castle Hayne Mummy Fruit Stage 4 Rep 2 2,226,828 1,068,495 8.14 182,993,444 

Arlen Sandhills Fruit Stage 3 25,893,078 6,420,300 86.03 2,120,521,809 

Arlen Sandhills Fruit Stage 3 Rep 2 26,830,558 6,788,720 86.2 2,197,713,621 

Arlen Sandhills Fruit Stage 4 24,015,952 6,375,605 86.15 1,968,425,358 

Arlen Sandhills Fruit Stage 4 Rep 2 34,082,848 8,754,797 86.09 2,790,558,803 

Arlen Castle Hayne Leaf 21,896,754 5,171,364 87.64 1,795,299,347 

Arlen Castle Hayne Leaf Rep 2 107,632,734 7,954,431 95.94 12,634,293,995 

Arlen Root 25,877,282 6,265,012 83.16 2,119,844,184 

Arlen Root Rep 2 75,570,366 5,757,262 89.44 8,865,504,118 

Total 906,710,046 163,306,829 - 92,323,045,003 
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Table 2.4 Assembly statistics for best quality 'Arlen' assembly. 

Constructed using a word size (k-mer) of 31 bp, bubble size of  

300 bp and minimum contig length of 300 bp. 

Arlen de novo w31b300 Assembly 

Statistic Value 

Minimum 300 

Maximum 17,203 

Average 805 

N50 1,001 

Count 146,476 

Total Length (bp) 117,986,236 

 

Table 2.5 Assembly statistics for combined assembly of cvs.  

'Arlen' and 'Legacy' after removing redundancies with Vmatch. 

Arlen + Legacy Vmatch Assy 

Statistic Value 

Minimum 300 

Maximum 17,203 

Average 854 

N50 1,125 

Count 212,192 

Total Length (bp) 181,202,917 
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Table 2.6 Orthologous groups categories assigned to ‘Arlen’/’Legacy’ combined transcriptome contigs. 

OG Categories Sequence Number 

Posttranslational modification, protein turnover, chaperones  1616 

Signal transduction mechanisms  1458 

Function unknown  1407 

Translation, ribosomal structure and biogenesis  839 

Transcription  831 

Energy production and conversion  825 

Intracellular trafficking, secretion, and vesicular transport  797 

Secondary metabolites biosynthesis, transport and catabolism  704 

Carbohydrate transport and metabolism  691 

Amino acid transport and metabolism  643 

Cytoskeleton  609 

Lipid transport and metabolism  565 

Inorganic ion transport and metabolism  440 

Chromatin structure and dynamics  390 

Replication, recombination and repair  364 

Cell cycle control, cell division, chromosome partitioning  335 

Nucleotide transport and metabolism  328 

Defense mechanisms  302 

RNA processing and modification  293 

Cell wall/membrane/envelope biogenesis  188 

Coenzyme transport and metabolism  178 

Extracellular structures  33 

Nuclear structure  9 

Cell motility  8 

Total 13853 
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Table 2.7 Differential expression results for comparisons of infected vs. noninfected tissues and for infected tissues at different disease stages. 

Comparison 
3DPIFL5 vs 

FL5 

3DPIFL5 vs 

InfFR1 

3DPIFL5 vs 

MumFR4 

InfFR1 vs 

FR1 

InfFR1 vs 

MumFR4 

MumFR4 vs 

FR4 

Up-regulated 4574 436 1421 1279 629 1999 

Down-regulated 6286 1964 1647 643 683 695 

Total DE Genes 10860 2400 3068 1922 1312 2694 
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Figure 2.1 Genealogy for southern highbush blueberry cv. 'Arlen'. 
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Figure 2.2 Guide Images for Blueberry Developmental Stages of Collected Tissues. All tissues pictured here were 

used to create comprehensive de novo transcriptome assemblies for cvs. ‘Arlen’ and ‘Legacy’. Only tissues of 

flower stage 5, fruit stage 1 and fruit stage 4 were used for differential expression analysis in response to mummy 

berry disease infection. 
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Figure 2.3 Functional annotation results for the combined non-redundant assembly of cvs. ‘Arlen’ and ‘Legacy’. Approximately 28% of the transcriptome was 

annotated by at least 1 database in Blast2GO. 
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Figure 2.4 GO Enrichment results for the down-regulated genes in comparison between 3 DPI stage 5 flowers vs. control stage 5 flowers. Only the first 30 GO 

terms in the enrichment list are shown. For the processes along the y-axis, blue bars represent the enrichment in the DE gene subset for the tissue comparison, 

while orange bars represent the enrichment in the Arlen-Legacy transcriptome. 
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Figure 2.5 GO Enrichment results for up-regulated genes in comparison between 3 DPI stage 5 flowers vs. control stage 5 flowers. Only the first 30 GO terms in 

the enrichment list are shown. For the processes along the y-axis, blue bars represent the enrichment in the DE gene subset for the tissue comparison, while 

orange bars represent the enrichment in the Arlen-Legacy transcriptome. 
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Figure 2.6 GO Enrichment results for down-regulated genes in comparison between infected stage 1 fruits vs. control stage 1 fruits. For the processes along the 

y-axis, blue bars represent the enrichment in the DE gene subset for the tissue comparison, while orange bars represent the enrichment in the Arlen-Legacy 

transcriptome. 
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Figure 2.7 GO Enrichment results for up-regulated genes in comparison between infected stage 1 fruits vs. control stage 1 fruits. Only the first 30 GO terms in 

the enrichment list are shown. For the processes along the y-axis, blue bars represent the enrichment in the DE gene subset for the tissue comparison, while 

orange bars represent the enrichment in the Arlen-Legacy transcriptome. 
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Figure 2.8 GO Enrichment results for down-regulated genes in comparison between infected stage 4 fruits vs. control stage 4 fruits. Only the first 30 GO terms 

in the enrichment list are shown. For the processes along the y-axis, blue bars represent the enrichment in the DE gene subset for the tissue comparison, while 

orange bars represent the enrichment in the Arlen-Legacy transcriptome. 
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Figure 2.9 GO Enrichment results for up-regulated genes in comparison between infected stage 4 fruits vs. control stage 4 fruits. Only the first 30 GO terms in 

the enrichment list are shown. For the processes along the y-axis, blue bars represent the enrichment in the DE gene subset for the tissue comparison, while 

orange bars represent the enrichment in the Arlen-Legacy transcriptome. 
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Figure 2.10 GO Enrichment results for up-regulated genes in comparison between 3 DPI stage 5 flowers vs. infected stage 1 fruits. For the processes along the y-

axis, blue bars represent the enrichment in the DE gene subset for the tissue comparison, while orange bars represent the enrichment in the Arlen-Legacy 

transcriptome. 
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Figure 2.11 GO Enrichment results for down-regulated genes in comparison between 3 DPI stage 5 flowers vs. infected stage 1 fruits. Only the first 30 GO terms 

in the enrichment list are shown. For the processes along the y-axis, blue bars represent the enrichment in the DE gene subset for the tissue comparison, while 

orange bars represent the enrichment in the Arlen-Legacy transcriptome. 
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Figure 2.12 GO Enrichment results for up-regulated genes in comparison between 3 DPI stage 5 flowers vs. infected stage 4 "mummy" fruits. Only the first 30 

