
ABSTRACT 

WADDELL, ERIC MICHAEL. Framing Stress in the Context of Time of Day for Establishing 
Metabolomic and Transcriptomic Networks to Advance the Study of Specialized Metabolites in 
Humulus lupulus. (Under the direction of Dr. Colleen Doherty). 
 
 

Specialized metabolites are unique biosynthetic molecules that are not essential for the 

maintenance of life, but that still have biological significance. Production of specialized 

metabolites is valuable for the survival of plants, as they contribute to herbivore defense and 

stress response. Humulus lupulus produces unique specialized metabolites that show potential 

human health benefits. Because of the health implications for these specialized metabolites, we 

can benefit from further study of how these metabolites are produced. Transcriptional regulation 

is also a key component to plant survival. Without the physical ability to escape environmental 

stress, plants rely on internal mechanisms to avoid death. The understanding of transcriptional 

regulation within crop plant systems has led to improvement in breeding and production. In hop 

we can increase our knowledge of gene expression in order to increase our breeding and 

production capabilities. Unfortunately, current genome annotations for hop are limited in 

structural accuracy. Short read RNA sequencing generates nucleotide level accuracy in 

annotations that are predicted based on general gene structure. These predictions are inherently 

biased by foundational assumptions of gene structure and alignment programs. 

In this study we sought to discover global metabolite production through the context of 

time and stress. We used both biotic and abiotic stressors to exam metabolite production level 

differences for Canadian Red Vine, Teamaker, and Cascade varieties of hop. Using mass 

spectrometry, we were able to detect seventeen metabolites distinct to one or two varieties. We 

also note drastic production differences across time of day and stress conditions, dependent on 

variety. Preliminary qPCR data shows that a mild heat stress affects expression of circadian 

clock associated genes, GI and ELF3. Using RNA-seq we can now examine the global 

expression response to stress at multiple time points. Combining these two data sets, we can 

tease apart expression pathways involved in specialized metabolite production. Future analysis of 

the global metabolite and transcriptional responses will allow for the assembly of specialized 

metabolite production pathways. 



The introduction of long read RNA sequencing by Pacific Biosciences allows for reads 

up to 40kb in length, enabling whole gene sequencing. The entire structure of the gene is 

preserved by sequencing the long reads. In our experiment, we conducted ISO-seq on whole 

leaves, whole root systems, and young shoots at multiple time points. Initial results indicate that 

greater than 33% of the read isoforms did not align to the current Teamaker gene annotation. 

Future analysis of the ISO-seq data will lead to a highly accurate gene annotation for Humulus 

lupulus.
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Chapter 1 

 

INTRODUCTION 

 

1.1  Humulus lupulus 

 

Humulus lupulus, common name hop, is a climbing plant in the Cannabaceae family. It is 

a perennial plant, with a persistent root system and annual production of climbing bines 

(Melymuka et al. 2013). Hop bines grow from early Spring to late Summer, reaching heights in 

excess of 30 feet (Hampton et al. 2001; Melymuka et al. 2013) Hop are diecious; they produce 

individual male and female plants (Melymuka et al. 2013). Female hop plants produce cones, the 

flower of the plant and primary agriculture product (Shulaev et al. 2008). At the end of the 

growing season cones are produced at primary and axial nodes along the entirety of the plant 

(USA Hop 2018; Shulaev et al. 2008). Hop plants are grown in temperate climates, i.e., the 

North Western United States and the Hallertau in Germany (Dresel et al. 2016; Moir 2000). Hop 

have specific modifications necessary for their growth. Hop yards erect large trellis systems to 

support the climbing bines, which can grow taller than 3 meters (Keukeleire et al. 2007). Central 

Washington is the highest production region for hop in the United States. Central Washington 

receives on average 8 inches of precipitation per year, but hop requires 24 to 28 inches of water 

per year (NASS 2011; National 2017). Irrigation systems are implemented in Washington hop 

yards to reach the minimum requirement of 24 inches per year (Nakawuka et al. 2017). 

Temperatures for the region peak in summer at an average high of 87°F (31°C) and average low 

of 53°F (12°C) (Harvest 2016). Central Washington has a wide range of day lengths, ranging 

from 8 hours during winter to 16 hours during the summer (Duration 2018).  

Hop was historically used in brewing to reduce spoilage (Bocquet 2016). Its 

antimicrobial properties keep bacterial growth inhibited during brewing and storage (Bocquet 

2016). Today, hop is primarily used in brewing, and provides the signature bitterness of, 

American beers (Keukeleire et al 2005; Kavalier et al. 2011; Melymuka et al. 2013). Because of 
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this, hop is a high value crop. United States hop production reached $618,000,000 in 2017, a 24 

% increase from 2016 (NASS 2011).  Washington state alone produced 78 million pounds of hop 

cones in 2017 (NASS 2011). Hop are bred for their specific taste and aroma profiles, resulting in 

varieties grouped into three categories based on their profile in beer: bittering, aroma, or a 

combination (Coordinator 2008; Haeley 2016; Moir 2000). There are 265 named varieties of 

hop: 42 bittering, 133 aroma, and 90 combination (Haeley 2016). 

In addition to its importance in the production of beer, hop has proven applications for 

disease treatment (Bland et al. 2015; Hemachandra 2012; Cleemput 2009). Hop produce 

specialized metabolites of interest to human health. Xanthohumol is the major alpha-acid 

synthesized in the hop cone and responsible for the bitterness profile (Bocquet et al. 2016; Dresel 

et al. 2016; Killeen et al. 2017). It has shown anti-inflammatory properties in breast cancer, 

induction of cell death in colon cancer cells, and shows chemotherapeutic effects in HIV-1 

infection (Henderson et al. 2000; Monteiro et al. 2008; Pan et al. 2005; Wang 2004). Most 

portions of the plant are also edible, allowing for production of hop products as nutraceuticals 

(Melymuka et al. 2013). 

 

1.2 AVAILABLE TRANSCRIPTIONAL AND METABOLIC RESOURCES 

 

1.2.1 Genomes and annotations 

The Humulus lupulus genome has been estimated at between 2.57 Gb and 2.8 Gb. The 

current genome sequence resources for hop cover 3 separate varieties of the plant: Teamaker, 

Shinshuwase, and a male-specific USDA 21422M (Hill et al. 2017; Natsume et al. 2015). The 

Shinshuwase genome generated 80% (2.05 Gb) of the 2.57 Gb hop genome, although later 

studies estimated the total genome size as 2.8 Gb (Hill et al. 2017). All three genome assemblies 

were generated using short read DNA-seq and customized assembly programs designed to 

compensate for the high abundance of repeat regions of the hop genome (Hill et al. 2017). For 

the Shinshuwase assembly, transcripts were assembled using short read RNA-seq from the 

Shinshuwase variety (Natsume et al. 2015).  
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1.2.2 Available Metabolite Profiles 

Current metabolomics data for the hop field is limited, either by the scale of the analytical 

approaches or by the focus of the studies. The largest study of metabolites in hop was conducted 

in 2011, using a combination of nuclear magnetic resonance and mass spectrometry (Farag et al. 

2012). Using liquid chromatography/mass spectrometry (LC/MS) and NMR on resins and 

extracts from thirteen varieties of hop elucidated 46 specialized metabolites (Farag et al. 2012). 

While this study is valuable for its focus on varietal differences, it is limited by the use pf resin 

and extracts (Farag et al. 2012). Another important study in hop focused on identifiable 

specialized metabolites in lupulin glands across the development of the maturing hop cone 

(Kavalier et al. 2011). Liquid chromatography coupled to time-of-flight mass spectrometry 

(LC−TOF-MS) and ultrahigh performance liquid chromatography photodiode array detection 

(UHPLC−PDA) were used to identify seven terpenophenolics, four flavan-3-ols, seven flavanols, 

and 3 phenolic acids (Kavalier et al 2011). The same research group had previously used 

UHPLC and capillary liquid chromatography coupled to positive-mode electrospray ionization 

quadrapole time-of-flight mass spectrometry (capLC-ESI-QToF-MS) to identify the effects of a 

plant growth inhibitor on metabolite production (Kavalier et al. 2009). The major findings of this 

study showed a 30-48% increase in alpha- and beta-acids. In particular they saw changes in 

desmethylxanthohumol, xanthohumol, humulones, and lupulones in the Zeus variety of hop 

(Kavalier et al. 2009). A final prominent study shows the guiding force behind current 

metabolomics research; i.e., agricultural production of hop for beer. NMR and head space solid 

phase microextraction gas chromatography (HS SPME-GC) was performed on extracted lupulin 

glands from 39 cultivars of Humulus lupulus (Killeen et al. 2017). The primary focus of these 

techniques was to establish quick profiling methods for beer production. The results show that 

NMR is readily available for distinguishing the proportion of alpha- and beta-acids within a 

sample, but it cannot distinguish individual metabolites within these groups (Killeen et al. 2017). 

