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Thesis Abstract 

 Thlaspi arvense (field pennycress) is a cold tolerant oilseed species that is being 

domesticated as a new rapid cycling, winter annual cover crop and feedstock for biodiesel 

production. Pennycress is related to Arabidopsis thaliana, a model species that has 

provided an in-depth understanding of many basic developmental and physiological plant 

processes, which will provide vital information for the rapid domestication of a wild 

species into a new crop. By targeting key pennycress traits for improvement, such as 

reducing seed dormancy, increasing rates of spring flowering and maturity, increasing 

yield, and modifying seed oil composition, we are poised to develop a new winter cash 

crop that can fit within the corn/soybean rotation. To enable a mutation breeding 

approach that utilizes the massive amount of Arabidopsis-based knowledge, genomic 

resources are needed to identify target genes believed to influence key traits. In this 

dissertation, the first comprehensive annotated transcriptome assembly and comparative 

analyses are presented, along with the first draft genome sequence for pennycress. In 

these analyses, target assembled transcripts and corresponding DNA sequences are 

identified and compared to Arabidopsis homologs and enable the forward and reverse 

genetic screening of large-scale mutant populations. An analysis of winter and spring 

annual pennycress accessions is also presented, which identified several wild alleles of 

the pennycress FLOWERING LOCUS C homolog which was found to be responsible for 

differentiating between spring and winter annual phenotypes. The resources presented 

herein will provide an unprecedented set of tools to enable the rapid domestication of a 

new crop species.  
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Chapter 1: On the genomics-based domestication of field pennycress              

(Thlaspi arvense L.) as a new winter oilseed cover crop   
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Part I: Sustainable intensification and domestication of new crops as a framework 

meeting the grand challenges of agriculture and the environment  

 

There is an increasing demand on agriculture to produce both sufficient foodstuffs 

for a growing population and provide novel sources of renewable biofuels and 

bioproducts (Garnett et al., 2013, Jordan et al., 2007). In light of a projected global 

population of 9 billion people by the year 2050, global food security will rely upon the 

increased productivity of agricultural systems (Godfray et al., 2010). The goal of 

‘Sustainable Intensification’ is to attain the increased agricultural production needs of the 

growing world population while also aiming to reduce the environmental impacts of 

agriculture, without impacting our future ability to produce both food and fuel (Tilman et 

al., 2011). Temporal intensification is one of the proposed methods to attain sustainable 

intensification (Heaton et al., 2013) through the increase of crop harvest frequency, or the 

number of harvests per unit area and time (Ray and Foley, 2013). One method to achieve 

temporal intensification of current major agricultural systems is the integration of fallow 

season crops into annual cropping systems or the replacement of annual crops with 

perennials. These new crops epitomize a potential solution for the call of sustainable 

intensification and meeting food and biofuel feedstock production needs.  New fallow 

season crops hold great promise to increase the resilience of food and biofuel production 

systems in light of serious environmental issues facing agriculture like deteriorating 

water quality attributed to agriculture and climate change.  
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The focus of the research presented in this dissertation is on the development and 

integration of a new fallow-season crop, field pennycress, into the corn/soybean rotation 

of the Midwestern United States. Cover crops in major summer annual cropping rotations 

such as the corn/soybean system have been used to provide ecosystem services to these 

systems such as limiting soil erosion during the fallow-season, reducing nutrient loss to 

waterways, and reducing spring weed growth (Snapp et al., 2005, Dabney et al., 2001). 

However, with little economic benefit other than increasing long-term sustainability of 

the system, wide scale cover crop adoption has been limited (Singer et al., 2007). The 

development of new ‘cash cover crops’ that can provide both the necessary ecosystem 

services that allow for their integration into the current systems (the ‘intensification’) to 

actually be sustainable, as well as a direct economic return for producers.  

 

Unfortunately, there is a surprising lack of viable cash cover crop species that can 

immediately be deployed throughout the major agricultural acreage of the United States. 

The idea of domesticating wild plant species for novel uses by humans stretches 

throughout the past 10,000 years, accounting for the current forms of most major food 

crops used today (Doebley et al., 2006). The process of crop domestication over this time 

period changed the genetic makeup of these species, even in the absence of any 

knowledge of DNA or genetics. With the modern genetic and genomic tools developed 

around these major domesticated crops, and the long history of basic research on model 

plant species, we are now poised to rapidly domesticate novel crop species to meet the 

demands of sustainable intensification (Varshney et al., 2009). Specifically, the 
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domestication of fallow season crops will allow for the temporal intensification of the 

corn/soybean systems currently accounting for over 40 million acres in the United States 

alone.  
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Part II: Pennycress – a new winter oilseed cover crop and biodiesel feedstock 

 

Biofuels and bioproducts derived from plants have great potential to reduce 

anthropogenic carbon emissions contributing to global climate change (Hill et al., 2006). 

While there has been large investment in developing cellulosic biomass crops for 

bioethanol production over the past several decades, little progress has been made in 

bringing these solutions to market (Biello, 2011). As there exists an immediate need for 

these new crop options and bioproducts, relying on existing technologies and 

infrastructure systems to harvest and process these products is likely to allow for the most 

rapid adoption of these novel crops and cropping systems that allow for the sustainable 

intensification of agricultural systems.  

 

Plant oils are one of the most energy-rich biomolecules and has widely been used 

by humans for both food, fuel, and industrial uses for centuries (Vollmann and Rajcan, 

2009). Of note, seed oil from both soybean (Glycine max) and rapeseed (Brassica napus) 

have served as major sources oil for such purposes, and are extensively cultivated 

worldwide (USDA). As both soybean and oilseed rape are predominantly grown as 

summer annual crops, and are both produced food-quality oils and protein-rich seedmeal, 

displacing these crops for biofuel production is not ideal in light of the growing world 

population and growing demand for food production. One method to supplement the 

current major corn/soybean rotations is the use of rapid-cycling winter annual crops that 
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can be planted and harvested when the ground is normally left barren, which can account 

for up to 6 months of the year.  

 

In this dissertation, the genomics-based domestication and utilization of Thlaspi 

arvense L. (common names: field pennycress, fanweed, stinkweed, frenchweed, 

mithridate mustard, wild garlic, bastard cress (Best and McIntyre, 1975) - referred to as 

pennycress herein) as a winter annual oilseed and cover crop is discussed. Pennycress is a 

member of the Brassicaceae family extended lineage 2 and relative of the model species 

Thellungiella halophila, Arabidopsis thaliana, Capsella rubella (both lineage 1), and, as 

well as the lineage 2 oilseed and vegetable crops Brassica napus, Brassica rapa, and 

Brassica oleraceae (Franzke et al., 2011). Although native to Eurasia, the introduction 

and naturalization of pennycress throughout North America has occurred over the past 

~150 years (Best and McIntyre, 1975), and is now found throughout the subarctic regions 

of the northern hemisphere, as well as Australia, New Zealand, and Argentina (Warwick, 

2002). Although pennycress can exist as either a winter or spring annual (McIntyre and 

Best, 1978 , Best and McIntyre, 1976), winter annual pennycress lines already possess 

many key characteristics of an ideal winter grown oilseed crop. First, it is extremely cold 

hardy, shown to readily survive winters with temperatures as low as -30° C and has been 

used a model to study freezing tolerance (Best and McIntyre, 1975, Klebesadel, 1969, 

Sharma et al., 2007, Zhou et al., 2007). Without the consistent ability to overwinter in 

northern climates, the viability of wide scale successful adoption would low.  
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The trait best supporting the financial viability of pennycress adoption lies with 

it’s naturally prolific seed production, with nearly 15,000 seeds per plant (Hume, 1990) 

and over 1,000 kg/ha of seed production (Best and McIntyre, 1975, Johnson et al., 2015). 

Seed from pennycress plants have a high total oil content compared to other oilseed crops 

(20-36% by weight) (Moser et al., 2009b, Moser et al., 2009a), which can be extracted 

(Evangelista et al., 2012) and utilized as a feedstock for biodiesel (Moser et al., 2009a) or 

jet fuel (Boateng et al., 2010). After pressing for oil extraction, the remaining seed 

meal/press cake is high in protein that could have high value uses, such as industrial 

lubricants, foaming agents, and emulsifiers (Selling et al., 2013, Hojilla-Evangelista et 

al., 2013). Seed meal has also been examined as a biofumigant that can be applied to 

fields to inhibit weed germination (Vaughn et al., 2005, Vaughn et al., 2004).  

 

The integration and sustainability of winter annual pennycress into the target 

corn/soybean rotation has been recently evaluated (Phippen and Phippen, 2012, Fan et 

al., 2013, Johnson et al., 2015). Even in light of recent extreme variation of soybean and 

corn prices, major changes to cropping systems, including the integration of a new 

fallow-season species that could temporally displace the major summer annual crops for 

even a short time period, could hamper wide scale adoption. Additionally, any significant 

alteration of yield of seed quality on subsequent crops could equally prevent adoption. 

Phippen and Phippen (2012) demonstrated that the use of pennycress as a winter crop did 

not have a major impact on the quality of subsequent soybean crops over a two-year 

study, and in fact increased soybean dry weight yield compared to a fallow control plot.  
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Johnson et al. (2015) evaluated the effects of pennycress planting data and seeding rate 

on the soybean production, as well as examining the role of the winter pennycress crop in 

weed management. In these series of experiments, it was found that in all cases, the total 

oilseed yield (soybean plus pennycress) was higher compared to soybean grown without 

a winter pennycress crop. Additionally, a pennycress cover crop was shown to 

dramatically reduce total weed biomass, regardless of pennycress seeding rate or the use 

of a companion cover crop (either oat – Avena sativa  or forage radish – Raphanus 

sativus), which the authors suggest could be attributed to allelopathic chemicals produced 

by pennycress (Johnson et al., 2015), as pennycress seed meal has been previously found 

to inhibit the germination of other plant species (Vaughn et al., 2009).  

 

While pennycress naturally possessed numerous desirable traits of a winter 

oilseed cover crop, it still retains many wild traits that could hamper wide scale adoption. 

For example, current pennycress accessions exhibit widely variable rates of seed 

dormancy, a common trait among weedy species (Baskin and Baskin, 1989, Hazebroek 

and Metzger, 1990a, Hume, 1990, Hazebroek and Metzger, 1990b, Hume, 1994). As the 

success of a winter crop like pennycress can hinge upon strong stand establishment in the 

fall, low rates of fall germination impact both pennycress seed yield and the potential 

ecosystem services a fall-established crop could provide. Of the winter annual varieties in 

our collection, spring flowering time and maturity rates are also variable. As the goal 

remains to integrate pennycress into the corn/soybean rotation without displacing the 

subsequent soybean planting, early flowering and maturity of the pennycress stands is 
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essential, especially in northern climates with short and highly variable spring growing 

seasons. With end-use of pennycress products being a key financial driver behind 

adoption, optimizing target traits like oil composition for either biodiesel or jet fuel 

production, reducing glucosinolate levels in seeds to allow for the addition to animal 

feed, or modifying seed meal protein composition for industrial uses are also focal areas 

for improvement.  