GO terms in the enrichment list are shown. For the processes along the y-axis, blue bars represent the enrichment in the DE gene subset for the tissue 

comparison, while orange bars represent the enrichment in the Arlen-Legacy transcriptome. 
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Figure 2.13 GO Enrichment results for down-regulated genes in comparison between 3 DPI stage 5 flowers vs. infected stage 4 "mummy" fruits. Only the first 

30 GO terms in the enrichment list are shown. For the processes along the y-axis, blue bars represent the enrichment in the DE gene subset for the tissue 

comparison, while orange bars represent the enrichment in the Arlen-Legacy transcriptome. 
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Figure 2.14 GO Enrichment results for up-regulated genes in comparison between infected stage 1 fruits vs. infected stage 4 "mummy" fruits. Only the first 30 

GO terms in the enrichment list are shown. For the processes along the y-axis, blue bars represent the enrichment in the DE gene subset for the tissue 

comparison, while orange bars represent the enrichment in the Arlen-Legacy transcriptome. 
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Figure 2.15 GO Enrichment results for down-regulated genes in comparison between infected stage 1 fruits vs. infected stage 4 "mummy" fruits. Only the first 

30 GO terms in the enrichment list are shown. For the processes along the y-axis, blue bars represent the enrichment in the DE gene subset for the tissue 

comparison, while orange bars represent the enrichment in the Arlen-Legacy transcriptome. 
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Abstract 

 

Mummy berry disease, caused by the hemibiotrophic fungal pathogen Monilinia vaccinii-

corymbosi (Mvc), is one of most economically important diseases affecting commercial 

blueberry production. Mvc is capable of inducing two separate blighting stages during its life 

cycle, first of young shoots and flower buds and second of fruits. The fruit blighting phase begins 

when bees deposit asexual spores (conidia) onto receptive flower styles during pollination. The 

conidia germinate hyphae that grow down the stylar canal and colonize the developing ovary. 

Molecular data for this pathogen is lacking, but could be useful in understanding what methods 

the fungus deploys to evade or alter host defense responses. In this study, we utilized Single 

Molecule Real-Time Sequencing technology from Pacific Biosciences to create a high-quality 

reference genome and transcriptome for Mvc. The reference genome for Mvc contained 59 

contigs (including rDNA and mtDNA contigs) with an N50 of 3.6 Mb and a total length of 

30,998,608 bp. Gene sets were predicted using Maker, which determined 10,345 genes were 

present in the Mvc reference genome. BUSCO was used to determine that there were 1,423 

complete genes present in the predicted gene set from Maker. We identified 33 potential 

effectors within the Mvc transcriptome by functional annotation in Blast2GO, including 7 

putatively involved in pollen mimicry during host flower infection. We conclude that Mvc 

utilizes biotrophic effectors during the process of flower style infection, which allows it to avoid 

recognition by the host and evade host defense responses. Future research will be needed to 

verify the role of these potential effectors in the pathogenicity of Mvc. 
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Introduction 

 

Biotic stresses, including plant fungal diseases, are one of the greatest constraints to crop 

production faced by growers today. To continue meeting the consumption demands of a growing 

population, the impact of disease will need to be minimized, a goal made more challenging by 

climatic and environmental perturbations that can provoke disease emergence and increased 

disease intensity. Along with these abiotic factors, there are also genetic factors that contribute to 

the problem of crop disease. Plant fungal pathogens often contain effector protein coding 

sequences within their transcriptome, which in-turn, allow them to fully or partially circumvent 

plant genomic sources of resistance (Boyd et al. 2013). In the genomes of some fungal 

pathogens, effectors more frequently occur in gene-sparse, repeat-rich regions, as described by 

the “two-speed genome” hypothesis (Derbyshire et al. 2017). 

Mummy berry disease, caused by the fungal pathogen Monilinia vaccinii-corymbosi 

(Reade) Honey (from here on referred to as Mvc), is one of the most important diseases of 

blueberry in terms of economic loss in the US and Canada. In 1901, mummy berry disease was 

first observed and described by Longyear in 1901 from observations of wild blueberries in 

Michigan. The fungus was first proposed to be a member of the closely related genus Sclerotinia, 

but was later classified into the genus Monilinia in 1928 by Edwin E. Honey (Florence 

2014).Mummy berry disease affects both wild and cultivated blueberry varieties and is found 

everywhere that blueberries are commercially grown. Economic losses due to mummy berry 

disease in North America have been reported since the 1960s. Infection rates as high as 85% 

have been reported in New Hampshire and losses in organic fields commonly reach nearly 
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100%. In 2002, in non-fungicide managed fields of rabbiteye blueberry in NC, a 70-80% crop 

loss was reported (Florence 2014). 

Mummy berry disease is a monocyclic disease, and therefore must be controlled at the 

beginning of and between each growing season, to disrupt the pathogen’s life cycle. Mvc has a 

complex and specialized life cycle that involves two blighting stages, insect vectors, wind and 

rain-splash dispersal, and an overwintering stage (Clinic 2011).  The fungal life cycle is 

synchronously adapted to its host plant life cycle, and many haplotypes of the pathogen exist 

throughout its habitable region (Lehman and Oudemans 2000). During early spring, 

overwintered mummies (pseudosclerotia) break dormancy and produce sexual fruiting bodies 

known as apothecia. The primary infection stage, known as the shoot blight phase, aligns with 

host leaf and flower shoot emergence, and occurs in spring when sexual spores (ascospores) are 

released from mature apothecia during cool, wet weather and are disseminated and transported 

by wind to young, susceptible tissues. The ascospores blight emerging shoots and produce 

secondary asexual spores known as conidia on blighted leaves, which are attractive to bees and 

flies. During this stage, shoot blighting and leaf wilting may appear and are the first noticeable 

symptoms of the disease. The secondary infection stage is known as the fruit infection phase. 

Conidia are released from primary infection sites and carried by pollinating insects to open 

flowers. When deposited on the stigma, conidia germinate and give rise to specialized, 

unbranched hyphae that mimic pollen tubes by growing down the style of the flower and into the 

developing ovule. Initially, infected berries appear normal until ripening begins. While normal 

berries turn a bluish-purple, infected berries will turn a pinkish color, shrivel to approximately ¾ 

of their normal size, and drop to the ground. If left unaltered, berries that reside on the soil 
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surface will form mummies, which look like miniature black pumpkins that overwinter and can 

re-infect the host the next year (Cline 2013). 