HS-SPME-GC was able to detect the identity and levels of myrcene, caryophyllene, humulene, 

and farnesene in all samples (Killeen et al. 2017). While each of these studies contributes to a 

bulk of the current specialized metabolite data available, no single study profiles every possible 

detectable specialized metabolite within a given tissue.  
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1.3 SPECIALIZED METABOLITES IN Humulus lupulus 

 

Plants produce primary and specialized metabolites. Primary metabolites are necessary 

for life and are conserved across species (Chae et al. 2014; Moghe and Last 2015). Specialized 

metabolites are, as the name implies, individually important for distinct biological functions 

(Nakabayashi and Saito 2015). Specialized metabolites are niche molecules produced by plants 

for defense and stress regulation (Guy et al. 2008; Nakabayashi and Saito 2015; Yadav et al. 

2017). The agricultural importance of hop is solely dependent on specialized metabolites. Alpha-

acids and beta-acids are important factors for beer production, as they determine the flavor 

profile and aroma (Killeen et al. 2017; Melymuka et al. 2013). 

The alpha-acids produced in hop consist of humulones; the most prominent of these is 

xanthohumol and isoxanthohumol (Killeen et al. 2017). Xanthohumol has strong antimicrobial 

properties, which contributed to the initial use of hop in brewing (Bocquet et al. 2016; Zanoli et 

al. 2005). It has shown to inhibit cytogenetic effects of HIV-1 infection, reduce inflammation 

and angiogenesis in cancer, as well as apoptotic properties in prostate cancers (Colgate et al. 

2007; Monteiro et al. 2008; Wang et al. 2004). Beta-acids are composed entirely of lupulones. 

These metabolites are responsible for the floral and aromatic characteristics in beer (Wink 2010). 

Beta-acids have not been extensively studied for their properties in human health.   

 

1.4 TERROIR 

 

Terroir is the unique taste and aroma characteristics of an agricultural product produced 

by the environmental conditions in which it is grown.  Particularly emphasized in the wine 

industry, terroir is a major factor that determines the production value of a particular grape 

harvest. Terroir consists of 4 factors [soil, terrain, climate, and tradition] that can influence the 

profile of a plant. Similar to wine grapes, brewers and growers understand that terroir contributes 

to the variation in that taste and aroma of hop cones (Schimke 2018). The taste and smell of hop 

is derived from the production levels of specialized metabolites, i.e. alpha- and beta-acids 

(Likens et al. 1978; Wink 2010). Plants of the same genotype grown in different environmental 
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conditions can have substantial differences in development, yield, and product quality 

(Nakawuka et al. 2017; Ocvirk and Kosir 2018; Evans 2003). Studies into the origin of 

individual hop plants concluded that it is possible to distinguish samples based on the locations 

in which they are grown (Ocvirk and Kosir 2018). 

 

1.5 PHOTOPERIOD AND THE CIRCADIAN 

 

Plants contain endogenous molecular clocks that control metabolic, physiological, and 

developmental systems for survival (Harmer 2009). The circadian clock of higher plants allows 

for the precise timing of biological process, increasing fitness and reproductive success (Harmer 

2009; Hsu and Harmer 2014). The simplest elements of the circadian clock allow for the 

identification of a signal by a central oscillator mechanism, which interprets the input, and 

produces specific output responses (Harmer 2009). The model circadian clock in plants is a 

combination of a central oscillator and multiple feedback loops (Harmer 2009). Combined these 

mechanisms maintain a consistent molecular rhythm with the growth environment of the plant 

(Harmer 2009). Any variation in the inputs can trigger changes in the clock to regulate 

homeostatic process and produce responses as necessary for plant survival. Major environmental 

cues of the circadian clock include light and temperature (Harmer 2009). The light induction 

pathway within the clock is well studied and affects expression of CCA1, LHY, PRR9, and GI 

genes (Figure 1.1). Transcriptional expression of CCA1, LHY, and GI are also affected by 

temperature cues (Harmer 2009; Mishra and Panigrahi 2015). However, the temperature 

response in the clock is not as well characterized (Hsu and Harmer 2014). 
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Figure 1.1. Model of the plant circadian clock from Harmer, 2009. Loop A contains the first identified components of the 
circadian clock, CCA, LHY, and TOC1. Expressed in the morning, the Myb-like transcription factors CCA1 and LHY negatively 
regulate the expression of the evening expressed TOC1. The other loops regulate expression of these components (Harmer 2009). 

 

The circadian clock plays a role in regulation of stress responses, both abiotic and biotic 

(Fowler et al. 2005; Hotta et al. 2007; Yakir et al. 2007). Plants anticipate the rising of the sun 

and prepare photoprotective pigments to reduce light damage to cells (Harmer 2009). The clock 

will also regulate cold mitigating factors by regulating production to peak just before dawn when 

temperatures are lowest. Cotton is a well-studied example for circadian gating to stress. Plants 

also regulate biotic stress responses (Stotz et al. 2000). Looper worms display a circadian feeding 

rhythm, with active feeding during the day (Goodspeed et al. 2012). Jasmonate is a defensive 

metabolite in Arabidopsis and reduces the level of plant material consumption by the looper 

worm (Goodspeed et al. 2012). In Arabidopsis thaliana jasmonate is circadian regulated and is 

upregulated during the day (Goodspeed et al. 2012).  

Photoperiod, the length of light within a day, works with the circadian clock to regulate 

seasonal responses (Hotta et al. 2007; Zagotta et al. 1996). The change in daylength regulates 

growth and flowering in hop. Photoperiod regulates initial growth of the hop plant; growth of 

young shoots begins as day length begins to increase in the early Spring months. As bine growth 

continues into Summer and the day length surpasses 15 hours, molecular pathways will actively 
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inhibit inflorescence. In high production areas, i.e., Washington State and Germany, the long 

photoperiods allow for increased bine growth and lateral bine growth. This leads to the distinct 

bushy columns seen in healthy hop yards. Inflorescence is triggered when the photoperiod 

declines in the late summer, initiating at 15 hours of daylight. In early Winter, the photoperiod 

will continue to fall and as it shortens to 10 hours, the hop plant will become dormant.  

  

1.6 SUMMARY 

 

The importance of Humulus lupulus as a crop is underscored by its production value and 

potential as a source for nutraceuticals. The beer industry is a driving force for much of the 

current research available, but hop has more recently been studied for its treatment of viral 

infections, cancers, and insomnia. The pharmacological importance of hop increases when we 

can accurately classify the metabolic and transcriptional networks. This dissertation provides 

invaluable data to extend the current basic understanding of what specialized metabolites are 

produced in hop. It also generates transcriptional regulation data, important in the future 

generation of a specialized metabolite synthesis network. The following chapters provide details 

on the global specialized metabolite production and gene expression under a wide breadth of 

environmental factors.
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Chapter 2 

 

Metabolomic Analysis of Specialized Metabolites Across Time 

and Stress 

 

2.1 ABSTRACT 

 

Specialized metabolites are unique biosynthetic molecules that are not essential for the 

maintenance of life, but that still have important biological significance. Production of 

specialized metabolites is valuable for the survival of plants, as they contribute to herbivore 

defense and stress response. Humulus lupulus produces unique specialized metabolites that show 

potential human health benefits. Because of the health implications for these specialized 

metabolites, we can benefit from further study of how these metabolites are produced. In this 

study we sought to discover global metabolite production through the context of time and stress. 

We used both biotic and abiotic stressors to exam metabolite production level differences for 

Canadian Red Vine, Teamaker, and Cascade varieties of hop. Using mass spectrometry, we were 

able to detect 17 metabolites distinct to one or two varieties. We also note drastic production 

differences across time of day and stress conditions, dependent on variety. Future analysis of the 

global metabolite response will allow for the assembly of specialized metabolite production 

pathways. 

 

2.2 INTRODUCTION 

 

Plants produce both primary and specialized metabolites. Primary metabolites are highly 

conserved found in almost all plant species, while specialized metabolites may be present only in 

a single or a few evolutionarily close species. It is estimated that plants produce, in total, less 

than 10,000 primary metabolites, but produce greater than 200,000 aggregated specialized 

metabolites.55 Enzymatic proteins that produce specialized metabolites make up 10% to 20% of 
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the genome in an individual species; with hop producing  approximately 41,228 protein-coding 

genes, and the assumption of a “1:1 ratio between the number of enzymes and the number of 

compounds produced”, that is a rough estimate of 4100 - 8200 specialized metabolites (Natsume 

et al. 2015; Pichersky and Gang 2000). 

Many specialized metabolites have shown importance in human health. However, the 

functions of most plant specialized metabolites in plants are still unknown. The few metabolites 

where the role in the plant is known are involved in processes such as growth, herbivore defense, 

and environmental adaptation. Specialized metabolites consist of a large group of molecules such 

as flavonoids (flavanol), sesquiterpenes (helenalin), and alkaloids (xanthohumol) (Wink 2010). 