 

The availability of genomic resources opens vast possibilities for accelerated 

improvement of crop species while providing a foundation for functional and 

comparative genomics (Varshney et al., 2009). The recent developments in DNA 

sequencing technologies has revolutionized biology, mainly the wide scale adoption of 

2nd- generation technologies like Illumina sequencing (commonly referred to as next 

generation sequencing, or NGS), which is characterized by the massively parallel 

generation of hundreds of millions of short sequencing reads (Delseny et al., 2010, 

Koboldt et al., 2013, Feuillet et al., 2011, Caccamo and Grotewold, 2013). In stark 

contrast with first generation technologies, which generally relied on single reactions in 

single tubes, required massive investments of both money and manpower to generate 

even a portion of the data now commonplace in just a single run of Illumina sequencing. 

First generation genome projects mainly relied on Sanger sequencing of large insert 

artificial clones, such as Bacterial Artificial Chromosomes (BACs), including the human 

genome (Lander et al., 2001, Venter et al., 2001). The human genome project, for 

example, required hundreds of scientists working in parallel over a decade to produce 
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these first draft genome sequences. The public human genome project (Lander et al., 

2001) cost $2.7 billion (Fiscal Year 2001 dollars) in United States federal funding alone 

(www.genome.gov), whereas the cost of re-sequencing a single human genome today is 

nearing the $1,000 mark with the adoption of the latest Illumina HiSeq X Ten system 

(Hayden, 2014). Similarly, the first flowering plant species to have its genome sequenced 

was Arabidopsis thaliana (Kaul et al., 2000), which likely cost tens to hundreds of 

millions of dollars throughout the 1990s, re-sequencing the Arabidopsis genome at over 

200X coverage using the latest technology would cost under $3,000 today.  

The development of genomic resources to support crop improvement has 

previously been limited to major, staple crop species such as corn (Schnable et al., 2009), 

soybean (Schmutz et al., 2010), and wheat (Mayer et al., 2014), and while this limitation 

has predominantly been due to funding restraints holding back the development of these 

resources for minor crop species, the development and wide scale adoption of NGS has 

allowed for the characterization and comparison of a growing list of new plant species 

(Wang et al., 2012, Varshney et al., 2013, Wang et al., 2014, Kagale et al., 2014, Liu et 

al., 2014, Slotte et al., 2013, Wu et al., 2012, Varshney et al., 2012). Along with the 

sheer technical and financial ability to sequence the genome of a new crop species comes 

the critical mass of basic plant biology research that can be harnessed to both understand 

the biology of a new species and use that knowledge to make rapid trait improvements. 

Perhaps one of the most attractive traits lies within its evolutionary history and relation to 

the model plant species, Arabidopsis. Fortunate for the genomics-based improvement of 

pennycress, many of the genetic mechanisms controlling key agronomic traits have been 
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elucidated in Arabidopsis, and often in Brassica species relatives as well, such as 

flowering time and seed oil biosynthesis. With the development of equivalent genomic 

resources for pennycress, the application of knowledge gleaned from the billions of 

public dollars invested in Arabidopsis research is now possible.  

 

Traditional breeding methods are currently being used to improve pennycress, 

however, these programs are still quite young (Sedbrook et al., 2014). However, these 

programs rely on sufficient natural variation for key traits, and its currently unclear 

whether these programs will be capable of making the necessary improvements within a 

reasonable time period. As there remains an immediate need for new crop options that 

provide both economic value to producers as well as ecosystem services, and the rapid 

development of such species will enable society to immediately reap the potential 

benefits. Two additional strategies are being used in parallel with the traditional 

pennycress breeding programs: mutagenesis based breeding and genome editing. Both of 

these additional approaches rely heavily on the genomic resources presented in Chapters 

2 and 3 of this dissertation.  

 

 The foundation of the mutation breeding approach is several large-scale 

mutagenized pennycress populations. Currently, ethyl methanesulfonate (EMS), fast 

neutron (FN), and gamma ray mutagenized populations have been advanced to the M2 

generation within the University of Minnesota program. Within these populations, 

forward genetic screens have already allowed for the identification of novel phenotypic 
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variation. A mutation breeding approach in a species closely related to a model species as 

widely characterized as Arabidopsis allows for the prediction of homologous phenotypes 

of Arabidopsis mutants that could be achieved using mutagenesis.  For example, 

mutations in key Arabidopsis regulatory genes controlling flowering time, maturity, oil 

synthesis, and seed dormancy can confer what could be considered desirable phenotypes. 

Forward genetic screens have already been used in these populations to identify 

underlying mutated genes conferring phenotypes similar to those found in homologues 

Arabidopsis mutants (unpublished data).  

 

The inherent power of a reverse genetic screen of a large-scale mutant population 

is the ability to locate similar subtle phenotypes, such as altered chemical composition 

(seed oil composition, glucosinolate content), which are otherwise difficult to phenotype. 

Targeting Induced Local Lesions In Genomes (TILLING) is a common approach that has 

been used to identify mutations in specific genes, and can be used in the case of 

pennycress, in light of a now sequenced genome and identification of genes of interest, as 

is presented in Chapters 2 and 3 of this dissertation. A massively parallel version of 

TILLING called TILLING-by-sequencing has also been utilized to identify target 

mutations by using multidimensional pooling of PCR products from mutant individuals 

and using NGS sequencing to identify single individuals within a large population (Tsai 

et al., 2011). Deletion TILLING (or DeTILLING) can also be used to identify large 

deletions in target regions caused by FN mutagenesis (Rogers et al., 2009).   
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 The use of genome editing technologies in pennycress is also on the horizon, as 

pennycress has been shown to be easily transformed using a modified Agrobacterium 

mediated floral dip method (Sedbrook et al., 2014). A host of potential methods exist, 

including Transcription Activator-Like Effector Nucleases (TALENs) and Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9 (Cermak et al., 2011, 

Miao et al., 2013). In both of these methods, precise mutations in target DNA sequences 

can be induced. While the use of these technologies in an emerging crop like pennycress 

remain experimental, and at least in the near future, will only serve as a resource for basic 

research on pennycress biology, as public perception and regulation of genome editing 

technologies could prevent the release of a pennycress variety in which such technologies 

were used.  
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Part III: Review of environmental and genetic factors affecting flowering time, a 

key target trait for pennycress domestication  

 

As previously mentioned, optimization of spring flowering time and maturity is essential 

for the domestication of pennycress. Being able to harvest a winter pennycress cover as 

early as possible will hasten adoption, especially in northern climates, where there can be 

significant yield tradeoffs of planting later maturity data soybean. As such, a major focus 

of the pennycress improvement program is developing winter annual varieties that flower 

and mature several weeks earlier than wild accessions. A series of studies by Best and 

McIntyre throughout the 1970s presented the first information regarding environmental 

and genetic factors affecting flowering in pennycress (Best and McIntyre, 1972, McIntyre 

and Best, 1975, Best and Mc Intyre, 1976, McIntyre and Best, 1978 ). The first of these 

studies revealed the existence of genetically distinct early flowering and late flowering 

types, and that flowering in pennycress is dramatically reduced by a lengthened 

photoperiod, indicating that pennycresss is a quantitative long day species (Best and 

McIntyre, 1972). In later field and growth chamber studies, the same authors investigated 

the effects of planting date on flowering time. Both early and late flowering types (Best 

and McIntyre, 1972) were transplanted into the field over a three month period (April – 

June of 1972 in Saskatchewan, Canada), resulting in the finding that the early flowering 

type showed a reduction in days to flower with later planting date, whereas late flowering 

types showed an increase in days to flower (Mc Intyre and Best, 1975). Subsequent 

results in the same study revealed an effect of temperature on days to flower in each type, 
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with increasing temperature accelerating flowering in the early flowering strain and 

delaying flowering in the late flowering strain. Finally, a study on late flowering strains 

showed a 2 week cold treatment of 2°C was sufficient to dramatically reduce days to 

flower, and increasing the length of vernalization further reduced days to flower (Mc 

Intyre and Best, 1975). The third paper in this series presented a more comprehensive 

study of the effects of vernalization on pennycress flowering, which showed that 

vernalization in the field and growth chamber hastened flowering in the late flowering 

phenotypes, and that cotyledon-stage seedlings are able to respond to vernalization and 

reduce days to flower (Best and McIntyre, 1976). The final paper in this series presented 

a genetic evaluation of the early and late flowering strains, in which an F2 cross between 

the two types was used to determine the genetic difference between the two was caused 

by a single gene with complete dominance of the late flowering allele (McIntyre and 

Best, 1978). This finding was a main motivating factor driving the study described in 

Chapter 4 of this dissertation.  

 

 While these previous studies have provided important information regarding 

flowering time and vernalization in pennycress, significant strides are needed to unravel 

the undoubtedly complex network of genes and environmental factors to meet the goal of 

producing rapid flowering winter annual accessions. Mentioned above, the ability to 

utilize information from Arabidopsis and related Brassicaceae species provides working 

models for likely gene homologs and genetic networks controlling not just flowering, but 

a host of highly conserved developmental and physiological traits (Sedbrook et al., 
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2014). As such, a review of flowering time and vernalization in Arabidopsis is warranted 

and thus follows.  

 

 As sessile organisms, plants must sense and respond to environmental cues to 

survive and reproduce. These environmental stimuli include photoperiod, ambient 

temperature changes, seasonal temperature changes (like the prolonged cold of winter), 

all of which serve as major signals integrated by plants to regulate timing of flowering. 

Internal molecular pathways also influence the transition to flowering, including age, the 

autonomous pathway, and gibberellin. Each of these pathways will be discussed below, 

reviewing the discovery and characterization of key genes and pathways controlling each, 

mainly in the model species Arabidopsis thaliana, unless noted otherwise.  

 

A critical environmental cue perceived by plants is day length. Photoperiodic 

flowering, or flowering in response to quantitative changes in day length, was first used 

to describe the short-day flowering habit of tobacco (Nicotiana tabacum var Maryland 

Mammoth), which flowers only under short day conditions (Garner and Allard, 1922). 