Favorable weather may cause a large outbreak if the disease goes unmanaged and farmers 

do not take necessary precautions to reduce disease (Noble 2015). Current methods for managing 

the disease include cultural practices and repeated fungicide use, but consistent control has been 

challenging to achieve (Dininny 2016). The most important cultural practice used for managing 

this disease is the reduction in pseudosclerotial germination. This can be done by burying 

pseudosclerotia under at least 2.5 cm of soil or mulch, post-harvest sanitation of blueberry fields, 

and cultivar selection (Florence 2014). After disease emergence, it is a common practice to use 

fungicides to control levels of shoot strikes and reduce secondary infection of leaves, stems and 

flowers (Cline 2009; Schilder 2015).While all blueberries carry some degree of susceptibility to 

mummy berry disease, certain cultivars are more resistant than others to the different blighting 

stages (Cline 2009; Clinic 2011). Due to the large variation among cultivars in the resistance-

susceptibility spectrum for both blighting stages, we hypothesize that this disease is quantitative 

in nature, and that resistance is conferred by the combination of many genes with small effects, 

rather than by a single gene with a large effect. 

Breeding for resistance is a more effective, economical, and environmentally friendly 

method of controlling losses due to disease. The first step in developing a molecular breeding 

strategy is to identify genes responsible for playing a role in the infection process. By identifying 

genes that are differentially expressed in response to infection, a list of potential candidates can 

be made. After candidate genes have been identified, molecular markers can be developed and 

used for breeding more resistant varieties (Boyd et al. 2013). Marker-assisted breeding allows for 

the breeder to select individuals that carry desirable traits without having to evaluate them in 
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field trials first. Only individuals determined to carry the trait of interest need to be planted in the 

field for further evaluations, while individuals lacking the marker for the trait are not evaluated. 

This is an example of how molecular information can be used in conjunction with traditional 

breeding for a more streamlined process of cultivar development, requiring less time, less space 

for field trials, and less financial investment on the part of the breeder due to constantly 

decreasing costs for high-throughput genotyping. Traditional breeding strategies for blueberries 

require a span of 10 to 20 years from the original cross to new cultivar release (Lobos and 

Hancock 2015). Using marker-assisted breeding can significantly reduce this time. While 

quantitatively-controlled diseases are inherently more difficult to identify candidate genes for, 

conferring resistance to these diseases is more sustainable over time because it is considered to 

be more “durable” since the resistance originates from more than one source (Boyd et al. 2013). 

In this study, the genome and transcriptome of Mvc were sequenced using Pacific Biosciences 

long-read sequencing technology. The transcriptome was functionally annotated to reveal 

pathogenesis-related genes in Mvc, and to provide insight into how Mvc circumvents blueberry 

defense responses during mummy berry disease development. This study aims to build a 

comprehensive set of information for this economically important, yet understudied fungal 

pathogen. 
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Materials and Methods 

 

Mvc Isolation and Culturing. 

Mvc isolate RL1 (Mvc-RL1) was previously described by (Burchhardt and Cubeta 2014) 

and isolated as a single conidium from infected shoots of Southern Highbush Blueberry (V. 

corymbosum x V. darrowii) variety 'Legacy' in Ivanhoe, NC. Mycelial plugs of the pathogen 

were recovered from storage (-80°C) by plated on 9-cm diameter petri dishes containing 1/2X 

potato dextrose agar (PDA, Difco) plates and incubating at room temperature (23-25 °C) for 2 

weeks. 

 

Genomic Library Preparation and Sequencing.      

UF PacBio RSII Sequencing: 

PacBio RSII Sequencing (English et al. 2012) was performed at the University of Florida 

(UF) Interdisciplinary Center for Biotechnology Research. Vegetative hyphae of Mvc-RL1 was 

grown on a cellophane overlay of 1/2X PDA for 6 days, harvested by scraping the hyphae free of 

the cellophane, frozen in liquid nitrogen, and ground to fine particles with a bead beater. A 100 

µl volume of ground hyphae (ca. 10 mg) was used to isolate high molecular weight DNA using 

the G-Biosciences (St. Louis, MO) OmniPrep™ for fungi kit according to the manufacturer’s 

protocol. DNA quality was evaluated using the Agilent TapeStation with a Genomic Tape. The 

average DNA size had peak >60 kb. Quantitation was performed by fluorescence (QUBIT, 

ThermoFisher). Eight micrograms of high MW genomic DNA were applied to a G-tube 

(Covaris, Inc.) using fragmentation conditions for 20 kb. The G-tube step was followed by a 

clean-up step using the MoBio powerclean kit (MoBio, Catalog No. 12877-50). This reagent is 
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used for extensive genomic DNA cleaning from sources (e.g., plants, marine organisms) that 

may result in library preparation with carryover contaminants (e.g., humic acid, polyphenols, 

polysaccharides, etc.). AMPure magnetic beads (0.45:1:00 beads to sample ratio) were then used 

to clean the DNA before library construction reactions. 

Large-insert (20 Kb) library construction was performed using 5 micrograms of G-tube 

fragmented, MoBio-cleaned DNA according to the PacBio protocol (PN 100-938-400-02) with a 

few modifications. Briefly, SMRT bell adaptors were attached to the sample fragments in four 

basic steps:  DNA damage repair, DNA end repair, ligation of adaptors, and exonuclease III/VII 

digestion.  The final library yield was approximately 1.5 micrograms (~30% of the original 

mass). 

The final library was further size-selected on the Electrophoretic Lateral Fractionator 

(ELF, Sage Sciences), using the 0.75% Agarose (Native) Gel Cassettes v2 (Catalog No. 

ELD7510) specified for 0.8-18 kb fragments (3.61-hour run). This was done to maximize the 

average length for the “Reads of Insert” during sequencing. The final library was quantitated by 

fluorescence (QUBIT, ThermoFisher), and sized on the Agilent TapeStation (genomic tape). A 

total of 222 ng of approximately 19 kb library fragments were recovered by pooling fractions 

corresponding to wells 1-3 from the ELF. This material was used to set up sequencing reactions 

in the PacBio RS II for two SMRT cells (Single Molecule Real Time) according to the 

manufacturer’s protocol, using v3 SMRT cells and P6/C4 chemistry reagents, 6-hr movies.  A 

125 pM on-plate loading concentration was used. Approximately 80,000 reads with an average 

polymerase read length of ~15kbp were obtained per SMRT cell. 
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NCSU PacBio Sequel Sequencing:  

Plugs were transferred to flasks of 1/2X potato dextrose broth (PDB, Difco) and allowed 

to grow for another 1-2 weeks at room temperature. After allowing mycelia to grow, the contents 

of the flask were vacuum filtered, mycelia rinsed sufficiently with distilled water, excess 

moisture removed, then rolled into the filter paper and sterile paper towel for subsequent storage 

at -20°C. 

DNA was extracted from 67-69 mg frozen mycelium of Mvc-RL1 using a CTAB 

miniprep protocol optimized for fungal DNA extraction (Vilgalys). This protocol was used as 

described, except initial steps using 250 µl of 2X CTAB buffer were increased to 500 µl and the 

65°C incubation step was increased from 1 to 1.5 hours. The optional RNase step was 

performed. DNA quality and quantity were determined with a Qubit 3.0 fluorometer and by 

running the sample on pulsed field gel electrophoresis (PFGE) with the CHEF Mapper XA 

system (Bio-Rad, Hercules, CA) with the Pacific Biosciences PFGE protocol (Pacific 

Biosciences, Menlo Park, CA). DNA was separated by size fraction using the SageELF system 

(Sage Sciences, Beverly, MA) using a target size of 10 kb and target well of 9. The total input 

material was 8.7 µg spread over 2 runs. After the run, wells 1-10 and 11-12 were combined to 

develop a >10 kb and <10 kb fraction, respectively. The concentration of both fractions was 

measured 5 times using a Qubit 3.0 fluorometer to determine mean DNA concentration.  