Specialized metabolites are of particular interest for their potential roles in human health, with a 

focus on production of nutraceuticals- i.e, food products containing medicinal benefits. Previous 

studies have a looked at hop specific molecules for their ability to inhibit the metastasis of 

cancerous cells, reduced rheumatoid arthritis symptoms, and ability to reduce insomnia (Bland et 

al. 2015; Franco et al. 2012; Zanoli et al. 2005). Functional roles of specialized metabolites are 

gradually coming to light as the field continues to grow and omics approaches become widely 

available. With the ever-increasing capability to look at the global responses of metabolite 

production and transcript production, it is possible to explore the pathways for biosynthesis of 

individual metabolites. Looking at a stress response with multiple omics approaches we can 

potentially associate gene production with enzyme production, and downstream metabolite 

production.  In this chapter, we explore the effects of time of day and stress conditions on the 

accumulation of specialized metabolites in hop.  

 

2.3 RESULTS 

 

2.3.1 Detection of Metabolites: 

A total of 1028 specialized metabolites were identified across all varieties and conditions. 

Metabolite identities are approximated by comparing peak and mass patterns with a database of 

known metabolites. Many of these metabolites will be referred to by a mass and retention time. 

Where names have been provided, the observed metabolite has retention time and mass similar 

to a previous identified compound, but these metabolite identities have not been evaluated. These 

metabolites were categorized based on variation between treatments and subjected to a 0.1 
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variance threshold, with anything below this threshold removed from further analysis. Principal 

component analysis was performed between all samples and within cultivars for heat stress only 

(Figure 2.1). Results for the hop downy mildew stress did not show any significant principal 

component variance. Figure 2.1A looks at all samples under heat stress conditions; clear 

divisions occur between, cultivars, Teamaker and Canadian Red Vine in PC1. The experimental 

driver of PC2 is harder to identify but has a component of difference between plants harvested in 

the AM or the PM in the Canadian Red Vine genotype and heat stress versus control in 

Teamaker. PC3 shows little variation in Canadian Red Vine conditions, but shows a clear 

distinction between Control AM samples and Stress PM samples in Teamaker. Figure 2.1B 

shows the principal component analysis of Teamaker samples alone. PC1 groups PM control 

with AM stress and AM control with PM stress, suggesting that heat stress shifts the metabolic 

profile to resemble the opposite time point. PC2 is clearly a division between stress and control 

samples, while PC3 shows a dramatic difference between AM stress and PM stress samples. 

Figure 2.1C looks specifically at samples from the Canadian Red Vine cultivar. PC1 has the 

largest difference between AM and PM within control samples, PC2 distinguishes AM control 

from the rest of the conditions, and PC3 shows a dramatic difference between AM stress 

compared with the other conditions.  

 

 
Figure 2.1. Principal Component Analysis of Heat Stress. Analysis of all 1028 metabolites found during LC-MS/MS were 
evaluated for the top three principal component variances. PC1 accounts for the largest component (x-axis), PC2 the second 

largest (y-axis), and PC3 the third largest (color). “Day” - just after dawn, “Night” - just after dusk, “Con” - control, “Heat” - heat 
stress, “CRV” - Canadian Red Vine, “Tea” - Teamaker. 

 

A B C
Comparison of All Samples Comparison of Teamaker 

Samples
Comparison of Canadian Red 

Vine Samples
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All detected metabolites were compiled into a single data set and ranked based on amount 

of metabolite present and expression pattern across all conditions. Metabolites were separated 

into four groups based on production pattern: no variation (Group A), variety specific (Group B), 

time, stress, and/or variety dependent (Group C), or a combination of all three (Group D). These 

groups and typical patterns for these groups are represented below (Figure 2.2). Examples 

metabolites for each group are also shown. Two examples for Group A, Scopolin and 699.9195, 

show no variation across any condition. Example Group B show specific expression in Teamaker 

of Dianthin B and 686.3791, with low levels in Cascade. Examples Group C shows decreased 

production of 2 metabolites identified by M/Z values, 1438.3611 and 1115.2017, when 

Teamaker is subjected to a night time heat stress. Finally, examples for Group D show decreased 

production under heat stress in Teamaker, a higher average production in Canadian Red Vine, 

and production differences across time for both Teamaker and Cascade.  
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Figure 2.2. Representative Patterns of Metabolites. Metabolite profiles were grouped based 
on similarity in their major varying components: variety, time or stress, or a combination. These 

were then sub-grouped into representative profiles and displayed with high (highest 25% of 
values), average (within 25% of the average of values), or low production (lowest 25% of 

values) levels. Number of metabolites in each group is displayed to the right of the figure. Two 
example metabolites from each profile are displayed in Example Group A: no variation, Example 

Group B: variety, Example Group C: time or stress and/or variety, and Example Group D: a 
combination of all.  
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Example Group D 

 
 

2.3.2 Genotype Specific Responses 

Seventeen metabolites show exclusive production in one or two hop varieties (Table 2.1). 

Three metabolites are not present in Canadian Red Vine: Kaempferol, Isoorientin, and Quercetin. 

Eight metabolites were absent in Cascade samples that are present in both Canadian Red Vine 

and Teamaker: Marcosphelide B, 800.8664, 414.8224, Tetrahydrosecodine, 1680.8336, 

686.3762, Kuhistanicaol C, and 310.21. Teamaker had exclusive production of two metabolites 

designated 742.2196 and Tertrahydroswertianolin. Pubescidin and Cyclopassifloside VII were 

only produced in Cascade samples. Canadian Red Vine exclusively produced Pierisformosin C 

and Gallocatechin-(4alpha-8).  

 
Table 2.1. Variety Specific Metabolites. Metabolites are separated by thick black lines to distinguish groups. Three varieties are 
represented: Canadian Red Vine, Teamaker, and Cascade. X designates that the metabolite was not observed, and  designates 
that the metabolite was observed. 
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2.3.3 Significant Metabolites Responding to Heat, Time, and Variety 

Metabolites with a pattern of accumulation that showed interactions between genotype 

and time of day or heat response were identified and the observed differences were confirmed 

with a t-test, p-value < 0.001. During this analysis no metabolites in the hop downy mildew 

treatments were found to be significantly different from control conditions. Four metabolites 

with patterns of interest from the heat stress experiment are shown (Figure 2.3). 

626.2814@9.175998 appears to be genotype-specific heat response, as changes not significantly 

detected in any condition in Canadian Red Vine and it is present in Teamaker in response to heat 

stress. The metabolite identified as rosiridoside provides a good example of the interaction 

between all factors; showing variety, stress, and time differences in accumulation. This 

metabolite is present in all conditions of Canadian Red Vine, but only present in nighttime heat 

stress in Teamaker. Production of rosiridoside in Canadian Red Vine also varies with respect to 

time, the AM control (log2 production 17.71) is significantly higher than the PM control (log2 

production 11.55). The metabolite identified as mombasol is significantly responsive to heat 

stress only in Teamaker, with reduced levels after the heat treatment for both AM and PM time 

points. Mombasol was not detected in the PM heat stress condition (log2 production 0). In 

contrast, in Canadian Red Vine mombasol does not show significant variation across any 

condition. The pattern of metabolite 378.1865@7.6349998, presents an antithesis to the 

mombasol response in Teamaker accumulating under heat stress.  In Canadian Red Vine the 

levels of this metabolite are not affected by heat and show similar accumulation as the heat-

responsive levels in Teamaker. 378.1865@7.6349998 is not present at all in PM control 

conditions for Teamaker (log 2 production 0), but is present in AM control (log2 production 

3.13).  
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Figure 2.3. Statistically Robust Metabolite Changes. Log2 levels of metabolite production were produced by Xu ‘Sirius’ Li 

after LC-MS/MS analysis for all 1028 metabolites (Y-axis). Paired t -test was performed for statistical analysis of time of day and 
heat stress responses to controls. A p-value < 0.05 was used to determine significance, designated as *. “AM”- just after dawn, 

“PM” - just after dusk, “Heat” - heat stress, and “CRV” – Canadian Red Vine.  

 



 

17 
 

2.4 DISCUSSION 

 

Humulus lupulus produces unique specialized metabolites that have shown important 

human health benefits for cancers, arthritis, and insomnia (Bland et al. 2015; Zanoli et al. 2005). 

The hop research field will benefit from a deeper understanding of specialized metabolite 

production and transcriptional regulation. Time of day changes in specialized metabolites are 

well documented in higher order plants (Pichersky and Gerschenzon 2002). Specialized 

metabolites have shown to respond to stress in plants, both biotic and abiotic. By looking at time 

of day changes in metabolite levels under stress, we can increase specificity for analyzing 

individual metabolite production when assembling a production network. For this study, we 

harvested only leaf tissue from varieties of hop that were chosen for either their susceptibility to 

either heat stress or hop downy mildew infection or the availability of current genomic 

information. 