Plants can also be classified as either long day (flower only under long day lengths) or 

day neutral (Redington, 1929). The photoperiodic signal was thought to be sensed in the 

leaves, and after the inductive day length was perceived, a flowering hormone termed 

‘florigen’ was transported to the shoot apical meristem (SAM) that initiated flowering 

(Chailakhyan, 1936). Later grafting experiments demonstrated that florigen was indeed a 

mobile signal perceived in the leaves and transmitted to the SAM (Zeevaart, 1976). 
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Several decades later, it is now known the major component of the ‘florigen hormone’ is 

actually a peptide, encoded by the gene FLOWERING LOCUS T (Tamaki et al., 2007, 

Corbesier et al., 2007). A host of FT-interacting genes are responsible for the 

photoperiodic regulation of FT expression, including CONSTANS (CO). In Arabidopsis, 

CO encodes a zinc finger transcription factor which activates FT transcription by directly 

interacting with the promoter of FT (Tiwari et al., 2010). The photoperiodic regulation of 

CONSTANS is mediated via both transcriptional and post-translational means to allow 

for FT expression in long days only. The transcription of CO is mediated by its 

interactions with GIGANTEA (GI), FLAVIN KELCH F BOX 1 (FKF1), and CYCLING 

DOF FACTOR proteins (CDF1, CDF2, CDF3, and CDF5) which are also central 

components of the circadian clock (Sawa et al., 2007, Song et al., 2012b, Imaizumi et al., 

2005, Fornara et al., 2009).  

 

The convergence of the photoperiodic pathway on FT is not unique to the 

pathway, as each of the major pathways influencing flowering time are integrated by FT, 

along with SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) 

(Helliwell et al., 2006, Moon et al., 2003, Samach et al., 2000, Liu et al., 2008). The 

integration of the environmental and endogenous pathways by these ‘floral integrator 

genes’ coordinates the developmental mechanisms in the transition to flowering, 

including the transition of the shoot apical meristem from a vegetative meristem to an 

inflorescence meristem. This transition is controlled by the activation of floral meristem 

identity genes that induce flowering, including APETALA1 (AP1), APETALA2 (AP2), 
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APETALA3 (AP3)/PISTILLATA (PI), LEAFY (LFY), FRUITFUL (FUL), 

CAULIFLOWER (CAL), and AGAMOUS (AG) (Blázquez et al., 1998, Blázquez et al., 

1997, Weigel et al., 1992, Schultz and Haughn, 1991, Huala and Sussex, 1992, Mandel et 

al., 1992, Bowman et al., 1993, Ferrándiz et al., 2000, Wagner et al., 1999, Riechmann et 

al., 1996, Liljegren et al., 1999).  

 

An additional environmental cue perceived by plants that influences flowering is 

temperature (Song et al., 2013). In Arabidopsis, flowering under long day conditions is 

accelerated by growth in 23°C versus 16°C (Blázquez et al., 2003). Increased 

temperatures have been shown to promote flowering via increased FT expression 

(Balasubramanian et al., 2006). PHYTOCHROME INTERACTING FACTOR 4 (PIF4) 

activates expression of FT at high temperatures (27° C) by binding to the promoter of FT 

(Kumar et al., 2012, Proveniers and van Zanten, 2013). SHORT VEGETATIVE PHASE 

(SVP) also appears to regulate the ambient temperature pathway, as svp mutants flower 

early regardless of temperature changes and represses the expression of FT at high 

temperatures (Lee et al., 2007). SVP also negatively regulates the expression of 

microRNA 172 (miR172), a key signal in both the temperature and age-dependent 

flowering pathways.  

 

 Members of the microRNA 156 (miR156), miR172, and SQUAMOSA 

PROMOTER BINDING PROTEIN-LIKE (SPL) network regulate the age-dependent 

flowering pathway, and are also important for the temperature-dependent regulation of 
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flowering (Lee et al., 2010), leaf morphogenesis, and root architecture (Sun, 2011). In 

Arabidopsis, miR156a expression is high during the juvenile vegetative phase, while 

miR172b expression remains low. This trend reverses throughout the transition to 

flowering (Jung et al., 2011, Wu et al., 2009, Yang et al., 2011). The overexpression of 

miR156a causes a prolonged juvenile phase, resulting in a larger rosette, while miR172b 

overexpression promotes early flowering (Huijser and Schmid, 2011). miR156 and 

miR172 levels are also temperature-dependent. The abundance of miR156 is several fold 

higher at lower temperatures (16°C vs. 23°C), while the trend reverses in the case of 

miR172, where miR172 levels are increased at 23°C (Lee et al., 2010). A key target of 

miR156 is SPL3. The protein product of SPL3 binds directly to GTAC motifs within the 

promoter of FT (Kim et al., 2012). The reduced expression of miR172 under low 

temperatures (16°C) is caused by post-transcriptional processing of the primary miR172 

transcript, which is mediated by FCA (Cho et al., 2012, Jung et al., 2012). The FCA gene 

product is an RNA-binding protein that binds to the primary miR172 transcript and 

positively regulates the processing of mature miR172 transcipt (Jung et al., 2012). Low 

expression miR172 levels results in the increased expression of the miR172 targets 

TARGET OF EAT1 1 (TOE1), TOE2, and SCHLAFMUTZE (SMZ) (Lee et al., 2010).  

 

The vernalization response in plants is characterized by the acceleration of 

flowering in response to cold temperatures provided by winter (Kim et al., 2009). Studies 

in Arabidopsis have revealed the required roles of two negative regulators of flowering, 

FLOWERING LOCUS C (FLC) and FRIGIDA (FRI). FLC encodes a MADS domain 
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transcription factor that represses flowering prior to vernalization (Michaels and 

Amasino, 1999), whereas FRI (Johanson, 2000) is now known to act as a scaffolding 

protein for the FRIGIDA Complex (FRI-C) that consists of FRIGIDA LIKE 1 (FRL1), 

FRIGIDA-ESSENTIAL 1 (FES1), SUPPRESSOR OF FRIGIDA4 (SUF4), and FLC 

EXPRESSOR (FLX) (Choi et al., 2011). Components of FRI-C were found to have 

specific roles in the interaction with FLC and FRI-C’s role as a transcriptional activation 

complex for FLC expression (Choi et al., 2011). In Arabidopsis and pennycress, there are 

wild accessions of both spring and winter annual plants, where winter annual plants 

require vernalization to promote flowering, similar to the ‘late flowering’ pennycress 

strains evaluated by McIntyre and Best (1978). In Arabidopsis, the vernalization 

requirement is mediated by functional alleles of either FRI or FLC, with loss of function 

alleles in either gene resulting in a rapid flowering phenotype (Michaels and Amasino, 

1999, Johanson et al., 2000, Shindo et al., 2005, Michaels and Amasino, 2001).  

 

The effect of vernalization on the removal of FLC-mediated repression of 

flowering has been a widely addressed question. Prolonged cold treatment epigenetically 

silences the expression of FLC through H3K27me3 histone methylation (Bastow et al., 

2004). This epigenetic silencing of FLC is mediated by chromatin remodeling processes 

by VERNALIZATION INSENSITIVE 3 (VIN3) and VIN3-LIKE, which are required for 

the initial repression of FLC, along with a the activity of a Polycomb Respressive 

Complex 2 involved in the H3K27 methylation that is necessary to maintain repression 

over time (Jarillo and Piñeiro, 2011). This long-term repression also requires LIKE 
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HETEROCHROMATIN PROTEIN 1(LHP1)/TERMINAL FLOWER 2 (TFL2) which 

has been shown to bind H3K27me3 chromatin mark to maintain stable repression (Mylne 

et al., 2006, Turck et al., 2007, Sung et al., 2006, Zhang et al., 2007). Parallel to 

vernalization-based repression of FLC is the autonomous pathway that also regulates 

FLC levels, consisting of FCA, FY, FPA, FVE, LUMINIDEPENDENS (LD), 

FLOEWRING LATE KH MOTIF (FLK), and FLOWERING LOCUS D (FLD). Each of 

these autonomous pathway members repress FLC expression at a variety of levels, 

including RNA binding and processing, as well as chromatin remodeling (He et al., 2003, 

Simpson et al., 2003, Liu et al., 2007, Marquardt et al., 2006). 

 

 Gibberellins (GA) are an endogenous growth regulator that also promotes 

flowering (Lang, 1957). The synthesis of the bioactive GA4 is catalyzed by GA 20-

oxidase (GA20ox) and GA 3-oxidase (GA3ox). In Arabidopsis leaves, ASYMMETRIC 

LEAVES 1 (AS1), a transcription factor, positively regulates the expression of GA20ox1, 

as well as interacting with CONSTANS to regulate the expression of FT (Song et al., 

2012a). Mutant analysis in Arabidopsis also showed that disruptions in either the 

biosynthesis of GA or GA signaling pathways can affect flowering time (Jacobsen and 

Olszewski, 1993, Wilson et al., 1992). An EMS mutant screen in pennycress additionally 

identified a GA biosynthesis mutant with several developmental phenotypes, including 

delayed flowering that could be reversed with the application of exogenous GA (Metzger 

and Hassebrock, 1990). The promotion of flowering by GA is also in part due to its role 

to increase expression of LFY (Blázquez et al., 1998). Integration of the GA-dependent 



 

  22 

pathway has also been shown to converge upon the floral integrator gene SOC1 (Moon et 

al., 2003). Gibberellins also regulate the transition to flowering through DELLA proteins, 

which are negative regulators in GA signaling. Expression of SPL3, a positive regulator 

of FT expression, is repressed by DELLA proteins in leaves, along with SPL3, SPL4, and 

SPL5 in the apex (Galvão et al., 2012). DELLAs also influence flowering through the 

reduction of leaf miR172 levels in long day conditions through the regulation of SPL 

activity (Galvão et al., 2012, Yu et al., 2012).  
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Part IV: Conclusions 

 As previously discussed, significant progress has been made in understanding the 

basic physiological and developmental mechanisms controlling important plant processes 

that can serve as useful guides for the de novo domestication of new crops. There is an 

unprecedented demand on agricultural systems to provide more food and fuel than has 

ever been produced, and dramatic changes in these systems will be needed to meet these 

goals sustainably. While incremental improvements have been made through the 

refinement of germplasm of the major annual crops to meet these demands, more 

significant changes to the systems and biodiversity of these systems will likely be needed. 

With the development of new species that can either replace or supplement the current 

major systems will come options to meet these great needs.  

  

 In this dissertation, the domestication of one such new crop, field pennycress, is 

discussed. Through the development of novel genomic resources, including a 

transcriptome (Chapter 2), and genome sequence (Chapter 3) for pennycress has allowed 

for the identification of key genetic targets for improvement, which is based on 

knowledge from the massive public investment in basic Arabidopsis thaliana research. 