Sequel libraries were prepared using the >20 kb with Blue Pippin Size-Selection protocol 

(PacBio 2017). The g-tube shearing and Blue Pippin size-selection steps were omitted, as the 

input DNA was previously size-selected using the SageELF system and was of an appropriate 

size to carry out the library construction. A total of two RSII and four Sequel SMRT cells were 

used for sequencing at UF and NCSU Genomic Sciences Lab (GSL), respectively. 
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Genomic DNA Data Analysis. 

 To evaluate the effectiveness of different assembly programs, both HGap4 and Canu 

were used to make assemblies with the Sequel and RSII data. PacBio SMRTLink (v. 4) was used 

to assemble the Mvc genome with the HGap4 de novo assembler. To improve assembly quality, 

combined Sequel and RSII generated data were analyzed individually and together by turning the 

aggressive option on/off and by altering the minimum subread length cutoff. Canu (v. 1.5) was 

also used to assemble the Mvc genome using the “PacBio-raw” option. 

Six different assemblies were made using RSII only, Sequel only, and combined RSII and Sequel 

data to create the best possible draft reference genome for Mvc. Out of the six assemblies 

created, the two best were chosen for further comparison, one from Canu and one from HGAP4. 

The HGAP4 assembly was created using a minimum subread length set to 1000 bp and 

aggressive option turned on. 

Gene predictions of two assemblies were conducted using Maker (v. 2.31.8) (Campbell et 

al. 2014) with Iso-Seq and Illumina RNA-Seq data described below as the EST evidence.  

BUSCO (Benchmarking Universal Single-Copy Orthologs) (Simão et al. 2015; Waterhouse et al. 

2017) was run on predicted gene sets of two assemblies to assess the completeness of the 

genome assembly. Dot plots were created using MUMmer (v. 3.23) program (Kurtz et al. 2004) 

for the comparisons of HGAP4 assembly vs Canu assembly. The best quality genome was 

identified based on which had the least number of contigs, largest N50 and most total nucleotides 

assembled with the best BUSCO scores. 
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Iso-Seq Library Preparation and Sequencing. 

 Iso-Seq libraries were prepared using a pooled mix of RNA isolated from inoculated 

blueberry cv. ‘Legacy’ style tissues (7-9 DPI), mycelium collected from infected blueberry cv. 

‘Legacy’ locules (20 DPI), and a 7 day in vitro grown PDB culture of Mvc grown on an orbital 

shaker (80 rpm). Following quick freezing and lyophilization of tissue, total RNA was extracted 

using the Norgen Plant/Fungi Total RNA Kit (Catalog No. 25800) with the DNase I option. 

RNA sample quantity and quality were determined on the Qubit 3.0 fluorometer (RNA BR 

assay) and 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), respectively. Samples 

with an RNA Integrity Number (RIN) of 7.3 or higher were used for library preparation. The 

protocol used for Iso-Seq library preparation was the Isoform Sequencing Using the Clontech 

SMARTer cDNA Synthesis Kit and SageELF Size-selection System protocol (Pacific 

Biosciences). For the large-scale PCR step, 14 cycles were used to amplify cDNA. Wells were 

pooled into four size fractions after size-selection on the SageELF system: 1 = 0.8-2 kb, 2 = 2-3 

kb, 3= 3-5 kb, and 4 = >5kb. After the final purification step, cDNA concentrations of each 

library fraction were determined with a Qubit 3.0 fluorometer (dsDNA BR assay) and quality 

was assessed by the TapeStation system (Agilent Technologies, Santa Clara, CA) at the GSL. 

The 4 Iso-Seq libraries were sequenced on the Sequel system at the GSL using one SMRT cell 

per sample for the two smallest size fractions, and two SMRT cells per sample for the two largest 

size fractions (total of six SMRT cells). 
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Analysis of Iso-Seq Data.   

Raw data were analyzed by PacBio SMRTLink (v. 4) with the Iso-Seq analyzing pipeline 

using default parameters. The processed data were output as two high and low quality Iso-Seq 

files. High Quality (HQ) isoforms were aligned to the ‘MVC RL1 HGAP4 59’ reference genome 

with Genomic Mapping and Alignment Program (GMAP) (Wu and Watanabe 2005) on a local 

Linux server using 90% minimum coverage and 95% minimum identity to identify Mvc specific 

transcriptome sequences. This allowed us to remove blueberry transcripts from the Mvc isoforms 

data. Cupcake ToFU (Cupcake ToFU) was used to collapse redundant isoforms in the dataset 

using the alignment-based method with the Mvc draft genome and default parameters. The 

collapsed Mvc HQ isoform data were imported into Blast2GO (v. 4.1.9) for functional annotation 

of the Mvc transcriptome. The set of unique HQ isoforms were queried against the NCBI NR 

(non-redundant) protein, GO (Gene Ontology), InterProScan, KOG (EuKaryotic Orthologous 

Groups), and KEGG (Kyoto Encyclopedia of Genes and Genomes) databases. Parameters used 

for running the dataset against all databases were the default parameters in Blast2GO except that 

the E-value cutoff was set to 1E-10. The InterProScan and KOG results were merged with GO 

results to build a comprehensive set of functional terms for the Mvc transcriptome. 

 

Illumina Transcriptome Sequencing. 

The Illumina data were developed independently at the UFL Mummy Berry lab (UFL-

MBL) and NC State Blueberry Genomics Lab (NCSU-BGL).  UFL-MBL data were based on 

tissues from greenhouse-inoculated blueberry flower styles (3 days post-inoculation) and 

infected stage 1 fruits (20 days post-inoculation) of cv. Legacy. The NC State-BGL data were 

based on tissue infected stage 1 and 4 fruits of cv. Arlen (see Figure 3.1), collected at Ideal Tract 



 

92 

farm at Castle Hayne, NC. The collected fruits were immediately flash frozen in liquid nitrogen 

and kept frozen on dry ice in the field until they were transferred to -80°C freezer.  