Heat stress is easily controlled in growth chamber environments and has known gene 

expression and protein production responses. Under heat stress we show drastic production 

changes across variety and time of day. It is increasingly important to understand plant responses 

to increased temperatures, as global temperatures are predicted to rise significantly due to global 

warming (Climate Change 2013). Global climate change can lead to increased regional 

temperatures. With a majority of the hop grown in the United States located in one region of 

Central Washington, any drastic change in the environment could be detrimental to US hop 

production. The value of hop is directly tied to its marketable flavor profile, as used in beer. By 

understanding how specialized metabolites levels change under heat stress we can begin to 

anticipate changes driven by climate change. We could also target production of metabolites of 

interest the human health, by studying production profiles under stress. If metabolite production 

is dramatically increased under heat stress, i.e. rosiridoside in Teamaker, it could be beneficial to 

harvest hop under stress in order to increase isolation of a specific metabolite. This principal 

could be applied for multiple sources of stress, including hop downy mildew. 

We found no significant responses in hop to our two-hour hop downy mildew infection. 

We anticipated the possibility of an insignificant response to hop downy mildew, due to our short 

window of exposure before harvest. We are able to characterize some metabolite production 

profiles under mildew stress. To better profile specialized metabolites under stress of hop downy 
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mildew infection, we could increase infection time to 24 hours or greater. This time frame would 

allow for infection to pass from the initial stages of spore penetration, while allowing us to 

maintain our time of day analysis. 

As described in Chapter 3, we also conducted RNA-seq of identical samples used in the 

above metabolite study. By combining our metabolite and transcription data we can directly 

compare metabolite production with increases in gene expression. With the diminished effect of 

the hop downy mildew treatment on metabolite production, we can look to the transcriptional 

data to look for more robust responses. Analysis of both metabolomic and transcriptomic 

approaches will aid in the generation of a hop specialized metabolite network. This network can 

provide an invaluable base for further research into specialized metabolites.   

 

2.5 MATERIALS AND METHODS 

 

2.5.1 Choice of Humulus lupulus Varieties 

The variety, Teamaker, was developed by the ARS Forage Seed and Cereal Research Unit and 

has a unique pattern of low alpha- and high beta-acids; it also has the most complete genome 

annotation available (Hill et al. 2017; National 2017). Teamaker was used in both the biotic and 

abiotic stress experiments and is resistant to hop downy mildew infection (Hill et al. 2017). 

Cascade was the most commonly used variety of hop in beer in the US at the time of these 

experiments; it exhibits a resistance to hop downy mildew and was used in the biotic stress 

portion of our experiments. Lastly, we included the Canadian Red Vine variety, aptly named 

because of the reddish hue that appears on mature bines and its resistance to cooler climates. 

Canadian Red Vine is a variety grown in cooler climates that is more susceptible to hop downy 

mildew infection than Cascade. Because of these attributes we used Canadian Red Vine in both 

the abiotic and biotic stress portions of the experiment.  

 
Table 2.2. Predicted Variety Stress Response. The predicted susceptibility or resistance to infection or 
exposure to heat stress. 

  

Variety Heat Stress Response Hop Downy Mildew Response
Teamaker Unkown Resistant

Canadian Red Vine Susceptible Susceptible
Cascade Resistant
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2.5.2 Plant Material and Growth Conditions 

Plants were grown in 15-hour days at 24°C and 9-hour nights at 20°C in a regulated growth 

chamber. Pre-established cuttings were purchased from Great Lake Hop and grown in individual 

8-inch diameter pots with a 1:1 sand to loam soil composition. All samples were taken at the 2-

month mark when the plants reached approximately 3 feet in height. To identify time of day 

dependent and cultivar specific responses to environmental stimuli, we evaluated the response of 

three varieties of hop to hop downy mildew infection and a mild 37°C heat stress (biotic and 

abiotic) at dawn and dusk. The experiment consisted 48 Canadian Red Vine, 48 Teamaker, and 

24 Cascade plants split across two identical growth rooms within the phytotron at North Carolina 

State University. Control and treatment samples were harvested at 30 minutes past dawn and 30 

minutes past dusk to avoid confounding factors associated with the change from light to dark or 

dark to light (Figure 2.4).  

 

 
Figure 2.4. Growth and Stress Conditions. Plants were cyclically subjected to 9 hours of dark at 20°C and 
15 hours of light at 24°C. A one-hour heat stress of 38°C was applied 30 minutes after dusk and 30 minutes 

after dawn. Arrows denote the time of harvesting tissue.  

 

2.5.3 Preparation of Hop Downy Mildew Spores 

Hop downy mildew is an obligate parasite and requires living hop tissue for growth and spore 

production (Kreuser and Broderick 2018). Initial spores were collected from a stock provided by 

the Quesada lab at North Carolina State University. The spores were grown on harvested leaves 

in 250mm x 250mm petri dishes lined with damp paper towels to maintain humidity. 3 to 5 days 
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after the initial infection, spores are harvested by gently washing the leaves and collecting the 

runoff; infection rates vary by batch. Spore count was measured using a hemocytometer and the 

collected solution was diluted to a desired concentration of 10,000 spores/ml. The spore solution 

was used within 30 minutes of collection to maintain viability. Solution was placed into a small 

aerosolizer spray bottle to distribute spores evenly across the leaf.  

 

2.5.4 Stress Treatments 

2.5.4.1 Hop Downy Mildew Stress 

Two pair of leaves were isolated from 4 Cascade, 4 Canadian Red Vine, and 4 Teamaker plants. 

One pair of leaves from each of 12 plants were placed stomata-up in one of two 250mmx250mm 

square petri dishes on damp paper towels. One petri dish of leaves was treated with Hop downy 

mildew spores suspended in distilled water. The control petri dish was sprayed with distilled 

water. After spraying the spores or control water onto the leaves, the plate was sealed and placed 

back into the growth chamber for two hours. At the 2-hour mark each pair of leaves were 

harvested and flash frozen. 

 

2.5.4.2 Mild Heat Stress 

The 37°C heat stress was applied by moving plants on large carts from their original growth 

chamber to an adjacent chamber with identical day/night parameters, but set to a constant 37°C. 

Each plant was left in the heat stress for one hour before one pair of leaves were harvested and 

immediately frozen in liquid nitrogen. To reduce confounding effects due to the movement of the 

plants, control plants were moved into the connecting room between the stress and normal 

growth condition chambers 1 hour before leaf tissue was harvested and frozen. Leaf tissue was 

harvested at the junction between the leaf stem and base of the leaf to keep each sample as 

consistent as possible. For all conditions, 5 biological samples were harvested from Canadian 

Red Vine and Teamaker plants. 

 

2.5.5 Sample preparation 

Using a mortar and pestle all leaf samples were ground to a fine powder in liquid nitrogen in 

preparation for shipment and further processing by Xu ‘Sirius’ Li at the Plant for Human Health 

Institute.  
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2.5.6 Metabolite Quantification 

Tissue was ground to a fine powder in liquid nitrogen. Frozen ground samples were shipped to 

Xu ‘Sirius’ Li. Sirius extracted metabolites with a 50% methanol solution (1 ml per 100 mg) for 

30 minutes at 65°C. He then performed large scale liquid chromatography/ mass spectrometry 

(LC/MS) analysis on all samples as previously described (Strauch et al. 2015). 
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Chapter 3 

 

Transcriptomic Analysis Across Time and Stress 

 

3.1 ABSTRACT 

  

Transcriptional regulation is a key component to plant survival. Without the physical 

ability to avoid environmental stress, plants rely on internal mechanisms to avoid death. The 

understanding of transcriptional regulation within crop plant systems has led to improvement in 

breeding and production. Humulus lupulus, hop, produces specialized metabolites that have 

proven benefits to human health. In hop we can increase our knowledge of gene expression in 

order to increase our breeding and production capabilities. In this study we frame stress in the 

context of time to better tease apart separate stress response pathways. Preliminary qPCR data 

shows that a mild heat stress affects expression of circadian clock associated genes, GI and 

ELF3. Using RNA-seq we can now exam the global expression response to stress at multiple 

time points. We performed global specialized metabolite analysis in conjunction with this study. 

Combining these two data sets, we can tease apart expression pathways involved in specialized 

metabolite production.  

 

3.2 INTRODUCTION 

 

Plant systems rely on quick transcriptional control to combat changes to their 

environment (Singh  et al. 2002). We used time of day as a tool to tease apart the transcriptional 

regulation in plants, in response to stress. We set up an experiment to identify genome-wide 

transcriptional interactions with time and temperature and time and biotic response. Examining 

the time of day dependent transcriptional changes in reaction to a stress stimulus, we can better 

understand the stress response pathways in hop. Previous research has shown that time of day 

has a profound influence on plant responses to both abiotic and biotic external stressors 

(Covington et al. 2008; Wang et al. 2004a). Plants anticipate recurring environmental stresses 

and may be better equipped to handle these stresses at the time of day when it the stress is most 
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likely to occur (Hotta et al. 2007). A stress that occurs at an unanticipated time may result in a 

delayed or suppressed response (Fowler et al. 2005). Here I present an experiment designed to 

examine the effects of biotic and abiotic stress on hop transcriptional profiles at both day and 

night time points. 