Chapter 4 presents an analysis of genes responsible for flowering time variation in 

pennycress, which is one of the key targets of pennycress domestication goals. Using the 

resources and analyses presented in this dissertation, the domestication of field 

pennycress as a new winter cover crop and biodiesel feedstock should be possible within 

a matter of years, not centuries.  
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CHAPTER 2: De novo assembly of the pennycress (Thlaspi arvense) transcriptome 

provides tools for the development of a winter cover crop and biodiesel feedstock  
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SUMMARY 

Field pennycress (Thlaspi arvense L.) has potential as an oilseed crop that can be grown 

during fall and winter months and harvested in the early spring as a biodiesel feedstock in 

the Midwestern United States. There has been little agronomic improvement in 

pennycress through traditional breeding. The recent advances in genomic technologies 

allow for the development of genomic tools to enable rapid improvements to be made 

through genomic assisted breeding. Here we report the first annotated transcriptome for 

pennycress. RNA was isolated from representative plant tissues, and 203 million unique 

Illumina RNAseq reads were produced and used in the transcriptome assembly.  The 

draft transcriptome assembly consists of 33,873 contigs with an average length of 1,242 

base pairs. A global comparison of homology between the pennycress and Arabidopsis 

transcriptomes, along with four other Brassicaceae species, revealed a high level of 

global sequence conservation within the family. The final assembly was functionally 

annotated, which allowed for the identification of putative genes controlling important 

agronomic traits such as flowering and glucosinolate metabolism. The identification of 

these genes leads to testable hypotheses concerning their conserved function and to 

rational strategies to improve agronomic properties in pennycress. Future work to 

characterize isoform variation between diverse pennycress lines and develop a draft 

genome sequence for pennycress will further direct trait improvement. 

 

 

 



 

  49 

INTRODUCTION 

Plant-derived biofuels have the potential to reduce carbon emissions and provide 

a renewable source of energy (Hill et al., 2006). The replacement of fossil fuels with 

those derived from plant biomass or oilseeds holds promise to slow global climate change 

due to anthropologic release of greenhouse gases.  

While initial genomics efforts, such as the human genome and the Arabidopsis 

thaliana genome projects, required massive teams and a several billion-dollar investment, 

the increased access and affordability of next generation sequencing (NGS) resources 

(i.e. genomics and transcriptomics) provides new approaches for rapidly studying new 

species (Lander et al., 2001, Venter et al., 2001, Hamilton and Buell, 2012, S. Kaul, 

2000). Many different plant species are being considered not only as new sources of 

biofuel, but also as components of the landscape that improve the environment. Some of 

these species have only recently been removed from the wild and are in need of 

significant improvements to remove and replace weedy traits with those that improve 

their agronomic properties. The application of NGS resources in the development of 

candidate species should allow for rapid advancement and improvement in these species 

(Varshney et al.). 

 Biofuel crop species that do not displace land for food production or encourage 

the destruction of natural lands are especially attractive as alternatives to the biofuel 

standard, corn derived ethanol (Tilman et al., 2009, Fargione et al., 2008). In addition, 

new species that provide ecosystem services to reduce the effects of large-scale intensive 

farming are essential to assure food security. This is especially important in the 
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Midwestern United States where large portions of the land dedicated to agriculture are 

left barren nearly half the year, from the time of harvest until the next crop establishment. 

Planting winter annual crops following the fall harvest has been shown to alleviate soil 

degradation, topsoil loss through erosion and nutrient runoff, help prevent water pollution 

by scavenging excess nitrogen from the soil, and limit spring weed growth (Dabney et 

al., 2001, Snapp et al., 2005).  

Pennycress is especially attractive because it can provide a winter cover that uses 

excess nitrogen and slows soil erosion, provides a spring cover that suppresses weeds, 

and yields a harvestable oilseed. The combination of these traits makes pennycress one of 

the best biofuel candidate plant species. Pennycress can be harvested in the spring using 

conventional machinery and yield up to 1345 kg seed/ha (Mitich, 1996, Best and 

Mcintyre, 1975). Pennycress seeds are high in oils that can be easily converted into 

biodiesel (Boateng et al., 2010, Hojilla-Evangelista, 2013, Isbell and Cermak, 2012, 

Moser et al., 2009a, Moser et al., 2009b). A recent study showed that pennycress can be 

planted as a winter cover crop after corn in the fall and harvested in the spring without 

impeding subsequent soybean cultivation, or dramatically impacting soybean: yield, 

protein content, oil quantity and oil quality (Phippen and Phippen, 2012). Thus, 

implementation of pennycress will not require any new land or displace traditional food 

crops. A recent life cycle assessment indicates pennycress-derived fuels could qualify as 

advanced biofuels by the EPA Renewable Fuels Standard (Fan, 2013).  

While the inherent agronomic properties of pennycress are tractable, efforts are 

needed to maximize oilseed yield, content and composition, while reducing seed 
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dormancy and glucosinolates. Previous studies compared various genetic aspects of 

pennycress to its close relative Thlaspi caerulescens, which hyperaccumulates zinc and 

cadmium (Hammond et al., 2006, Milner and Kochian, 2008). The analysis of over 600 

pennycress ESTs revealed a close relationship between pennycress and Arabidopsis 

(Sharma et al., 2007). The limited genetic divergence between Arabidopsis and its wild 

relatives, such as pennycress, will facilitate the translation of the basic knowledge 

gleaned from years of Arabidopsis research.  

Here we report the sequencing, de novo assembly, and annotation of the 

transcriptome of several pennycress tissues, including roots, leaves, shoots, flowers, and 

seed pods. The draft transcriptome consists of 33,873 transcripts. Comparative analyses 

with other Brassicaceae species showed a high degree of conservation, which serves as a 

validation of the assembly. The comparative analysis to Arabidopsis thaliana allowed us 

to identify many pennycress orthologs likely responsible for controlling flowering time 

and glucosinolate metabolism. The pennycress dataset, along with further development of 

genomic tools and germplasm resources should provide unprecedented tools for 

beginning a breeding program.  
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Materials and Methods 

Plant growth conditions and RNA extraction  

Seed from a small natural population of Thlaspi arvense L. was collected near 

Coates, MN. Seeds were planted in moist Berger BM2 germination mix (Berger Inc., 

www.berger.ca) stratified for 7 days at 4º C, and then placed in a 21º C growth chamber. 

Individual seedlings were transferred to 4-inch pots after 2 weeks and were grown under 

banks of 6400K T5 fluorescent lights with a 16h/8h day/night cycle. To initiate 

flowering, 6-week old plants with established rosettes were covered and transferred to a 

4º C cold room for 14-29 days in the dark. After vernalization, plants were transferred 

back to the growth chamber and grown under 400W metal halide bulbs with a 16h/8h 

day/night cycle. Roots, hypocotyls, cotyledons, and young leaves were obtained by 

planting sterilized seed on 1X Murashige and Skoog medium with 0.8% agar. Seed was 

stratified at 4º C for 3 days, and then grown for 7 days in constant light under standard 

T12 fluorescent bulbs.  

RNA was extracted from 1.) roots from 12 seedlings grown on MS plates 2.) 

hypocotyls, cotyledons, young meristems, and first leaves from 12 seedlings grown on 

MS plates 3.) 4 new leaves from each of two 120 day old unvernalized plants 4.) aerial 

leaves and stems from 128 day old flowering plants and 5.) flowers and seed pods from 

128 day old flowering plants. RNA was purified using the RNeasy Plant Mini Kit 

(Qiagen, http://www.qiagen.com) following the manufacturer’s recommendations. 

Following the initial total RNA extraction, samples were treated with Ambion TURBO 

DNase (Life Technologies, http://www.lifetechnologies.com) following the 
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manufacturer’s recommended protocol, then immediately followed by the RNA cleanup 

procedure from the Qiagen RNeasy kit. 
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High Throughput RNA sequencing and de novo assembly  

A pooled sample containing equal amounts of purified total RNA from each of 

the 5 tissue samples were submitted to the University of Minnesota Biomedical 

Genomics Center for sequencing. RNA was subjected to quality control using the 

Invitrogen RiboGreen RNA assay (Life Technologies) and RNA integrity was analyzed 

using capillary electrophoresis on the Agilent BioAnalyzer 2100 (Agilent Technologies, 

http://www.agilent.com). Polyadentylated RNA was selected using oligo dT purification 

and reverse transcribed to cDNA. cDNA was fragmented, blunt ended, and ligated to the 

Illumina TruSeq Adaptor Index 3 (Illumina, Inc., http://www.illumina.com). The library 

was size selected for an insert size of 200 bp and quantified using the Invitrogen 

PicoGreen dsDNA assay (Life Technologies). The pooled RNA sample was sequenced 

using the Illumina HiSeq 2000 platform using 100 cycle, paired end reads, producing 

374M reads above Q30. Read pairs had an average insert size of 200 bp. Duplicate reads 

were removed and the first 10 nucleotides were trimmed from the 5’ end of each read 

using the corresponding tools in CLC Genomics Workbench 5.5 (CLC Bio, 

http://www.clcbio.com). The additional trimming parameters were: removal of low 

quality sequence-limit = 0.05; removal of ambiguous nucleotides: maximal 2 nucleotides 

allowed; removal of terminal nucleotides: 10 nucleotides from the 5’ end; removal of 

adaptor sequence: Illumina TruSeq Indexed Adapter 3 and Universal Adapter.  

Reads were de novo assembled into contigs using the CLC Genomics Workbench 5.5 de 

novo assembly tool. A series of independent assemblies were conducted to analyze the 

effects of varying the de novo assembly parameters. Assemblies were conducted with 
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varying word size (18, 24, 30, 36, 40, 46, 52, 58, 64), and with length fractions of 0.7 and 

0.95 for each. An additional 23 assemblies were conducted varying outside of these 

parameters, with a total of 41 assemblies conducted. The remaining assembly parameters 

were: auto bubble size: yes; minimum contig length: 300 bp; perform scaffolding: yes; 

mismatch cost: 3; insertion cost: 3; deletion cost: 3; update contigs: yes. Functional 

annotations and gene ontologies were assigned to each assembled contig from the final 

assembly using Blast2GO using the following parameters: BLASTx against NCBI non-

redundant protein database, minimum E-value=1.0E-3, and reporting the top 20 hits. 