 At UFL-MBL, three biological replications of blueberry styles 3 days post inoculation, 

mycelial masses from blueberry fruit 20 day post flower inoculation and hyphae from a 

sporulating culture grown on oatmeal agar plates (30 g cooked, rolled oat filtrate, 15 g agar per 

liter) overlaid with a cellophane-membrane were utilized for RNA extraction. Total RNA was 

extracted using the protocol provided by Norgen Plant/Fungi Total RNA Kit (Norgen Biotek 

Corp., Catalog No. 25800) using the DNase I option. Average RNA yield was approximately 1 

µg/µl in a 30µl volume. Total RNA samples were processed at the Interdisciplinary Center for 

Biotechnology Research at the University of Florida (Gainesville, FL) for quality analysis, 

library construction and transcript cDNA sequencing. RNA concentration was determined on 

Qubit® 2.0 Fluorometer (ThermoFisher/Invitrogen, Grand Island, NY), RNA quality was 

assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.). Total RNA with 

28S/18S > 1 and RNA integrity number (RIN) ≥ 7 were used for RNA-seq library construction.  

mRNA was isolated using NEBNext Poly(A) mRNA Magnetic Isolation module (New England 

Biolabs, Catalog No. E7490) and RNA library construction with NEBNext Ultra RNA Library 

Prep Kit for Illumina (New England Biolabs, Catalog No. E7530) according to the 

manufacturer's user guide.  Barcoded libraries were sized on a Bioanalyzer (Agilent 

Technologies, Santa Clara, CA), quantitated with the QUBIT fluorometer. A 200-1000 broad 

library peak was observed for each sample. Quantitative PCR was used to validate the library's 

functionality, using the KAPA library quantification kit (Kapa Biosystems, Catalog No. K4824). 

The 9 individual samples were pooled equimolarly except samples 1-3 (3 DPI flower 

inoculations) were doubled to partially offset the lower ratio of fungal to plant tissue in these 
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replicated sample. Sequencing was performed on two lanes of the Illumina HiSeq3000 

instrument using the clustering and sequencing reagents provided by Illumina (San Diego, CA, 

USA). Paired-end, 2x100 bp cycle runs required the adding together of reagents from the 150 

cycles and the 50 cycles kits (Catalog No. FC-410-1002, FC-410-1001, and PE-410-1001). 

At NCSU-BGL, total RNA was extracted from flash frozen tissues using the Sigma 

Aldrich Spectrum™ Plant Total RNA Kit according to manufacturer’s instructions. The 

transcriptome libraries for infected Arlen tissues were developed at NCSU-BGL using Bioo 

Scientific (Austin, TX) NEXTflex® Rapid Illumina Directional RNA-Seq Library Prep Kit 

(Catalog No. NOVA-5138) according to manufacturer’s instructions. To multiplex, these 

libraries were barcoded using the Illumina-compatible Bioo Scientific (Austin, TX) NEXTflex® 

DNA Barcodes - 6 kit (Catalog No. NOVA-514101). The sequencing was done on the Illumina 

HiSeq 4000 at Novogene (Sacramento, CA). CLC Genomics Workbench (v. 10.1.1) was used to 

trim both data sets for adapters and low quality reads. The clean reads were mapped to blueberry 

draft genome sequence with a minimum length fraction of 80% and a minimum similarity 

fraction of 90%; reads that did not map to the blueberry genome were saved as putative Mvc 

specific reads. The putative Mvc reads were mapped to the set of HQ collapsed isoforms using 

CLC Genomics Workbench (v. 10.1.1) with a minimum length fraction of 50% and a minimum 

similarity fraction of 95% to identify transcripts expressed during flower infection and fruit 

disease development. 
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Results and Discussion 

 

Genome Sequencing. 

DNA sequencing results are presented in Table 3.1. A total of 12.4 GB of raw data 

(~400X genome coverage) was generated with PacBio RSII and Sequel systems. RSII generated 

longer sequence reads than Sequel system due to inherent differences between genomic libraries 

and optimization conditions. The two libraries were constructed independently at UFL and 

NCSU.  

 

Genome Assembly and Completeness Assessment. 

Of six iterations using HGAP4 and Canu assemblers, two assemblies with the highest 

quality were made with HGAP4 and Canu using a combination of Sequel and RSII data. The 

HGAP4 assembly had 59 polished contigs with an N50 value of 3.6 Mb, and a total length of 

30,998,608 bp, while the Canu assembly had 20 polished contigs, with an N50 of 2.4 Mb, a total 

length of 30.7 Mb. The two assemblies were annotated with the Maker pipeline, and predicted 

gene sets were evaluated using BUSCO. The HGAP4 and Canu assemblies produced BUSCO 

scores of 1423 and 1418, respectively (Table 3.2). There were 10,345 predicted genes based on 

the HGAP4 assembly.  

Dot plot comparisons showed high levels of synteny and collinearity between the two 

assemblies (Figure 3.2). The largest contig (7,854,312 bp) in the Canu assembly had synteny 

with three contigs in HGAP4 contigs and may have been merged to form this large contig. 

Twelve contigs from the HGAP4_59 assembly mapped to 17 contigs from the Canu assembly 

determined by BLAST analyses and represented the nuclear genome. Of the remaining 47 
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HGAP4 contigs, 39 were determined by Blastn and Blastx analyses to be components of the 

mitochondrial genome (contigs 17 and 20 in the Canu assembly) and the remaining 8 contained 

rDNA repeats (contig 19 in the Canu assembly). Thus, the HGAP4 assembly represents the 

nuclear genome of Mvc on 12 contigs totaling 30.2 Mb and the Canu assembly represents the 

nuclear genome on 18 contigs totaling 30.3 Mb. Dot plots created with contigs from both Mvc 

assemblies and the S. sclerotiorum and Botrytis cinerea reference genomes (GenBank assembly 

accessions: GCA_001857865.1 and GCA_000143535.4, respectively) indicated a greater 

collinearity between the Mvc HGAP4 assembly and both of these complete genome sequences 

(data not shown). Based on BUSCO scores and assembly metrics (larger contig N50, fewer 

nuclear contigs and greater collinearity with reference genomes of closely related species) the 

HGAP4 assembly with 59 contigs was chosen as the highest quality assembly of the Mvc 

genome and utilized for further analysis. 

 

Iso-Seq Sequencing. 

The six SMRT cells for the Iso-Seq run generated 5.7 Gb of raw data (Table 3.3). The 

mean combined insert length for all 6 SMRT cells was 4,433 bp. A total of 11,644 high-quality 

(HQ) and 51,287 low-quality (LQ) isoforms were generated using Iso-Seq analysis suite of the 

PacBio SMRTLink software (V. 5). The cutoff for considering an isoform cluster HQ was ≥ 99% 

accuracy of polished consensus reads based on Arrow quality values. Three hundred and twenty 

six of the 11,644 HQ isoforms did not align to the reference genome for Mvc when aligned with 

GMAP and were removed from the dataset before further analysis. The remaining 11,318 HQ 

isoforms were aligned to the Mvc genome using GMAP and subsequently Cupcake ToFU 

collapsed into 4,476 isoforms to be used for functional annotation of the Mvc genome. 
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Functional Annotation of the Mvc Transcriptome. 

Of 4,476 HQ isoforms in the collapsed dataset, 3,419 (76.4%) were functionally 

annotated in Blast2GO (B2G) using at least one of the following databases: NCBI NR protein, 

InterProScan, GO, B2G Annotation, KOG, and KEGG (Figure 3.3). The remaining 1,057 

isoforms did not have any hits in the database due to a lack of information available in these 

databases or their novelty. Of the 3,419 annotated sequences, 2,667 had matches to at least the 

NCBI NR protein database, 2,960 had InterProScan matches, 1,959 mapped to GO terms, 525 

had KOG annotations, 361 were mapped to KEGG pathways, and 3,137 were B2G annotated, 

including the merging of InterProScan, GO and KOG results to the B2G annotations (Table 3.6). 