Washington state is the highest production area for hop in the United States, producing 

78 million pounds of hop in 2017 (National 2017). This production is concentrated in Central 

Washington, a semi-arid region of the state. we focused on the stresses that are expected to occur 

in this region to mimic what could naturally happen in high production hop farms. High 

temperatures for the region average 87°F (30°C) during the peak of summer, with a record high 

hitting 110°F (44°C) in 1978. The region has limited precipitation, with an annual average of 8 

to 9 inches (NASS 2011). Farmers in the region rely on rivers, supplied by snowmelt from the 

Cascade Range, for irrigation (Nakawuka et al. 2017; Evans 2003). For the purposes of our 

experiments we used a controlled, short, but definitive stress. Heat stress is easily controlled in 

growth chamber environments, like the ones provided by the Phytotron at North Carolina State 

University. We could control both intensity and duration of the stress. Typical heat stress 

responses in plants have been extensively documented (Feder and Hofmann 1999; Suzuki et al. 

2011; Wang et al. 2004). Large groups of heat response proteins have been characterized and the 

transcriptional response to heat has been documented in many crop plants (Singh et al. 2002; 

Wang et al. 2004). We shocked plants with 37°C (99°F), a median temperature between the 

average and highest recorded temperature for the region. This temperature was selected to allow 

for a transcriptional response without inducing senescence or the death of the plant. 

Plants are also subject to biotic stressors - i.e. herbivores and pathogens. Biotic stress has 

been similarly characterized in crop plants for both transcriptional and translational pathways. 

Biotic and abiotic stress pathways in plants overlap, but also have distinct responses. In order to 

cover both abiotic and biotic stress response pathways, we incorporated hop downy mildew 

(Pseudoperonospora humuli) as our biological stress component. Hop downy mildew is an 

obligate parasitic oocyte. The growth of the mildew requires the presence of living tissue and is 

specifically dependent on Humulus lupulus. Initial infiltration of the spores occurs at the stomata, 

with open stomata in the day allowing for greater infection rates (Royle and Thomas 1971a, 

1971b). Hop downy mildew will then infect every portion of the plant, restricting access to 

nutrients causing decay of living tissue. Hop downy mildew was chosen because it is easily 
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contained; it will not infect plants other than hop. The requirement for open stomata also plays a 

role in the time of day stress response.  

Examining the difference in response at multiple times of day may enable identifying the 

underlying structure of the response network to a given stress. The sequencing results have not 

been received yet, so provided here is preliminary transcriptional responses to stress, a summary 

of the experimental design, and anticipated applications of the sequencing once completed. 

 

3.3 RESULTS 

 

Preliminary transcriptional results were determined from test samples obtained during the 

time of day and stress experiments. We isolated RNA, produced cDNA, and conducted relative 

qPCR for Teamaker leaves harvested 1.5 hours after representative dawn. We looked at three 

genes of interest: STS1, ELF3, and GI. STS1 contains a ubiquitin domain and was selected as a 

control reference gene since it is predicted to be consistently expressed even during stress 

conditions. ELF3 regulates the photoperiod induction of flowering and was chosen for its 

associated with circadian clock. GI is also associated with flowering time, growth, and the 

circadian clock. Preliminary quantitative PCR results for transcription under control (20°C) and 

heat stress (37°C) for all three genes (Figure 3.1). Mean ΔCt represents the relative expression of 

transcripts and is shown on the y-axis. Along the x-axis we have control and heat stress results 

for STS1, GI, and ELF3. STS1 shows no significant difference between control and heat stress 

conditions with mean ΔCt values of 24.56 and 23.66, respectively. Mean ΔCt values for GI 

showed a significant decrease, interpreted as an increase in transcript production, under heat 

stress. The values for GI are 12.33 for control and 8.02 for heat stress, p-value < 0.05. ELF3 

mean ΔCt values were significantly increased (p-value < 0.05) under heat stress, implying that 

relative expression of ELF3 decreased. Values for control and heat stress were 23.99 and 31.87, 

respectively. 
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Figure 3.1. Gene Expression of Clock Genes Under Stress. Quantitative Reverse Transcriptase PCR (qRT-

PCR) was performed using 4 biological replicates and 5 technical replicates. Mean Delta Ct values were 
plotted above. Paired t-test, p-value < 0.05, was performed to show significance, denoted *.  

 

In the preliminary qRT-PCR results, where we were able to show detectable differences 

in expression after one hour of a mild heat stress. Based on this we decided to process our time 

of day and stress samples using RNA-seq to look at global transcriptional changes.  All samples 

were sent to Global Biologics (Columbia, MO) for RNA extraction, library construction, and 

sequencing on an Illumina Hi-seq 4000 instrument. 

 

3.4 DISCUSSION 

 

Plants are poised at specific times of the day to expect a stress should it arise, giving the 

plant a rapid mechanism for adapting to and surviving stress. We conducted RNA-seq to better 

understand this global transcriptional response in hop. By looking for changes across time of day 

we will can define distinct pathways for stress response in the frame of time. The transcriptional 

response to heat stress in our preliminary data was encouraging. We see significant changes 

under heat stress in both genes that are associated with the circadian clock. With respect to the 

time of day that a sample is stressed, we can see gating and permissive effects in the stress 

response. The one-hour treatment window for the heat stress should be more than enough to view 

differential expression of hop transcripts in our RNA-seq data.  

For the hop downy mildew treatment, it was necessary to remove leaves prior to the 

mildew exposure to limit infection of the entire plant. The harvesting of leaves is in itself a stress 

factor and will affect transcription, but we can take advantage of control leaf samples from the 
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heat stress experiment to distinguish the stress genes activated by harvesting from those activated 

by the infection.  

Analysis of the RNA-seq results will allow us to look at the differentiated genes between 

stress and control across time of day. In model and crop plants, heat stress has specific pathways 

that activate in response to the stressor. These pathways include HSFs HSPs, and MBF1cs 

(Suzuki et al. 2011; Wang 2004b). We expect to find these similar pathways within hop.  

In the Chapter 2, I focused on the specialized metabolites and how they were affected by 

the same heat and hop downy mildew stresses. The samples for that experiment and the one 

discussed in this chapter are identical, allowing us to directly compare the data sample-by 

sample. Sirius Li, plant biologist at North Carolina State University, has a unique system that 

allows for correlation between transcriptomics and metabolomics. He traces transcriptional 

activity of enzymatic proteins and correlates their production with metabolite production. With 

his expertise we can correlate the transcriptional data and metabolomic data generated from the 

same plant to tease apart specific pathways and determine the identity specialized metabolites 

found in hop. We can construct a crude network that will help us to understand the effect of 

changing environment on regulation and production of specialized metabolites. 

Specialized metabolites are of particular interest for their properties in human health 

applications. Using our new understanding of specialized metabolite production in hop could 

lead to breeding for optimal nutraceuticals productions. Effects of global warming, and climate 

change, could yield potential changes to the growth environment of hop in the United States. 

With and improved network of transcript and metabolite production we can better study the 

effects of these environmental changes.  

 

3.5 MATERIALS AND METHODS 

 

3.5.1 Choice of Humulus lupulus Varieties 

The variety, Teamaker, was developed by the ARS Forage Seed and Cereal Research Unit and 

has a unique pattern of low alpha- and high beta-acids; it also has the most complete genome 

annotation available (Hill et al. 2017). Teamaker was used in both the biotic and abiotic stress 

experiments and is resistant to hop downy mildew infection (Hill et al. 2017). Cascade was the 

most commonly used variety of hop in beer in the United States at the time of these experiments; 
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it exhibits a resistance to hop downy mildew and was used in the biotic stress portion of our 

experiments. Lastly, we included the Canadian Red Vine variety, aptly named because of the 

reddish hue that appears on mature bines and its resistance to cooler climates. Canadian Red 

Vine is a variety grown in cooler climates that is more susceptible to hop downy mildew 

infection than Cascade. Because of these attributes we used Canadian Red Vine in both the 

abiotic and biotic stress portions of the experiment.  

 
Table 2.2. Predicted Variety Stress Response. The predicted susceptibility or resistance to infection or 
exposure to heat stress. Cascade was not used in the heat stress response experiment.  