Comparative BLAST searches against Arabidopsis were conducted using CLC Genomics 

Workbench BLAST function, using sequences obtained from the TAIR10 release 

(www.arabidopsis.org) of the Arabidopsis transcriptome and proteome (Lamesch et al., 

2012). Sequences for Arabidopsis lyrata (Hu et al., 2011), Capsella rubella (Slotte, 

2013), Brassica rapa (Wang et al., 2011b), and Thellungiella halophila were obtained 

from Phytozome v9.1 (www.phytozome.net). Further statistical analysis and figures were 

prepared using R (Team, 2008). The final assembly described here has been submitted to 

DDBJ/EMBL/GenBank under the accession GAKE01000000. The complete, annotated 

FASTA file is available at http://www.cbs.umn.edu/lab/marks/pennycress/transcriptome. 
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Results 

Generation of RNAseq reads and de novo assembly  

RNA was isolated from five different pennycress tissue types (see Experimental 

Procedures) and was sequenced on a single lane of the Illumina HiSeq 2000 platform 

(2x100 bp, insert size 200bp). A total of 374,725,460 reads with an average quality score 

>Q30 were obtained. After removing duplicate reads, trimming adaptors, and filtering for 

low quality sequences, a total of 203,003,444 unique, clean reads were obtained with an 

average length of 87.6 bp. The full, unfiltered short read dataset was deposited to the 

NCBI Short Read Archive under accession SRR802670.  

The filtered reads were de novo assembled using the CLC Genomics Workbench 

software package. The effect of varying de novo assembly parameters was examined by 

performing 41 separate assemblies. Word size (k-mer), match length (the percent length 

of a read needed to match the initial contig build), and match percent (the percent 

sequence identity needed to match a read to the initial contig build) were varied and the 

effect on various assembly statistics was examined. Regardless of match length and 

percent, smaller word sizes produced assemblies with smaller average contig lengths, but 

assembled a few contigs that were significantly larger (16-18 kb) compared to assemblies 

with word sizes of 52 or larger (15 kb). These large contigs are likely misassembled 

because each contained sequences similar to multiple Arabidopsis genes. The assemblies 

created with 95% match length and 95% match percent parameters were chosen for 

further comparison of how word size affected the relative assembly quality. Increasing 

the word size caused the percent of reads used in the final assembly and average contig 
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length to increase, while decreasing the number of contigs assembled. The assemblies 

with larger word sizes also had a higher percentage of contigs built with BLASTx hits to 

at least one Arabidopsis peptide. The statistics regarding the assembly optimization and 

BLAST results for the assembly with word size 64, 95% match length, and 95% match 

percent are shown in Supporting Table S1 of Dorn et al. (2013). 

The assembly with a word size of 64, 95% match length, and 95% match percent 

was chosen for further analysis and annotation due to the high assembly statistics, while 

yielding a high proportion of assembled transcripts with significant matches to 

Arabidopsis genes. A summary of sequencing reads and assembly statistics is shown in 

Table 2-1. The sequences from this assembly have been submitted to NCBI under 

Bioproject ID PRJNA183631. A total of 33,874 contigs were built using these 

parameters.  This includes a spiked phiX174 genome sequence that serves as a 

sequencing control, which was subsequently removed from the final assembly and total 

assembly length. The mean contig length was 1,242 bp, with a minimum and maximum 

contig length of 215 bp and 15,516 bp, respectively. The size distribution of contig 

lengths is shown in Figure 2-1. The N50 statistic was 1,729 bp, meaning all contigs this 

size or larger encompassed at 50% of the total 42,069,800 bp assembly length.  
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Annotation and functional characterization of pennycress transcripts   

The pennycress transcriptome sequences were annotated using Blast2GO Pro 

(Conesa et al., 2005). The database used in this analysis only contains well-characterized 

sequences and does not include sequences from resources such as newly assembled draft 

genomes. The taxonomic distribution from this analysis was examined (Figure 2-2). Over 

20,000 transcripts had top hits to an Arabidopsis species, among them, 11,936 transcripts 

had a top hit to Arabidopsis thaliana, while 11,364 transcripts had top hits to Arabidopsis 

lyrata. Nearly 75% of the pennycress transcripts had top BLAST hits within the 

Brassicaceae family. The sister genus, Brassica, had a large proportion of these top hits: 

Brassica rapa (283), Brassica napus (233), and Brassica oleraceae (164). 713 transcripts 

had top matches to other plant sequences outside the Brassicaceae. 24% of the transcripts 

had top BLAST hits to non-plant sequences or no significantly similar sequence in the 

public database, with ~4% and ~19%, respectively. The complete dataset from the final 

assembly including annotations and associated GO terms from this analysis are available 

in Supporting Table S2 of Dorn et al. (2013). The complete file containing the annotated 

pennycress transcript sequences is available at pennycress.umn.edu. 

Annotations and associated cellular component (CC), molecular function (MF), 

and biological process (BP) gene ontology (GO) terms were produced for each 

pennycress transcript. 27,456 transcripts had a significant hit in the public databases 

(BLAST E-value << 0.01). 26,797 transcripts received at least one GO annotation. The 

most highly represented BP GO terms were oxidation-reduction process (1403 

transcripts) and DNA-dependent regulation of transcription (1255 transcripts). GO terms 
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associated with response to cold (727 transcripts), the vegetative to reproductive phase 

transition of the meristem (462 transcripts), and the regulation of flower development 

(411) were also highly represented. The 50 most represented GO-terms are shown in 

Supporting Figure S1 of Dorn et al. (2013).  
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Comparative transcriptomics of the pennycress and to other Brassicaceae species   

Previous molecular analyses of the Brassicaceae have divided the family into 

three basic lineages, recently reviewed in (Franzke et al., 2011). Thlaspi arvense is a 

member of the expanded lineage 2, and is more closely related to Thellungiella halophila 

and other Eutrema/Thellungiella species than the Brassica species in lineage 2 (Figure 2-

3). Arabidopsis thaliana, Arabidopsis lyrata, and Capsella rubella are members of 

lineage 1. To explore the relationship between pennycress and other Brassicaceae at the 

transcriptome level, we compared the assembled translated pennycress transcriptome to a 

peptide database derived from the sequenced genomes of Arabidopsis thaliana, 

Arabidopsis lyrata, Capsella rubella, Brassica rapa, and Thellungiella halophila. A 

BLASTx comparison of the pennycress transcriptome to this peptide database showed 

that 16,298 of the 33,873 pennycress contigs had significant (e ≤ 0.05) top hits to T. 

halophila (Figure 2-4). B. rapa had the next highest number of top hits (4,972), and the 

Lineage 1 species having approximately 3,000 each. A BLASTx comparison of the 

remaining sequences without significant hits to one of the five Brassicaceae species 

revealed that 3,386 sequences had no significant hit in the NCBI non-redundant (nr) 

peptide database. This BLAST search returned 779 pennycress contigs with significant 

hits in the nr peptide database, including 424 fungi. Many of these fungal hits (273) were 

fungal plant pathogens, including Fusarium, Pyrenophora, Phaeosphaeria, 

Leptosphaeria, and Bipolaris (Supporting Table S3 of Dorn et al. (2013). These fungal 

transcripts were left in the assembly as the association between pennycress and these 

fungi may be informative in future analyses.  
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To examine the degree of conservation between pennycress and other sequenced 

Brassicaceae species, five pairwise tBLASTn comparisons were made between 

pennycress and each of the five Brassicaceae species (Figure 2-5). T. halophila had the 

highest number of sequences with significant hits to the pennycress database (e  ≤ 0.05 

and ≥70% positive match percent), along with the greatest proportion of peptides with 

significant matches (24,411/29,284). All of these five species had at least 72% of their 

proteins significantly represented in the pennycress database. All five Brassicaceae 

genomes share 14,677 of the pennycress transcripts (e ≤ 0.05 and ≥70% positive percent). 

An additional 4,547 sequences were shared between pennycress and at least one of the 

other Brassicaceae species. The tBLASTn results from this analysis are available in 

Supporting Table S4 of Dorn et al. (2013). A global view of the top pennycress transcript 

and the similarity to each Arabidopsis thaliana peptide (primary transcripts only) is 

shown in Figure 2-6. 14,186 of the 27,416 Arabidopsis loci had transcripts with >70% 

similarity and >70% coverage in the pennycress transcriptome. 

To more closely examine the level of global sequence conservation between 

pennycress and Arabidopsis thaliana, we further examined a BLASTx comparison of the 

pennycress transcriptome assembly to the Arabidopsis TAIR10 peptide database (primary 

transcripts only). The relative homology of each predicted peptide to the most similar 

Arabidopsis protein was measured by the percent of positive sequence similarity (Figure 

2-7) and percent coverage (Figure 2-8). A smooth scatter plot representing the percent 

similarity and percent coverage for each pennycress sequence compared to the closest 

Arabidopsis peptide sequence is shown in Figure 2-9. A large proportion (>85%) of 
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transcripts possess at least 70% similarity to an Arabidopsis protein. A total of 16,556 

pennycress transcripts had at least one match to an Arabidopsis gene with >70% 

similarity / >70% coverage (Figure 2-9, boxes). 4,846 pennycress transcripts were ≥95% 

similarity and coverage, 9,685 transcripts were between 80-95% similarity and coverage, 

while 2,025 transcripts were between 70-80% similarity and coverage. 17,317 transcripts 

were <70% similarity and coverage.  4,783 transcripts lacked a significant BLASTx hit (e 

≤ 0.05) to an Arabidopsis peptide.  
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Identification of candidate pennycress genes controlling flowering time and 

glucosinolate levels  

The close evolutionary relationship between pennycress and Arabidopsis enabled 

the identification of pennycress orthologs likely responsible for controlling important 

agronomic traits like time to flower and glucosinolate metabolism. For each pennycress 

transcript, the top 20 BLASTx hit against the Arabidopsis peptide database was mined for 

hits to Arabidopsis genes known to control these traits. For these transcripts, the longest 

theoretical translation was obtained to explore protein sequence conservation. The 

nucleotide sequences and predicted peptides for each sequence, along with the amino 

acid alignment to their respective Arabidopsis homolog are shown in Supporting Data S1 

of Dorn et al. (2013).  