 UniProtKB (PacBio 2017) provided the most GO terms for annotating the Mvc 

transcriptome, followed by MGI and TAIR. The GO mapping results showed that all lengths of 

sequences were annotated equally with GO terms. The most frequently assigned molecular 

function GO terms were protein, ATP, zinc ion, and DNA binding. The biological processes 

most frequently assigned by GO mapping were oxidation-reduction, followed by regulation of 

transcription, DNA templated, and transmembrane transport. GO mapping results showed that 

Mvc transcripts are primarily active in processes within the cell nucleus. 

 

Identification of Disease-Related Sequences and Alignment of Illumina Reads. 

Pollen-like Genes 

Filtering GO terms for the key word “pollen” resulted in identification of seven 

sequences within the Mvc Iso-Seq transcriptome dataset. More specifically, these 7 sequences 

include GO terms for pollen development, pollen germination, pollen tube growth, and pollen 

sperm cell differentiation (Table 3.7). The GMAP results for aligning the collapsed set of 
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isoforms to the Mvc genome showed that these 7 sequences align to 5 unique locations, Contig1, 

Contig2, Contig3, Contig7, and Contig10 (Table 3.7).  Blastx results against the NCBI NR 

protein database showed that the organisms corresponding to the top hits for these isoforms 

include the model plant species Arabidopsis thaliana L., filamentous fungus Aspergillus 

fumigatus Fresen., and protozoan parasite Plasmodium falciparum. Based on this information, 

we can extrapolate that these sequences contain conserved domain regions important for initial 

hyphal development and fungal pathogenesis. 

Illumina reads of Mvc from infected flower styles, stage 1 and 4 fruits (see materials & 

methods) were aligned to the Iso-Seq dataset to confirm that these transcripts are expressed 

during the process of host invasion, colonization, and flower infection. A combined total of 806 

Illumina reads from inoculated flower styles aligned to the 7 pollen-related sequences.  These 

results indicate genes within the Mvc transcriptome play a role in the initiation of fungal hyphae 

growth into and down the stylar canal during flower infection while also mimicking plant pollen 

cells. This process that conidia of Mvc exhibit pollen mimicry has already been demonstrated on 

a physiological level (Ngugi and Scherm 2004; Ngugi et al. 2002). By utilizing genes that are 

very similar to plant pollen development genes, the fungal hyphae is able to grow through the 

flower style and into the ovary while evading host defense mechanisms. Based on our knowledge 

of known infection mechanisms by other fungal pathogens and results from this study, we 

hypothesize that susceptible cultivars are unable to differentiate between the developing 

pathogenic fungus and its own germinating pollen tube (Kazan and Lyons 2014; Maffei et al. 

2012; Ngugi and Scherm 2006). 
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Pathogenesis Genes 

Fifteen sequences in the dataset were identified as fungal pathogenesis genes. These 15 

sequences aligned to five contigs in the Mvc reference genome: Contig1, Contig2, Contig4, 

Contig5, and Contig6, with 6 of 15 sequences aligning to Contig5. Of these, 11 sequences 

mapped to histidine protein kinase NIK1 genes from the dimorphic commensal yeast Candida 

albicans (Table 3.7). NIK1 is required for C. albicans to transition from a unicellular yeast to a 

multicellular filamentous mycelium and is required for virulence (Nagahashi et al. 1998; 

Yamada-Okabe et al. 1999). Further experiments are required to identify differences in 

pathogenicity between genotypes of Mvc to determine if this gene serves a similar function in 

Mvc and to verify conserved gene function of fungi in the Ascomycota. 

 

Chitin-binding Genes 

 Many pathogenic fungi have highly conserved genes that encode for effectors with LysM 

domains that bind endogenous chitin to prevent induction of PAMP-triggered immunity by the 

host plant. Within the Mvc transcriptome, four chitin-binding sequences with LysM binding 

domains were homologous to genes from the insect fungal parasite Metarhizium acridum (Driver 

& Milner) J.F. Bisch., S.A. Rehner & Humber and the plant pathogen responsible for fusarium 

head blight, Fusarium graminearum Schwabe. These four sequences mapped to a unique 

location in the Mvc reference genome with GMAP, Contig4, Contig5, Contig7, and Contig9. The 

identified sequences putatively serve chitinase and deacetylase molecular functions according to 

InterProScan results. This suggests that Mvc, and possibly other fungi in the Ascomycota evade 

host detection, by reducing the quantity of available chitin at the host-parasite interface. 
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Host Colonization Genes 

 Seven sequences in the Mvc transcriptome were predicted to play functional roles 

involved in host invasion and colonization. Biological processes GO terms were assigned to 

these sequences that included “evasion or tolerance of host immune response”, “entry into host”, 

and “translocation of peptides or proteins into host cell cytoplasm” (Table 3.7). A single gene 

was found with the assigned GO term “symbiosis, encompassing mutualism through parasitism” 

that corresponded to the MNT1 gene from C. albicans. This gene serves many biological 

purposes in pathogenic fungi, including adhesion to host cellular surfaces, filamentous growth 

and virulence. This gene is likely to be highly conserved among pathogenic fungi in the 

Ascomycota, as it is important for adhesion to and colonization of the host. GMAP results 

showed that this sequence aligns to Contig8 from position 422,047 to 424,657 of the Mvc 

reference genome. 

 Two isoforms were found to function in evading host immune responses. This would 

potentially provide a mechanism for the fungus to withstand the degradative interactions with 

hydrolytic enzymes and reactive oxygen species (ROS) production from the host, an important 

initial defense response after invasion. Both sequences were mapped with 69.9% (123 bp align. 

length) and 85.6% (319 bp align. length) similarity to the RAD51 homolog from Ustilago 

maydis, the fungal pathogen responsible for corn smut, which also infects the host plant via the 

ovaries. RAD51 is a known component of a recombinational DNA repair system in U. maydis 

(Kojic et al. 2002; Kojic et al. 2006). The RAD51 gene has been found to increase sensitivity to 

DNA damage when altered in U. maydis (Kojic et al. 2002). These functional annotation results 

suggest that Mvc also contains this type of recombinational DNA repair system. Interestingly, the 

two RAD51 genes found in Mvc aligned to two different contigs in the reference genome: 
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Contig2 at the plus position 3,151,687 to 3,156,116 with 9 exons and Contig4 at the minus 

position 259,451 to 255,136 with 4 exons. Also, despite these sequences describing the same 

gene, their expression levels varied based on results of the Illumina read alignment to the Iso-Seq 

dataset. The RAD51 homolog on Contig2 had 510,460 reads align, while the RAD51 homolog 

on Contig4 had only 9,136 reads align (Table 3.8). This could be suggestive of potential 

alternative splicing in which one gene isoform is more highly expressed than another or that one 

of our sequences may be incorrectly annotated. Based on the Blastx results, both sequences 

contain putative conserved RAD51 domains. Upon further inspection in Integrative Genomics 

Viewer (IGV) (Robinson et al. 2011; Thorvaldsdóttir et al. 2013), we can observe that for both 

putative RAD51 sequences, most Illumina reads align to the largest exon. Differences in exons 

may have possibly contributed to the large differences in read alignments. While these Mvc 

sequences may contain similarities in their conserved domain architecture, they may serve 

different functional roles in the process of host immune response evasion, may be alternatively 

spliced isoforms, or may be expressed at different stages during the pathogen life cycle. The 

function of these sequences will need to be evaluated further. 