 
 

3.5.2 Plant Material and Growth Conditions 

Plants were grown in 15-hour days at 24°C and 9-hour nights at 20°C in a regulated growth 

chamber. Pre-established cuttings were purchased from Great Lake Hop (Zeeland, MI) and 

grown in individual 8-inch diameter pots with a 1:1 sand to loam soil composition. All samples 

were taken at the 2-month mark when plants reached approximately 3 feet in height. To identify 

time of day dependent and cultivar specific responses to environmental stimuli, we evaluated the 

response of three varieties of hop to hop downy mildew infection and a mild 37°C heat stress 

(biotic and abiotic) at dawn and dusk. The experiment consisted 48 CRV, 48 Teamaker, and 24 

Cascade plants split across two identical growth rooms within the phytotron at North Carolina 

State University. Control and treatment samples were harvested at 30 minutes past dawn and 30 

minutes past dusk to avoid confounding factors associated with the change from light to dark or 

dark to light. 

Variety Heat Stress Response Hop Downy Mildew Response
Teamaker Unkown Resistant

Canadian Red Vine Susceptible Susceptible
Cascade Resistant
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Figure 2.4. Growth and Stress Conditions. Plants were cyclically subjected to 9 hours of dark at 20°C and 
15 hours of light at 24°C. A one-hour heat stress of 38°C was applied 30 minutes after dusk and 30 minutes 

after dawn. Arrows denote the time of harvesting tissue.  

 

3.5.3 RNA Isolation 

RNA isolation was conducted following the Hop RNA Isolation protocol in Appendix B.  

 

3.5.4 Primer Design 

Primers were generated using the Teamaker v1.1 gene annotation provided by HopBase (Hill et 

al. 2017). 

 
Table 3.1. Primer List for Quantitative PCR. Forward and Reverse (reverse complimentary) primaries are listed for GI 
(Giagantea), STS1, and ELF3 (early flowering 3) genes. “5’-“designates orientation of the primer.  
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3.5.5 cDNA Synthesis and qRT-PCR 

cDNA synthesis was performed with the Bio-Rad iScript cDNA Synthesis kit (catalog 

#:1708891). Quantitative PCR was performed using a Bio-Rad CFX384 Touch™ Real-Time 

PCR Detection System and Bio-Rad recommended reagents and protocols.  

 

3.5.6 Preparation of Hop Downy Mildew Spores 

Hop downy mildew is an obligate parasite and requires living hop tissue for growth and spore 

production (Kreuser and Broderick 2018). Initial spores were collected from a stock provided by 

the Quesada lab at North Carolina State University. The spores were grown on harvested leaves 

in 250mm x 250mm petri dishes lined with damp paper towels to maintain humidity. After 3 to 5 

days post infection, spores were harvested by gently washing the leaves and collecting the 

runoff; infection rates vary by batch. Spore count was measured using a hemocytometer and the 

collected solution was diluted to a desired concentration of 10,000 spores/ml. The spore solution 

was used within 30 minutes of collection to maintain viability. Solution was placed into a small 

aerosolizer spray bottle to distribute spores evenly across the leaf.  

 

3.5.7 Stress Treatments 

3.5.7.1 Hop Downy Mildew Stress 

Two pair of leaves were isolated from 4 Cascade, 4 CRV, and 4 Teamaker plants. One pair of 

leaves from each of 12 plants were placed stomata-up in one of two 250mmx250mm square petri 

dishes on damp paper towels. One petri dish of leaves was treated with Hop downy mildew 

spores suspended in distilled water. The control petri dish was sprayed with distilled water. After 

spraying the spores or control water onto the leaves, the plate was sealed and placed back into 

the growth chamber for two hours. At the 2-hour mark each pair of leaves were harvested and 

flash frozen. 

 

3.5.7.2 Mild Heat Stress 

The 37°C heat stress was applied by moving plants on large carts from their original growth 

chamber to an adjacent chamber with identical day/night parameters, but set to a constant 37°C. 

Each plant was left in the heat stress for one hour before one pair of leaves were harvested and 

immediately frozen in liquid nitrogen. To reduce confounding effects due to the movement of the 



 

30 
 

plants, control plants were moved into the connecting room between the stress and normal 

growth condition chambers 1 hour before leaf tissue was harvested and frozen. Leaf tissue was 

harvested at the junction between the leaf stem and base of the leaf to keep each sample as 

consistent as possible. For all conditions, 5 biological samples were harvested from Canadian 

Red Vine and Teamaker plants. 

 

3.5.8 Sample Preparation 

Using a mortar and pestle, all leaf samples were ground to a fine powder in liquid nitrogen in 

preparation for shipment and further processing by Global Biologics LLC.  
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Chapter 4 

 

Generating an Accurate Annotation for Teamaker Genome with 

Long-read ISO-seq  

 

4.1 ABSTRACT 

 

Current genome annotations for hop are limited in structural accuracy. Short read RNA 

sequencing generates nucleotide level accuracy in annotations that are predicted based on general 

gene structure. These predictions are inherently biased by foundational assumptions of gene 

structure and alignment programs. The introduction of long read RNA sequencing by Pacific 

Biosciences allows for reads up to 40kb in length, enabling whole gene sequencing. The entire 

structure of the gene is preserved by sequencing the long reads. In our experiment, we conducted 

ISO-seq on whole leaves, whole root systems, and young shoots at multiple time points. Initial 

results indicate that greater than 33% of the read isoforms did not align to the current Teamaker 

gene annotation. Future analysis of the ISO-seq data will lead to a highly accurate gene 

annotation for Humulus lupulus.  

 

4.2 INTRODUCTION 

 

The Humulus lupulus genome has been estimated at between 2.57 Gb and 2.8 Gb. The 

current genome sequence resources for hop cover 3 separate varieties of the plant: Teamaker, 

Shinshuwase, and a male-specific USDA 21422M (Hill et al. 2017; Natsume et al. 2015). The 

Shinshuwase genome generated 80% (2.05 Gb) of the 2.57 Gb hop genome, although later 

studies estimated the total genome size as 2.8 Gb (Hill et al. 2017). All three genome assemblies 

were generated using short read DNA-seq and customized assembly programs designed to 

compensate for the high abundance of repeat regions within the hop genome (Hill et al. 2017). 
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For the Shinshuwase assembly, transcripts were assembled using short read RNA-seq from the 

Shinshuwase variety (Natsume et al. 2015). 

Short read RNA-seq generates high-quality sequence reads, with accurate nucleotide 

sequences, but can contain errors in the gene structure. This is mainly due to the short-read 

assembly, which relies on estimated gene regions based on abundance and read position (Rhoads 

and Au 2015). In order to accurately conduct genomic analysis in Humulus lupulus, we need a 

more accurate transcriptome. We proposed that identifying a comprehensive structural model of 

the transcriptome will help improve the study and assist with the breeding of new hop varieties. 

To solve the potential structural errors generated from short read RNA-seq, we conducted studies 

using Pacific Biosciences ISO-seq. This sequencing platform is a well based system that uses 

intact RNA reads, estimated to be compatible with up to 40kb read lengths (An et al. 2018). Use 

of the intact, or long, read lengths allows for sequenced reads that have very little error in gene 

structure. While ISO-seq has a low error rate in gene structure, single nucleotide error (SNE) rate 

is higher than typical RNA-seq methods (Rhoads and Au 2015). ISO-seq, as implied by the 

name, also allows for discovery of isoforms. Since RNA sequences are theoretically intact, 

isoforms can be identified from low numbers of reads. 

In contrast to hop, Zea mays (maize) is a well-annotated species, with papers covering 

alternative splicing, long non-coding RNAs, microRNA, and differential expression. ISO-seq is 

far more accurate at generating gene structures and revealing isoforms (An et al. 2018; Wang et 

al. 2016). Yet even in maize long-reads can improve annotation. Using ISO-seq, of the 111,151 

sequenced transcripts, 3% were found to be novel genes not annotated in the most recent maize 

genome, RefGen_v3 using non-long-read technologies. The ISO-seq data also revealed that 57% 

of these transcripts had novel, tissue-specific isoforms (Wang et al. 2016). The identification of 

these novel isoforms and transcripts in a well-studied genome suggests that in the poorly 

annotated hop, not only will long-read sequencing improve the ability to map transcripts to the 

genome, it will also enable the identification of novel variants and genes. Therefore, we have 

performed PacBio ISO-Seq to identify isoforms across three tissues in Teamaker. Studying these 

tissues across time of day gives us a larger window for capturing expressed genes. With this data, 

we can generate the highest quality annotations possible for Teamaker.  In addition to building a 

much-needed annotation platform for hop, we designed the following experiment to evaluate 

time of day and tissue-specific differences in transcript isoforms. 
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4.3 RESULTS 

 

ISO-seq was performed on 6 samples from the Teamaker variety: AM and PM leaf, root, 

and shoot. Each sample consisted of whole tissue processing; The whole leaf, whole root system, 

and whole young shoot were collected and processed for each time point. Consensus reads 

assembled from reads of interest were filtered for minimum length and chimeric structure. 