To investigate the conservation of the flowering time pathway in pennycress, we 

attempted to reconstruct the flowering pathway in Arabidopsis using predicted peptides 

from the transcriptome assembly (Jung and Müller, 2009). Full length (Met to Stop) 

predicted peptides with high homology to their respective Arabidopsis peptides for 

VRN1, VRN2, VIN3, LHP1, FLC, SVP, TSF, AGL19, SOC1, FT, LHY, TOC1, PRR7, 

PRR9, FKF1, and GI. Partial or incomplete matches were found for MSI1, FD, TFL1, 

AP1, FUL, CCA1, and CO.  None of the pennycress transcripts had a top hit to the 

Arabidopsis FRI locus (AT4G00650), however, we found a 613aa predicted peptide 

similar to B. napus FRI.a [GenBank: AFA43306.1], previously shown to be a major 

determinant of flowering in rapeseed (Wang et al., 2011a). A pennycress ortholog for 

LEAFY (AT5G61850) was also not found in the final assembly. However, truncated 



 

  64 

transcripts similar to the Arabidopsis LEAFY sequence were detected in the assemblies 

created using word size 24, 30, and 46 (95% match length and percent). Putative 

orthologs of the FRIGIDA protein complex were also found (Choi et al., 2011). Full 

length predicted peptides with high sequence similarity were found for EFS 

(AT1g77300), SUF4 (AT1G30970), FLX (AT2G30120), FES1 (AT2G33835), FRL1 

(AT5G16320), and YAF9 (AT5G45600). No unique matches were found for TAF14 

(AT2G18000). A reconstruction of the flowering time pathway using pennycress 

transcripts is shown in Figure 2-10.  

Through comparative transcriptomics, we have identified orthologs of both 

myrosinases and specifier proteins likely responsible for controlling the break down of 

glucosinolates in pennycress. We performed a BLASTx comparison of the pennycress 

transcriptome assembly against the Arabidopsis proteome for the main myrosinases 

(TGG1-6 and PEN2) and specifier proteins (ESP/ESR and NSP1-5) responsible for 

glucosinolate breakdown in Arabidopsis. An Arabidopsis TGG1-ortholog was found 

whose longest open reading frame produced a predicted peptide with high sequence 

conservation compared to Arabidopsis. The top BLASTp hit against the non redundant 

protein database was a Eutrema wasabi myrosinase [GenBank:BAE16356]. The 

predicted peptide from another pennycress transcript was found to be highly similar to 

Arabidopsis TGG4. This predicted peptide had a top BLASTp hit to a myrosinase from 

Amoracia rusticana (horseradish) [AEZ01595.1]. An ortholog for the Arabidiopsis 

atypical myrosinase PEN2 was also found. The pennycress PEN2 predicted peptide has 
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95% sequence identity conservation to an unnamed protein product from T. halophila 

[GenBank:BAJ34425.1].  

The conservation of specifier proteins was also examined. Three pennycress 

transcripts were found to have high homology to three Arabidopsis NSP genes. A full 

length predicted peptide similar to the AtNSP1 peptide, but was most similar to the 

nitrile-specifier protein from another member of the Brassicaceae, Schouwia purpurea 

[GenBank:AFP47629.1]. Another transcript was found which encoded for a 1073 aa 

predicted peptide with high sequence similarity to the C-terminal Kelch domain containg 

region of AtNSP4. The N-terminus of this peptide has high similarity to other AtNSPs. A 

third transcript was found to encode for a predicted peptide with high similarity to 

AtNSP5. We also identified orthologs to the glucosinolate transporters GTR1 and GTR2 

in the pennycress transcriptome. These predicted peptides have significant homology to 

the Arabidopsis GTR1 (AT3G47960) and GTR2 (AT5G62680) peptides.  

This comparison of assembly coverage is at least qualitatively indicative of 

expression level differences in the total RNA library. Albeit, directly comparing the non-

normalized statistic of average coverage across transcripts for quantification is 

inappropriate, we observed many high coverage transcripts related to glucosinolate 

metabolism. Interestingly, we observed that among the 100 transcripts with the highest 

average coverage, 6 were similar to beta-glucosidase (2 transcripts), myrosinases (3 

transcripts), and myrosinase-binding protein (1 transcript). The remaining 94 transcripts 

in this group could be considered ‘house keeping’ genes. Predictably, most of these 

transcripts are involved in photosynthetic processes.  It remains unknown whether the 
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high levels of glucosinolates and glucosinolate byproducts in pennycress is simply due to 

high expression of these myrosinates and/or specifier proteins, unique activity, unique 

hormonal regulation of activity or expression, or some combination of these.  
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Discussion 

Comparative transcriptomics of pennycress and Arabidopsis  

We have sequenced, assembled, and annotated the pennycress transcriptome. The 

draft transcriptome consists of 33,873 unique sequences, of which 27,442 were annotated 

with the Blast2GO pipeline. Of these transcripts, 35% were most similar to an 

Arabidopsis thaliana gene, and 74% had top hits in the Brassicaceae, indicating a high 

level of sequence conservation across the family. BLAST comparisons between 

pennycress and five other sequenced Brassicaceae species showed our pennycress 

transcriptome has good coverage of homologous sequences. These analyses are 

consistent with previous phylogenetic findings that pennycress is more closely related to 

T. halophila than to Brassica species (Franzke et al., 2011).  

The total transcriptome assembly length was over 42 Mbp. The pennycress 

genome (2n=14) is approximately 539 Mbp (Johnston, 2005, Hume et al., 1995). 

Comparatively, the Arabidopsis genome (2n=10) is estimated to be 125 Mbp (Kaul et al., 

2000), with the latest genome annotation release (TAIR10) containing 33,602 genomic 

features, including 27,416 protein-coding genes. Brassica rapa has 41,174 protein coding 

genes with an average transcript/coding lengths of 2015/1172 bp (Wang et al., 2011b). 

The number of genes identified here in pennycress, along with the estimated genome 

size, matches similar observations on total gene number in the Arabidopsis and B. rapa 

genomes.  
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Characterization of pennycress glucosinolate metabolism and translocation 

Many plants in the order Brassicales produce high levels of glucosinolates and 

glucosinolate hydrolysis products, which are thought to serve a defensive function (Bones 

and Rossiter, 1996). Glucosinolates are one of the most highly characterized secondary 

metabolites in Arabidopsis (Wittstock and Burow, 2010).  Myrosinases, also known as 

thioglucoside glucohydrolases, hydrolyze the glucosinolate, forming an intermediate 

aglycone. The aglycone is either spontaneously rearranged to form isothiocyanates, or 

converted to a simple nitrile, epithionitrile, or thiocyanate by specifier proteins. The 

levels of glucosinolates and glucosinolate byproducts have been characterized in 

pennycress (Warwick et al., 2002, Kuchernig et al., 2011), motivated by the 

characteristic ‘garlic-like’ odor of the species. This has led to another common name of 

this species: ‘stinkweed’. A single thiocyanate-forming protein (TaTFP) has previously 

been identified and characterized in pennycress (Kuchernig et al., 2011). Pennycress seed 

has also been investigated for its biofumigant properties-likely due to the high levels of 

glucosinolates in the seeds (Vaughn et al., 2005). After oil is pressed from pennycress 

seed, the remaining presscake still has economic potential. Pennycress seedcake has high 

levels of protein (25%), which has the potential to serve as an animal feed supplement or 

use in industrial products (Selling et al., 2013). However, the high levels glucosinolates, 

which in high levels can be toxic to animals, would prohibit this use (Vaughn et al., 2005, 

Best and Mcintyre, 1975, Warwick et al., 2002). Previous work in Arabidopsis identified 

key glucosinolate transporters responsible for translocating glucosinolates (Nour-Eldin et 

al., 2012). The Arabidopsis double mutant gtr1 gtr2 showed significantly reduced levels 
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of glucosinolates in seed. We predict loss of function mutations in the pennycress GTR-

like genes identified here would cause a reduction in seed glucosinolate levels. 
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Genetics of flowering time in winter annual pennycress 

The genetic mechanisms controlling the transition from vegetative to reproductive 

growth has been widely studied in Arabidopsis and other plant species (Simpson and 

Dean, 2002, Amasino, 2005, Kim et al., 2009). In many species adapted to winter 

climates, a period of cold provided by overwintering is required to render plants 

competent to flower, a process known as vernalization. In many crucifer species there is 

natural variation in populations adapted to different climates. Much of this variation is 

attributed to the complex interaction of FRIGIDA (FRI), the FRIGIDA protein complex, 

and FLOWERING LOCUS C (FLC), which serve as the main response to vernalization 

(Choi et al., 2011). The period of vernalization provided by winter epigenetically 

represses FLC (Michaels and Amasino, 2001, Sheldon et al., 2000). This lifts 

transcriptional repression of FLC on FLOWERING LOCUS T (FT), a main integrator of 

environmental cues promoting flowering. ‘Fast-cycling’ lines of Arabidopsis contain a 

loss of function mutation in FRI (Gazzani, 2003, Johanson et al., 2000).  

Variation of FRI and FLC orthologs in B. rapa (Schranz et al., 2002, Yuan et al., 

2009), B.oleracea (Irwin et al., 2012), and B. napus (Wang et al., 2011a, Tadege et al., 

2001) are associated with vernalization and flowering. Both ‘early’ and ‘late’ flowering 

lines of pennycress have been reported (Best and Mcintyre, 1976). Much like the fast 

cycling lines of Arabidopsis, the ‘early’ pennycress lines will flower without a period of 

vernalization, exhibiting a spring annual habit. The late flowering lines instead will grow 

for a period of time in the fall as a vegetative rosette, but not flower until the spring. The 

genetic differences between winter and spring annual pennycress lines was determined to 
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be caused by a single dominant allele (Mcintyre and Best, 1978). We predict that natural 

variation between spring and winter lines are due to mutations in FRI or FLC-like genes. 

In order for pennycress to be easily integrated as a winter cover crop throughout different 

climates, precise control of spring flowering time is needed. Perturbations of the 

flowering time pathway in cultivated species has served as an important tool for 

controlling flowering time through breeding and genetic modification (Jung and Müller, 

2009). Our identification of the orthologous genes likely responsible for controlling 

flowering time will be a useful tool for making rapid improvements in the pennycress 

germplasm.  
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Considerations regarding de novo transcriptome assembly 

Varying de novo assembly parameters using short read data has been shown to 

assemble unique transcripts corresponding to real genes (Zhao et al., 2011). In this study, 

we chose a single assembly due to the assembly statistics and high number of transcripts 

with significant similarity to Arabidopsis peptides. The finding of a high number of 

potentially orthologous sequences in the pennycress and its relatives provides one 

validation of the pennycress assembly. However, different assembly programs and 

parameters can affect the assembly of both highly and lowly expressed transcripts 

(Gongora-Castillo and Buell, 2013, Zhao et al., 2011). For example, large word sizes 

poorly assemble lowly expressed genes (Gruenheit et al., 2012). Thus, it is not expected 

that any one assembly will truly represent the complete biological transcriptome. This 

was highlighted in the current analysis between pennycress and Arabidopsis. We 

predicted that a LEAFY-like ortholog should be represented in our RNA pools, but it was 

not assembled in the final assembly.  Using smaller word sizes (24, 30, 46) did result in 

the assembly of LEAFY-like transcripts - see transcript sequences in Supporting Data S1 

of Dorn et al. (2013). These transcripts had low coverage (7x average) with few mapped 

reads. Combined with the high number of reads used to create our final assembly (over 

200 million), this indicates the pennycress LEAFY ortholog was expressed at low levels 

in our sample and likely not assembled in the final assembly due to the larger word size. 