 Two genes functioning in the transport of fungal peptides or proteins into the host cell 

cytoplasm were found in Mvc, GAL10 from the yeast Kluyveromyces lactis and clpB from the 

bacterium Escherichia coli (Table 3.7). The proteins encoded by these genes are needed for the 

pathogen to transport fungal effector proteins into the host cell cytoplasm, allowing Mvc to 

control immune responses of the blueberry host. Finally, two Mvc sequences were mapped to 

genes ENO1 (Enolase 1) and SAP2 (Candidapepsin-2) from C. albicans (Table 3.7). These genes 

are involved in the biological processes of entry into the host and induction of the host defense 

responses and play a key role in virulence and nutrient acquisition from the host (Monod et al. 
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2002). Fungal secreted aspartic peptidases (SAPs) are known virulence factors that are conserved 

across plant pathogenic fungi (Monod et al. 2002). Resistance to these fungal proteins could be a 

key reason for variation in susceptibility across blueberry cultivars. 

The complex life cycle of Mvc involves leaf, shoot and fruit infection phases associated 

with rain splashed and bee dispersed asexual and wind dispersed sexual spores, respectively. 

This complex life cycle is complemented by an equally complex set of genetic material that 

includes genes capable of molecular mimicry of plant pollen and a recombinational DNA repair 

system. Genes identified in this study involved in pathogenicity and host invasion are necessary 

for infection of the host and provide good potential candidate genes for targeted resistance in 

breeding blueberry. Further research is needed to verify the functions of these genes within Mvc, 

and subsequent efforts for developing cultivars that suppress infection by Mvc. Additional 

experiments are warranted to test the hypothesis that blueberry cultivars susceptible to infection 

are unable to differentiate between developing fungal mycelium of the pathogen and the 

germinating pollen tube. 
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Table 3.1 Summary statistics of Mvc PacBio genomic library Sequel and RSII runs. 

Name 
Total Bases 

(Gb) 

Number of 

Subreads 

Total Length of 

Subreads (bp) 

Average Subread 

Length (bp) 

Sequel SMRT 1 2.3 598,771 2,266,251,245 4,135 

Sequel SMRT 2 2.2 559,740 2,180,250,324 4,419 

Sequel SMRT 3 2.6 683,036 2,570,244,405 4,355 

Sequel SMRT 4 2.8 863,469 2,786,669,336 3,513 

JRUF122-CRN2-H1 1.4 194,830 1,455,041,026 7,539 

JRUF122-CRN1-B1 1.1 152,785 1,082,248,013 7,160 

Total 12.4 3,052,631 12,340,704,349 - 
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Table 3.2 Assembly statistics and BUSCO results for Mvc reference genome assembly comparisons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mvc_RL1_HGAP4_RSII_Sequel_59_contigs 

 

Mvc_RL1_Canu_RSII_Sequel_GATK_20_contigs 

Assembly Statistic Base Pairs 

 

Assembly Statistic Base Pairs 

Maximum Contig Length 5,195,418 

 

Maximum Contig Length 7,854,312 

N50 Contig Length 3,635,407 

 

N50 Contig Length 2,442,476 

Sum of Contig Lengths 30,998,608 

 

Sum of Contig Lengths 30,729,691 

     BUSCO Results 

  
BUSCO Results 

 Analysis Metric Value 

 

Analysis Metric Value 

Complete BUSCOs 1423 

 

Complete BUSCOs 1418 

Complete and single-copy BUSCOs 1263 

 

Complete and single-copy BUSCOs 1252 

Complete and duplicated BUSCOs 160 

 

Complete and duplicated BUSCOs 166 

Fragmented BUSCOs 11 

 

Fragmented BUSCOs 15 

Missing BUSCOs 4 

 

Missing BUSCOs 5 

Total BUSCO groups searched 1438 

 

Total BUSCO groups searched 1438 
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Table 3.3 Mvc PacBio Sequel Iso-Seq run results. A total of 6 SMRT cells were run for 4 size fractions: #1= 0.8-2kb, #2= 2-3kb, #3= 3-5kb, #4= ≥5kb. 

Polymerase reads correspond to raw reads generated by the polymerase as it goes around the circular SMRTbell library; these reads contain the insert and adapter 

sequences. Subreads correspond to the partitioned polymerase reads into individual single-pass insert sequences; these reads contain the insert sequence only. 

Iso-Seq Library 
# of Polymerase 

Reads 

Polymerase Read 

Bases 

Avg. Insert 

Length 

Insert 

N50 

# of 

Subreads 

Total Length of 

Subreads (bp) 

Fraction #1 (0.8-2kb) 13,954 193,521,049 7,585 19,750 69,714 190,911,847 

Fraction #2 (2-3kb) 60,952 900,193,993 3,894 5,250 306,271 888,983,651 

Fraction #3 (3-5kb) 74,732 1,162,157,332 4,566 5,250 347,977 1,149,630,654 

Fraction #4 (≥5kb) 33,941 510,153,595 4,930 7,250 211,696 502,112,027 

Fraction #3 (3-5kb) Run 2 261,738 2,115,057,665 3,880 5,750 617,443 2,098,461,195 

Fraction #4 (≥5kb) Run 2 71,324 907,383,928 5,932 8,750 261,306 898,728,337 

TOTAL 516,641 5,788,467,562 - - 1,814,407 5,728,827,711 

 

 

 

 

 
Table 3.4 Transcript clustering results for Iso-Seq SMRT analysis. 

Analysis Metric Value 

Number of unpolished consensus isoforms 63,053 

Number of polished HQ isoforms 11,644 

Number of polished LQ isoforms 51,287 

Mean unpolished consensus isoforms read length 3,623 
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Table 3.5 GMAP results for alignment of Iso-Seq reads to 'Mvc-RL1 HGAP4 59' reference genome. 

Statistic 
Number of 

Sequences 

Raw Reads 11,644 

Not Mapped to 'Mvc-RL1 HGAP4 59' Genome 326 

Reads After Removal 11,318 

Reads After Isoform Collapse 4,476 

 

 

 

 

 

 

 
Table 3.6 Database distribution for annotated Mvc sequences. *Referring to  

Figure 3.3 – These numbers correspond to blue, green, and orange sections. 

Database* Sequences Annotated 

NCBI NR protein 2667 

InterProScan 2960 

GO MAPPING 1959 

KOG 525 

KEGG 361 

B2G Annotation 3137 
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 Table 3.7 GO annotations of Mvc Iso-Seq transcriptome sequences (continued). 