Passing reads were then assembled into consensus isoforms using seed sequences from each read 

of interest. In Table 4.1 the number of consensus isoforms and mean isoform read length is 

displayed for each sample. Consensus isoform numbers were higher in PM samples compared to 

AM samples: 89611 in AM Leaf compared to 98300 in PM Leaf, 96917 in AM Root compared 

to 103933 in PM Root, and 100470 in AM Shoot compared to 110178 in PM Shoot. Mean 

isoform read length ranged from 1253 base pairs in PM Root to 2193 base pairs in AM Shoot. 

There is no obvious pattern between sample and isoform read length. In Table 4.2 consensus 

isoforms were Blast searched to the HopBase v1.1 Teamaker annotation with a cutoff E-Value of 

1e-5. For AM Leaf 34.62% of consensus isoforms did not match annotations within the 

Teamaker annotation. For PM Leaf 34.75% were unmatched. A larger proportion of isoforms 

were unmatched in both root samples than the other tissues: 42.44% unmatched in AM Root and 

55.05% unmatched in PM Root. Finally, for AM and PM Shoot samples we saw 33.01% and 

37.66% unmatched reads respectively. Further analysis is needed to compare annotation overlap 

between the 6 sample conditions, but it reasonable to assume that there will be distinct isoforms 

and annotation overlaps between all 6 samples.  

 
Table 4.1. Consensus Isoform Detection. The number of ISO-seq consensus isoform 
reads and mean lengths in base pairs. “AM” – just after dawn and “PM” just after dusk.  
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Table 4.2. Analysis of Consensus Isoforms that Match Current Annotation in Teamaker. Consensus isoforms were blast 
searched to the Hopbase v1.1 Teamaker annotation. Reported matches passed a cut-off E.Value of 1e-5. “AM” - just after dawn 
and “PM” - just after dusk.  

 

 

4.4 DISCUSSION 

 

HopBase contains the three current genome assemblies for Teamaker, Shinsuwase, and 

USDA 21422m. Only the Teamaker and Shinsuwase assemblies are annotated, with each 

annotation generated by short read RNA-seq. These are valuable tools for genetics studies in 

Humulus lupulus, but improving the accuracy of the annotations can lead to more accurate 

downstream analysis. We generated ISO-seq data sets for whole leaf, whole roots, and young 

shoot tissues across two time points. As we further analyze the data, we can build a new 

annotation for the Teamaker variety of hop. Current gene annotations can be corrected with the 

increased accuracy of gene structures, leading to better mapping in future RNA-seq 

studies.  Greater than 33% of our isoforms were unmatched in the current annotation. As analysis 

continues, we can subdivide these isoforms into two categories: novel genes and novel isoforms. 

Single nucleotide accuracy is slightly lower for long read sequencing methods. Even with the 

construction of consensus reads and isoforms, sequence accuracy can contain large errors. To 

correct for this deep sequenced short read RNA-seq data can be aligned to the newly generated 

annotation. Nucleotide level corrections can then be made on the annotation before mapping to 

the genome. 

Our own RNA-seq data generated from Teamaker, Canadian Red Vine, and Cascade hop 

varieties can be analyzed with the improved annotation. Stress responses in these samples will 

then inherently be more accurate and yield more significant results Further study of different 
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tissues and time points could improve the annotation by finding the novel time or tissue-specific 

genes.  

 

4.5 MATERIALS AND METHODS 

 

4.5.1 Plant Material and Growth Conditions: 

Plants were grown in 15-hour days at 24°C and 9-hour nights at 20°C in a regulated growth 

chamber. Pre-established cuttings were purchased from Great Lake Hop and grown in individual 

8-inch diameter pots with a 1:1 sand to loam soil composition. All samples were taken at the 3-

month mark when plants reached at least 6 feet in height.  

 

4.5.2 Establishment of Hop Cone Developmental Time Points 

The fifth tissue, mature hop cones, were not available at the time of the original study. The 

developmental timing of the cone is important to maintain consistency across sample collection. 

For our fifth tissue we want to exam mature cones, but formal developmental staging has not 

been established for hop cones. To resolve this problem, visiting scientist Eva Maleckova set up 

a camera to capture single cone across the developmental period. With the visual timeline of 

cone growth, we have determined 8 distinct stages.  

Hop cones develop at the later stages of the aerial portion of the plant. We have subdivided the 

development into 3 categories: burr, immature, and mature cone. Multiple burrs will develop and 

extend from the nodes of the hop bines. The burr refers to the first 3 stages of the hop flower. 

Visually we have distinguished stage 1 by the presence of the sepals with the inclusion of the 

first sets of bracteoles. At this stage, the bracteoles are tightly closed in a ball. The opening of the 

bracteoles leads to the first designation of Stage 2. Once the bracteoles open, a large spray of 

anthers will protrude away from the strig (central axis). Stage 3 begins when the burr opens 

fully; at this stage, you can completely see a separation between bract, and the anthers spread out 

further.  
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As the flower continues to develop, we move on to the immature flower, as defined by stages 4 

through 6. Proceeding from the burr stages we have the production of additional bracteole layers 

starting at the base of the flower, stage 4. We also have an extension of the strig between the 

sepals and the first set of bracteoles. At stage 5 we begin to notice girth develop as the bracteoles 

close and form the typical cone shape of the flower. At this stage, the anthers are retracted back 

to the center axis of the cone. With stage 6 we see the wilting of the anthers, more production of 

bracteoles, and a large increase in size.  

The mature hop cone is designated as stage 7 and 8. With maturation, in stage 7 we see that the 

bracteoles have opened expanding the cone in size, and we notice that the anthers have 

completely wilted and have begun to fall from the flower. The opening of the bracteoles then 

allows for maturation of the lupulin glands. Stage 8 is defined by elongation of the cone and 

production of numerous layers of bracteole. At this stage, the cone is mature and will grow in 

length with age. Having determined individual stages, we can successfully replicate isolation of 

mature hop cones in future studies (Figure 4.1 and Table 4.3).  
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Figure 4.1. Hop Cone Anatomy and Developmental Staging. Arrows identify locations of anatomical structures in the hop 

cone as pictured above. Progression of Stages 1 to 8 were captured for one singular hop cone from the variety Nugget.  
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Table 4.3. Distinct Characteristics of Hop Cone Stages. Stages designated in this table match those pictures in Figure 4.1. 
These are visual observations of hop cone development.  

 
 

4.5.3 Tissue Harvest 

We harvested four distinct tissues from the Teamaker variety, with plans to harvest a fifth tissue, 

mature cones, when available. Leaf, internode, young shoot, and root were all isolated from 

teamaker plants (Figure 4.2). Each tissue was harvested from individual plants 30 minutes before 

dawn or dusk. Internode sections were harvested with 1 cm of connected axial and primary 

bines.  

 

Figure 4.2. Harvesting Hop Tissue. The dotted lines designate the location at which tissue was cut using sterile scalpels or 
micro scissors. The direction of the arrows designates the tissue that was harvested.  We isolated root systems (left), internodes 

and leaves (middle), and young shoots as they emerged from the soil(right).  
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4.5.4 RNA Isolation 

Generating high-quality RNA from hop tissue was a limiting factor for the successful completion 

of ISO-seq, but was resolved by adjusting the protocol. It is possible that the abundance of 

specialized metabolites or structural features of tissue in hop tissue inhibited standard RNA 

isolation methods. Initially, we tested the traditional trizol RNA extraction methods that relies on 

trizol and chloroform to phase separate RNA. This resulted in very low yield from large 

quantities or plant tissue, with very low purity. All samples were compared on a Nanodrop using 

260/280 measurements to test the purity of the RNA. The traditional trizol method yielded 

samples between 10 - 80 ng/µl with 260/280 ratios between 0.80 - 1.10, far from the expected 

ratio of 2.0. Based on recommendations from the research scientist at Hopsteiner, we added the 

following modifications: use of a hop specific lysis buffer (see Appendix B), the addition of 2% 

sarkosyl solution, and an incubation period of 10 minutes at 70°C. The full Hop RNA Isolation 

protocol is available in Appendix B. We isolated RNA in our samples in the range of 390 - 6360 

ng/µl and with a 260/280 ratio between 1.88 and 2.18 (Table 4.4).  

 

Table 4.4. RNA Concentrations. “AM” – just after dawn, 
“PM” - just after dusk, “Tea” - Teamaker. Numbers at the end 
of the tissue sample identify biological replicate. 
Concentration in nanograms per microliter were reported with 
260nm:280nm spectrometry absorbance for quality control.  
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4.5.5 Pacific Biosciences ISO-seq Samples 

One biological replicate of AM and PM leaf, root, and shoot samples were sent to RTL 
Genomics for barcoding and sequencing on the PacBio SMRT sequencing system. Analysis of 
these samples was performed by Jigar Desai in the Doherty lab at North Carolina State 
University, using a previously described method (An et al. 2018; Wang et al. 2016).
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Appendix A  
 

Hop - Growth, Photoperiod, and Propagation  
 

A.1 Photoperiod and Growth 

 

One major research goal to improve hop growth in NC is to modify photoperiod 

responses. To accomplish this, we need to have a trait we can rapidly evaluate for a change in 

photoperiod response to compare the treatments, breeding, and molecular approaches that can 

affect photoperiod. Modifying photoperiod sensitivity of flowering time is our goal. However, 

dues to the size required of the plants to generate cones, this trait is not feasible for high 

throughput growth assays in chamber conditions. We therefore decided to evaluate the 

photoperiod sensitivity of growth, also known to be regulated by photoperiod in most plant 

species.  We examined the response to photoperiod in 2-week-old plants to determine if 

photoperiod sensitive patterns could be detected in young plants. 