In our optimization, smaller word sizes also resulted in the assembly of some obviously 

misassembled transcripts where multiple transcripts from unlinked genes were joined 
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together. These results further support the need for a full characterization of the potential 

changes caused by various de novo assembly parameters.  
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Future Perspectives 

We have identified pennycress homologs likely responsible for controlling key 

agronomic traits like seed glucosinolate levels and flowering time, which are primary 

targets for future research in order to improve the pennycress germplasm. It should be 

straightforward to make improvements using reverse genetic approaches to identify 

inactive or altered alleles by using well established TILLING protocols (Kurowska et al., 

2011, McCallum et al., 2000). Our on going sequencing of the pennycress genome will 

enable rapid screening of TILLING populations through NGS. In addition, the ability to 

make improvements using transgenic approaches to modify gene expression by 

overexpression or knockout down of endogenous gene expression or via expression of 

novel genes lies on the immediate horizon as we have found that pennycress is relatively 

easy to regenerate (unpublished observation). Pennycress has tremendous agronomic 

potential as a winter cover and new source of oilseeds. A recent report by the MIT Joint 

Program on Science and Policy of Global Change indicates the pennycress could be 

grown on over 40 million acres each year, yielding up to 6 billion gallons of oil that can 

be converted to biodiesel (Moser et al., 2009a, Winchester, 2013). This represents 

approximately 15% of the 40 billion gallons of diesel consumed annually in the US. The 

recent advances in ‘omics-based’ technologies will allow the resources developed here to 

make rapid improvements to the pennycress germplasm.  
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Table 2-1 Illumina RNAseq reads and de novo assembly statistics 

 

 

 

 

 

 

 

 

 

 

Number of raw, unfiltered reads 374,725,460 

Total length of reads, pre-filtering (bp) 37,472,546,000 

Total length of reads, post-filtering (bp) 17,799,652,172 

Number of trimmed, unique reads 203,003,444 

Number of contigs 33,873 

Average contig length (bp) 1,242 

Minimum/maximum contig length (bp) 215/15,516 

N50 (bp) 1,729 

Total assembly length (bp) 42,069,800 



 

  76 

 

 

 

 

Figure 2-1  - Contig length distribution of assembled transcripts 

Histogram of the length distribution of assembled contigs.  

 

 

 

 

contigs were assembled using these parameters. This
includes a spiked phiX174 genome sequence that serves
as a sequencing control, which was subsequently removed
from the final assembly and total assembly length. The
mean contig length was 1242 bp, with minimum and maxi-
mum contig lengths of 215 and 15 516 bp, respectively.
The size distribution of contig lengths is shown in Fig-
ure 1(a). The N50 was 1729 bp, meaning all contigs this
size or larger encompassed 50% of the total 42 069 800 bp
assembly length. This Transcriptome Shotgun Assembly
project has been deposited at DDBJ/EMBL/GenBank under
the accession GAKE00000000. The version described in this
paper is the first version, GAKE01000000. Approximately
1.5% of the contigs were excluded from the archives
due to the number of ambiguous nucleotides in those
sequences. The complete, annotated FASTA file is
available at http://www.cbs.umn.edu/lab/marks/pennycress/
transcriptome.

Annotation and functional characterization of pennycress

transcripts

The pennycress transcriptome sequences were annotated
using Blast2GO Pro (Conesa et al., 2005). The database
used in this analysis only contains well-characterized
sequences and does not include sequences from
resources such as newly assembled draft genomes. The
taxonomic distribution from this analysis was examined
(Figure 1b). Over 20 000 transcripts had top hits to an
Arabidopsis species, including 11 936 transcripts with a
top hit to A. thaliana, and 11 364 transcripts with a top
hit to Arabidopsis lyrata. Almost 75% of the pennycress
transcripts had top BLAST hits within the Brassicaceae
family. Species of the sister genus, Brassica, had a large
proportion of these top hits: Brassica rapa (283), Brassica
napus (233) and Brassica oleraceae (164). Top matches
to plant sequences outside the Brassicaceae were found
for 713 transcripts. Overall, approximately 23% of the
transcripts had top BLAST hits to either non-plant
sequences or lacked significant similarity to any
sequence in the public database (Figure 1b). The com-
plete dataset from the final assembly including annota-
tions and associated GO terms from this analysis is
provided in Table S2.

Annotations and associated cellular component, molec-
ular function and biological process gene ontology (GO)
terms were produced for each pennycress transcript. A
total of 27 456 transcripts had a significant hit in the pub-
lic databases (BLAST E-value ! 0.01), and 26 797 tran-
scripts received at least one GO annotation. The most
highly represented biological process GO terms were oxi-
dation/reduction processes (1403 transcripts) and DNA-
dependent regulation of transcription (1255 transcripts).
GO terms associated with response to cold (727 tran-
scripts), the vegetative to reproductive phase transition of

Table 1 Illumina RNA-seq reads and de novo assembly statistics

Parameter Value

Number of raw unfiltered reads 374 725 460
Total length of reads pre-filtering (bp) 37 472 546 000
Total length of reads post-filtering (bp) 17 799 652 172
Number of trimmed unique reads 203 003 444
Number of contigs 33 873
Mean contig length (bp) 1242
Minimum/maximum contig length (bp) 215/15 516
N50 (bp) 1729
Total assembly length (bp) 42 069 800

A pooled RNA sample consisting of representative plant tissues
was sequenced using the Illumina HiSeq 2000 platform
(2 9 100 bp). Duplicate reads were removed first, then filtered for
quality score, trimmed, and assembled into contigs using the de
novo assembly tool in CLC Genomics Workbench.
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Figure 1. Contig length distribution and taxonomic distribution of top annotation hits.
(a) Histogram of the length distribution of assembled contigs.
(b) Taxonomic distribution of the top BLAST hits for each transcript in the de novo transcriptome assembly from Blast2GO. Only taxonomic data for the top BLAST

result of each transcript are shown.
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Figure 2-2 – Taxonomic distribution of top BLAST2GO hits 

The taxonomic distribution of the top BLAST hits for each transcript in the de novo 

transcriptome assembly from Blast2GO. Only taxonomic data for the top BLAST result 

of each transcript is shown. 
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from the final assembly and total assembly length. The
mean contig length was 1242 bp, with minimum and maxi-
mum contig lengths of 215 and 15 516 bp, respectively.
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transcripts
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using Blast2GO Pro (Conesa et al., 2005). The database
used in this analysis only contains well-characterized
sequences and does not include sequences from
resources such as newly assembled draft genomes. The
taxonomic distribution from this analysis was examined
(Figure 1b). Over 20 000 transcripts had top hits to an
Arabidopsis species, including 11 936 transcripts with a
top hit to A. thaliana, and 11 364 transcripts with a top
hit to Arabidopsis lyrata. Almost 75% of the pennycress
transcripts had top BLAST hits within the Brassicaceae
family. Species of the sister genus, Brassica, had a large
proportion of these top hits: Brassica rapa (283), Brassica
napus (233) and Brassica oleraceae (164). Top matches
to plant sequences outside the Brassicaceae were found
for 713 transcripts. Overall, approximately 23% of the
transcripts had top BLAST hits to either non-plant
sequences or lacked significant similarity to any
sequence in the public database (Figure 1b). The com-
plete dataset from the final assembly including annota-
tions and associated GO terms from this analysis is
provided in Table S2.

Annotations and associated cellular component, molec-
ular function and biological process gene ontology (GO)
terms were produced for each pennycress transcript. A
total of 27 456 transcripts had a significant hit in the pub-
lic databases (BLAST E-value ! 0.01), and 26 797 tran-
scripts received at least one GO annotation. The most
highly represented biological process GO terms were oxi-
dation/reduction processes (1403 transcripts) and DNA-
dependent regulation of transcription (1255 transcripts).
GO terms associated with response to cold (727 tran-
scripts), the vegetative to reproductive phase transition of

Table 1 Illumina RNA-seq reads and de novo assembly statistics

Parameter Value

Number of raw unfiltered reads 374 725 460
Total length of reads pre-filtering (bp) 37 472 546 000
Total length of reads post-filtering (bp) 17 799 652 172
Number of trimmed unique reads 203 003 444
Number of contigs 33 873
Mean contig length (bp) 1242
Minimum/maximum contig length (bp) 215/15 516
N50 (bp) 1729
Total assembly length (bp) 42 069 800

A pooled RNA sample consisting of representative plant tissues
was sequenced using the Illumina HiSeq 2000 platform
(2 9 100 bp). Duplicate reads were removed first, then filtered for
quality score, trimmed, and assembled into contigs using the de
novo assembly tool in CLC Genomics Workbench.
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Figure 1. Contig length distribution and taxonomic distribution of top annotation hits.
(a) Histogram of the length distribution of assembled contigs.
(b) Taxonomic distribution of the top BLAST hits for each transcript in the de novo transcriptome assembly from Blast2GO. Only taxonomic data for the top BLAST

result of each transcript are shown.
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Figure 2-3 – Representation of Brassica family phylogenetic tree  

Brassicaceae phylogeny, adapted from Beilstein et al. (2010) and Franzke et al. (2011).  

 

 

 

 

 

 

the meristem (462 transcripts) and the regulation of
flower development (411) were also highly represented.
The 50 most highly represented GO terms are shown in
Figure S1.