Name Length Specific GO term Mapping Gene Organism 
Aligned Location 

in Mvc Genome 

PB.129.1 1785 P: pollen development EDA36 Arabidopsis thaliana Contig2 

PB.939.1 2291 P: pollen tube growth BIP3 Arabidopsis thaliana Contig7 

PB.939.2 2293 P: pollen tube growth BIP3 Arabidopsis thaliana Contig7 

PB.1367.1 5067 
P: pollen development ;  

P: pollen germination 
AFUA_6G11190 Aspergillus fumigatus Contig3 

PB.1367.2 4128 
P: pollen development ;  

P: pollen germination 
AFUA_6G11190 Aspergillus fumigatus Contig3 

PB.2488.1 1765 
P: pollen sperm cell 

differentiation 
PF14_0548 Plasmodium falciparum Contig1 

PB.3063.1 4193 
P: pollen sperm cell 

differentiation 
DAA1 Arabidopsis thaliana Contig10 

PB.294.1 4798 P: pathogenesis NIK1 Candida albicans Contig2 

PB.294.2 5081 P: pathogenesis NIK1 Candida albicans Contig2 

PB.763.1 5159 P: pathogenesis NIK1 Candida albicans Contig6 

PB.1681.1 4165 P: pathogenesis N/A - No BLAST N/A Contig5 

PB.1703.1 4777 P: pathogenesis NIK1 Candida albicans Contig5 

PB.1703.2 5015 P: pathogenesis NIK1 Candida albicans Contig5 

PB.1705.1 5113 P: pathogenesis NIK1 Candida albicans Contig5 

PB.1705.2 5032 P: pathogenesis NIK1 Candida albicans Contig5 

PB.1705.3 4892 P: pathogenesis NIK1 Candida albicans Contig5 

PB.2151.1 4076 P: pathogenesis NIK1 Candida albicans Contig4 

PB.2151.2 4055 P: pathogenesis NIK1 Candida albicans Contig4 

PB.2255.1 2511 P: pathogenesis HSP90 Candida albicans Contig1 

PB.2485.1 1516 P: pathogenesis AFUA_3G11400 Aspergillus fumigatus Contig1 

PB.2540.1 1138 P: pathogenesis Dlst Rattus norvegicus Contig1 

PB.2540.2 1508 P: pathogenesis Dlst Rattus norvegicus Contig1 

 . 



 

110 

 Table 3.7 GO annotations of Mvc Iso-Seq transcriptome sequences (continued). 

Name Length Specific GO term Mapping Gene Organism 
Aligned Location 

in Mvc Genome 

PB.405.1 2208 F: chitin binding N/A - No BLAST N/A Contig9 

PB.986.1 1735 F: chitin binding MAC_08754 Metarhizium acridum Contig7 

PB.1665.1 2501 F: chitin binding FGSG_03544  Fusarium graminearum Contig5 

PB.2088.1 2264 F: chitin binding MAC_08754 Metarhizium acridum Contig4 

PB.301.2 3942 
P: evasion or tolerance of host 

immune response 
RAD51 Ustilago maydis Contig2 

PB.710.1 1539 
P: entry into host ; P: induction by 

symbiont of host defense response 
ENO1 Candida albicans Contig6 

PB.1011.1 2152 
P: induction by symbiont of host 

defense response 
SAP2 Candida albicans Contig11 

PB.1541.1 3333 
P: translocation of peptides or 

proteins into host cell cytoplasm 
GAL10 Kluyveromyces lactis Contig5 

PB.1848.1 4094 
P: evasion or tolerance of host 

immune response 
RAD51 Ustilago maydis Contig4 

PB.1867.1 2700 

C: host cell membrane ; P: 

translocation of peptides or 

proteins into host cell cytoplasm 

clpB Escherichia coli Contig4 

PB.2809.1 2346 
P: symbiosis, encompassing 

mutualism through parasitism 
MNT1 Candida albicans Contig8 
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Table 3.8 Results of Illumina read alignment to Mvc Iso-Seq transcriptome. 

Name Mapping Gene Organism 
Illumina Reads 

Aligned 

PB.129.1 EDA36 Arabidopsis thaliana 15,917 

PB.939.1 BIP3 Arabidopsis thaliana 42,968 

PB.939.2 BIP3 Arabidopsis thaliana 38,867 

PB.1367.1 AFUA_6G11190 Aspergillus fumigatus 10,361 

PB.1367.2 AFUA_6G11190 Aspergillus fumigatus 5,499 

PB.2488.1 PF14_0548 Plasmodium falciparum 14,235 

PB.3063.1 DAA1 Arabidopsis thaliana 12,660 

PB.294.1 NIK1 Candida albicans 15,732 

PB.294.2 NIK1 Candida albicans 19,199 

PB.763.1 NIK1 Candida albicans 13,736 

PB.1681.1 N/A - No BLAST N/A 17,890 

PB.1703.1 NIK1 Candida albicans 22,637 

PB.1703.2 NIK1 Candida albicans 33,119 

PB.1705.1 NIK1 Candida albicans 22,530 

PB.1705.2 NIK1 Candida albicans 24,551 

PB.1705.3 NIK1 Candida albicans 22,682 

PB.2151.1 NIK1 Candida albicans 34,194 

PB.2151.2 NIK1 Candida albicans 34,981 

PB.2255.1 HSP90 Candida albicans 490,688 

PB.2485.1 AFUA_3G11400 Aspergillus fumigatus 115,475 

PB.2540.1 Dlst Rattus norvegicus 14,259 

PB.2540.2 Dlst Rattus norvegicus 32,993 

PB.405.1 N/A - No BLAST N/A 727,438 

PB.986.1 MAC_08754 Metarhizium acridum 469,685 

PB.1665.1 FGSG_03544  Fusarium graminearum 3,821 

PB.2088.1 MAC_08754 Metarhizium acridum 23,007 

PB.301.2 RAD51 Ustilago maydis 510,460 

PB.710.1 ENO1 Candida albicans 111,758 

PB.1011.1 SAP2 Candida albicans 10,915 

PB.1541.1 GAL10 Kluyveromyces lactis 112,776 

PB.1848.1 RAD51 Ustilago maydis 9,136 

PB.1867.1 clpB Escherichia coli 21,490 

PB.2809.1 MNT1 Candida albicans 37,404 
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Figure 3.1 Images of Blueberry Developmental Stages. The Mvc Iso-Seq transcriptome was created using a 

combination of RNA extracted from Mvc mycelium grown in pure culture (not pictured), mycelium isolated from 

inoculated (7-9 DPI) ‘Legacy’ styles (flower stage 5 – top right), and mycelium isolated from inoculated (20 DPI) 

‘Legacy’ fruits (fruit stage 1 – middle left). 
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Figure 3.2 Global alignment of the two best Mvc assemblies. Canu assembly (20 contigs, x-axis) and HGAP4 

assembly (59 contigs, y-axis). Contigs from the HGAP4 assembly mapping to mitochondrial and rDNA contigs in 

the Canu assembly (contigs 17, 19 and 20) are marked with a red box. *Small (10.6 kb) HGAP4 contig 44 encoding 

retrotransposon and low complexity sequences is not labeled. 
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Figure 3.3 Functional annotation results of the Mvc Iso-Seq transcriptome. Approximately 77% of the transcriptome was annotated by at least 1 of the databases 

used in Blast2GO. 

 