To measure the effect of photoperiod on seedling establishment we looked at early 

growth profiles of Cascade, Teamaker, and CRV varieties at 8, 12, and 16-hour photoperiods. 32 

fresh cuttings of Cascade, Teamaker, and CRV were propagated in 28°C/20°C 16-hour 

photoperiods for two weeks inside stacked culture vessels. Rooted plants were then moved into 

8, 12, and 16-hour photoperiods at 28°C /20°C. Each condition had 10-11 plants of each variety 

and the growth of these plants was measured every two days for a total of 29 days. Figure A.1 

illustrates the photoperiods and the associated temperatures we evaluated. All growth 

measurements were taken at 1 hour after lights on. 

Growth data is shown in Figure A.2. Here we have plotted growth (cm) in young plants 

across 29 days. In contrast to what has been observed in other plant species, we see an increased 

growth rate in 8-hour photoperiod conditions for all three varieties. While this shows a new 

interaction of growth and photoperiods in hop, repetition is needed to confirm the results. Future 

testing will be done to determine if this pattern is only present in early developmental stages or 

persists into maturity.  
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Figure A.1. Experimental Parameters for Photoperiod and Growth. Colors designate time and temperature conditions: 

yellow -daylight, black - dark, red day time temperature, and blue – night time temperature. 

 

  
Figure A.2. Growth Across Variety and Photoperiod. Gross height of hop bines in centimeters (y-axis). Number of days (x-

axis). Standard error is reported for all data points, n=8. “Tea” - Teamaker, “CRV” – Canadian Red Vine.  

 

A.2 Hop Growth, Transformation, Cas9 Targeting 

 

A.2.1 Medium optimization for Transformation (Sergei Krasnyanski) 

HR-1 is the original medium that was published on hop transformation (TDZ 2 mg/L and 

IAA 0.2 mg/L). The best results were obtained with HR-2 (0.04 shoot per explant) and HR-4 

(0.05 shoot per explant). In a current experiment only, younger internode sections were used. As 
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a result, number of shoots and shoot primordia are already significantly higher in both media 

(exact numbers not determined yet). HR-2A and HR-4A contain adenine hemisulfate, that is 

known to enhance shoot organogenesis in other species. In the next round of experiments, the 

effect of another cytokinin (meta-topolin) will investigated. 

 

 
Figure A.3. Cali Growth and Shoot Generation. 100mm x 15mm petri dishes with growth medium (media are defined in Table 

A.1).  
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Table A.1. Cali Media Components.  

 
 

A.2.2 Optimizing Growth Conditions 

A.2.2.1 Growth Optimization for Small Seedlings and Cuttings 

Lab growth of hop is confounded by their size (hop plants can grow to over 30 ft.) and 

propensity to acquire spider mite infestations.  We optimized growth in the laboratory for 

molecular analysis by evaluating several growth conditions and media compositions.   

• We rooted cuttings within a standard round petri dish on ½ MS agar media. We tried two 

containers for the growth and propagation of hop, stacked Magenta boxes, and 500ml 

culture vessels by Placon (Figure A.4). We compared plant growth on both soil and 

media in these containers. The Magenta boxes performed best with media and freshly cut 

and sterilized hop cuttings. Canadian Red Vine growth was much higher than both 

Cascade and Teamaker when grown in Magenta boxes, as seen in Figure A.4.  We had 

80% survivability across the different cultivars. The culture vessels performed best with 

the use of soil after establishing the plants in media. The survivability of these plants was 

75%. Plant cuttings that were placed directly in soil in culture vessels survived for ~2 

weeks, but senesced (Figure A.5). We also established a hop cutting sterilization 

technique that eliminated contamination when rooting on media (Figure A.6). 
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Figure A.4. Cultivar Rooting Growth Variation. Cuttings of hop varieties grown in stacked or unstacked Magenta boxes on 

basal media.  

 

 
Figure A.5 Propagation and Growth Vessels. Left to Right: 100mm x 15mm petri dishes, stacked Magenta boxes, stacked 

500ml growth containers.  
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Figure A.6. Sterilization Vessels for Hop Node Cuttings Prior to Propagation.  

 

A.3 Optimization of Propagation 

 

A growth hormone cocktail of Indole-3-acetic acid and Indole-3-butyric acid was the first 

method we used for propagating our hop cuttings. The cocktail was added to ½ MS media in 

Magenta boxes and round standard petri dishes. Cuttings of hop included 1-2 nodes and were 

placed with the node just above the surface of the media. Propagation using this method was 

unsuccessful; only one out of every ten cuttings generated roots. In the beginning, we also tried 

sticking the cuttings into soil, with the node right below the surface of the soil. All cuttings 

placed into soil generated roots within two weeks. Before placing cuttings in soil, the leaves of 

the bottom node (if more than one node is present) was stripped off. Hop cuttings in soil require 

two things to generate roots quickly: great drainage of water in sandy loamy soil and must be 

transitioned from 100% humidity to the humidity of the final growth place of the plants. For our 

initial tests, we needed sterile and healthy cuttings. So, we first started with supplementing the 

cocktail media with 10% sucrose, but the results did not change. After consulting Dr. Sergei 

Krasnyanski, in the Horticulture Department here at NCSU, we decided to remove all hormones 

from our media and grow directly on the ½ MS media without sucrose. There was a drastic 

improvement in rooting of cuttings, with ~70% surviving. To sterilize hop cuttings, we used a 

two-part method to first remove anything on the surface of the plant and then kill any remaining 

bacteria or fungus present. Hop cuttings were first stripped off all leaves, as they bleach easily 

and become a food source for bacteria and fungus. The cuttings are subjected to a 70% ethanol 

bath for 30 seconds. Ethanol is removed, and the cuttings are transferred to a 10% bleach 
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solution. The cuttings are shaken in this solution for 15 minutes and then the bleach solution is 

removed. The cuttings are then washed 8-10 times with sterile water until the bleach has been 

completely removed. Node number has been an obvious variable in cutting generation. We have 

had success with both one node and with 2+ nodes in cuttings. Hop cuttings with one node will 

produce roots along the portion of bine remaining below the node. The new bine and meristem 

will be produced at the node. 

 

A.4 Optimization of seed germination 

 

To enable breeding generation of recombinant lines, the ability to produce and germinate 

hop seeds needed to be optimized. Since this is not a common method of propagating hop, little 

information on optimal germination practices is available.  We therefore, evaluated the 

parameters for germination to identify the approach that resulted in the largest number of seeds 

to germinate.  

• Hop seeds required a period of at least 2 weeks in 4°C before germination would occur 

• We tested 0% and 10% sucrose plates. Sucrose did not increase germination rate and 

increased potential for contamination.  

• Plates made using formulated growth media (containing IAA IAB) 

o germination was slow and sporadic 

o Plates without sucrose or growth medium is the optimal media for rooting of 

cuttings and propagating sterile plants 

• Soil 

o Non-sterile plants can be propagated easily within a slightly humid soil 

environment 

o Must have proper drainage of water 
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Appendix B  
 

Hop RNA Isolation Protocol 
 

Supplies 

·     1000µL and 200µL filter tips 

·     1000µL and 200µL pipette 

·     20% Sarkosyl solution (10mg Sarkosyl in 50mL H2O) 

·     Hop lysis buffer 

·     2-Mercaptoethanol 

·     Qiagen RNeasy Plant Kit 

·     Ethanol 

Preparation 

·     Calculate the volume of Hop lysis buffer needed for the # of samples (600µL for every 

sample) 

·     Add 10µL of BME to every 1mL of Hop Lysis Buffer 

Modified Protocol 

1.   Homogenize tissue using liquid nitrogen, until a fine powder is formed. Keep samples in 

liquid nitrogen until lysis buffer is added. 

2.   Add 600µL of Hop lysis buffer (2-mercaptoethanol added) to the homogenized tissue sample.  

3.   Vortex until thoroughly mixed/thawed.  

4.   Add 60µL of 20% Sarkosyl solution to the sample. Incubate samples in a 70°C water bath for 

10 minutes. 

5.   Remove and transfer the liquid from sample and proceed with Qiagen RNeasy Plant Mini Kit 

protocol.  

 