Comparative transcriptomics of pennycress versus other

Brassicaceae species

Previous molecular analyzes of the Brassicaceae have
divided the family into three basic lineages, recently
reviewed by Franzke et al. (2011). Thlaspi arvense is a

member of expanded lineage 2, and is more closely related
to Thellungiella halophila and other Eutrema/Thellungiella
species than the Brassica species in lineage 2 (Figure 2a).
Arabidopsis thaliana, A. lyrata and Capsella rubella are
members of lineage 1. To explore the relationship between
pennycress and other Brassicaceae at the transcriptome
level, we compared the assembled translated pennycress
transcriptome to a peptide database derived from the
sequenced genomes of A. thaliana, A. lyrata, C. rubella,
B. rapa and T. halophila. A BLASTx comparison of the pen-
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Figure 2. Comparative transcriptomics of pennycress versus five Brassicaceae species.
(a) Representation of the Brassicaceae phylogeny, adapted from Beilstein et al. (2010) and Franzke et al. (2011).
(b) BLASTx comparison of the pennycress transcriptome assembly versus A. thaliana, Arabidopsis lyrata, Brassica rapa, Capsella rubella and Thellungiella halo-
phila. The top BLAST hit (e ≤ 0.05) for each pennycress transcript versus the five species is shown. Contigs without significant hits were then compared to the
NCBI peptide non-redundant database.
(c) Five pairwise tBLASTn comparisons of Brassicaceae species to the pennycress transcriptome assembly. Sequences with significant homology (e ≤ 0.05 and
positive match percentage 370%) shared between the five Brassicaceae species and pennycress (Thlaspi arvense) are shown in the inner circle.
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Figure 2-4  - Comparative BLASTx analysis of pennycress to five Brassicaceae 

species  

BLASTx comparison of the pennycress transcriptome assembly to A. thaliana, A. lyrata, 

B. rapa, C. rubella, and T. halophila. The top BLAST hit (e ≤ 0.05) for each pennycress 

transcript to the five species is shown. Contigs without significant hits were then 

compared to the NCBI peptide non-redundant (nr) database. 
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pennycress and other Brassicaceae at the transcriptome
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Figure 2. Comparative transcriptomics of pennycress versus five Brassicaceae species.
(a) Representation of the Brassicaceae phylogeny, adapted from Beilstein et al. (2010) and Franzke et al. (2011).
(b) BLASTx comparison of the pennycress transcriptome assembly versus A. thaliana, Arabidopsis lyrata, Brassica rapa, Capsella rubella and Thellungiella halo-
phila. The top BLAST hit (e ≤ 0.05) for each pennycress transcript versus the five species is shown. Contigs without significant hits were then compared to the
NCBI peptide non-redundant database.
(c) Five pairwise tBLASTn comparisons of Brassicaceae species to the pennycress transcriptome assembly. Sequences with significant homology (e ≤ 0.05 and
positive match percentage 370%) shared between the five Brassicaceae species and pennycress (Thlaspi arvense) are shown in the inner circle.
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Figure 2-5  - Comparative tBLASTn analysis of pennycress to five Brassicaceae 

species  

Five pairwise tBLASTn comparisons of Brassicaceae species to the pennycress 

transcriptome assembly. Sequences with significant homology (e ≤ 0.05 and positive 

percent ≤ 70%) shared between the five Brassicaceae species and pennycress (Thlaspi 

arvense) are shown on the inner circle.  
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level, we compared the assembled translated pennycress
transcriptome to a peptide database derived from the
sequenced genomes of A. thaliana, A. lyrata, C. rubella,
B. rapa and T. halophila. A BLASTx comparison of the pen-

Brassica rapa

Capsella rubella 

Arabidopsis lyrata 3105 

Arabidopsis thaliana 
Thellungiella

halophila
16298 

Significant nr BLASTxLineage 1 - Arabidopsis spp. 
Capsella rubella    

Lineage 3 - Euclidieae
Anastaticeae

Lineage 2 - Brassica spp.   

Thellungiella halophila

Thlaspi arvense

Arabidopsis thaliana

Arabidopsis lyrata Brassica rapa

Thellungiella halophilaCapsella rubella

Thlaspi
arvense

5,584 

22,863 24,411 

4,873 

7,719 

33,300 

8,915 

23,755 

6,371 

29,015 

(a)

(c)

(b)

Figure 2. Comparative transcriptomics of pennycress versus five Brassicaceae species.
(a) Representation of the Brassicaceae phylogeny, adapted from Beilstein et al. (2010) and Franzke et al. (2011).
(b) BLASTx comparison of the pennycress transcriptome assembly versus A. thaliana, Arabidopsis lyrata, Brassica rapa, Capsella rubella and Thellungiella halo-
phila. The top BLAST hit (e ≤ 0.05) for each pennycress transcript versus the five species is shown. Contigs without significant hits were then compared to the
NCBI peptide non-redundant database.
(c) Five pairwise tBLASTn comparisons of Brassicaceae species to the pennycress transcriptome assembly. Sequences with significant homology (e ≤ 0.05 and
positive match percentage 370%) shared between the five Brassicaceae species and pennycress (Thlaspi arvense) are shown in the inner circle.

© 2013 The Authors
The Plant Journal © 2013 John Wiley & Sons Ltd, The Plant Journal, (2013), 75, 1028–1038
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Figure 2-6 Global comparison of the Arabidopsis and pennycress transcriptomes 
 

Global representation of the Arabidopsis transcriptome reconstructed using pennycress 

transcripts. Each of the five Arabidopsis chromosomes (Chr 1-5) is shown with each gene 

model relative to chromosomal position with dark bars. The percent of sequence 

similarity is shown in the positive y-axis, and percent of the Arabidopsis peptide covered 

with this similarity in the negative y-axis (light bars). White regions represent non-genic 

regions. The similarity and coverage of the most similar pennycress transcript is shown as 

a light bar for each Arabidopsis gene. 
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Figure 2-7  - Similarity of pennycress transcripts to Arabidopsis genes  

Histogram showing frequency vs. percent similarity (positive amino acid identity) of 

pennycress contigs to an Arabidopsis peptide from a global BLASTx comparison of the 

pennycress transcriptome the Arabidopsis predicted protein set.  
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Figure 2-8 - Coverage of pennycress transcripts to Arabidopsis genes  

Histogram showing Frequency vs. percent coverage (longest positive hit/peptide length) 

of pennycress contigs to an Arabidopsis peptide from a global BLASTx comparison of 

the pennycress transcriptome the Arabidopsis predicted protein set. (note: most 

assembled pennycress transcripts have high coverage which greatly skews the histogram 

to the right)  
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Figure 2-9 Similarity and Coverage of pennycress transcripts versus Arabidopsis 

genes 

Smoothed color density representation of the percent similarity (x-axis) of each 

pennycress transcript plotted against the percent coverage of the Arabidopsis protein 

similarity (y-axis). Plot produced using the ‘smoothScatter’ function in R (R Team, 

2008), which produces a smoothed density representation of the scatterplot using a kernel 

density estimate (nbin=100). Darker color indicates a higher density of transcripts in a 

given position, with the darkest ‘bin’ containing over 700 transcripts. Boxes 

encompassing transcripts encoding peptides with 70%, 80%, and 95% sequence 

similarity and coverage are shown in the upper right corner. Raw similarity and coverage 

data is available in Supporting Table S2 of Dorn et al. (2013).   

 
 
 
 
 
 
 
 
 
 

 

 



 

  89 
 

V
IN

3 
 

AT
5G

57
38

0 
(#

43
45

) 

V
R

N
2 

 

V
R

N
1 

 
 

FL
C

 
AT

5G
10

14
0 

(#
18

98
) 

FR
I *

**
 

AT
4G

00
65

0 
 (#

79
97

) 

M
SI

1 
AT

5G
58

23
0 

(#
14

95
6)

 

**
*s

ee
 te

xt
 re

ga
rd

in
g 

FR
IG

ID
A

 a
nd

 L
EA

FY
 h

om
ol

og
s  

SO
C

1 
AT

2G
45

66
0 

(#
10

71
9)

 

A
G

L1
9 

AT
4G

22
95

0 
(#

21
51

1)
 

LF
Y

**
* 

AT
5G

61
85

0 

FT
 

AT
1G

65
48

0 
(#

15
41

5)
 

FD
 

AT
4G

35
90

0 
(#

20
83

0)
 C

O
 

AT
5G

15
84

0 
(#

13
48

6)
 

SV
P 

AT
2G

22
54

0 
(#

11
51

4)
 

C
D

F1
 

AT
5G

62
43

0 
(#

14
11

) 

TF
L1

 
AT

5G
03

84
0 

(#
19

71
7)

 

A
P1

 
AT

1G
69

12
0 

(#
21

51
1)

 

C
A

L 
AT

1G
26

31
0 

(#
16

65
3)

 

FU
L 

AT
5G

60
91

0 
(#

10
66

2)
 

Ve
ge

ta
tiv

e 
 

Fl
ow

er
in

g 

LH
Y

 
AT

1G
01

06
0 

(#
25

45
) 

G
I 

AT
1G

22
77

0 
(#

45
9)

 

PR
R

7 
AT

5G
02

81
0 

(#
20

06
) 

PR
R

9 
AT

2G
46

79
0 

(#
11

79
1)

 

C
C

A
1 

AT
2G

46
83

0 
(#

67
72

) 

FK
F1

 
AT

1G
68

05
0 

(#
15

33
3)

 

TO
C

1 
AT

5G
61

38
0 

(#
15

14
4)

 

FR
IG

ID
A

 C
om

pl
ex

 --
 C

ho
i e

t a
l. 

(2
01

1)
 

FR
IG

ID
A

**
* 

A
T

4G
00

65
0 

(#
79

97
) 

FR
L

1 
A

T
5G

16
32

0 
(#

11
73

8)
 

 

FE
S1

 
A

T
2G

33
83

5 
(#

81
98

) 
 FL

X
 

A
T

2G
30

12
0 

(#
25

7)
 

 

SU
F4

 
A

T
1G

30
97

0 
(#

48
94

) 
 

C
or

re
sp

on
di

ng
 p

en
ny

cr
es

s t
ra

ns
cr

ip
ts

  

S
up

po
rt

in
g 

Fi
gu

re
 S

3 
– 

R
ec

on
st

ru
ct

io
n 

of
 th

e 
flo

w
er

in
g 

tim
e 

pa
th

w
ay

 in
 p

en
ny

cr
es

s 
A

 m
od

el
 fo

r t
he

 p
at

hw
ay

 c
on

tro
lli

ng
 fl

ow
er

in
g 

tim
e 

in
 p

en
ny

cr
es

s 
ad

ap
te

d 
fr

om
 J

un
g 

an
d 

M
ül

le
r (

20
09

). 
 

   !



 

  90 

 

Figure 2-10 – Reconstruction of the flowering time pathway in pennycress 

A model for the pathway controlling flowering time in pennycress adapted from Jung and 

Müller (2009). Arabidopsis gene identifiers and pennycress transcriptome contig numbers 

are shown under each gene name.  
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CHAPTER 3: A draft genome of field pennycress (Thlaspi arvense) provides tools for 

the domestication of a new winter biofuel crop 
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SUMMARY 

  

Field pennycress (Thlaspi arvense L.) is being domesticated as a new winter cover crop 

and biofuel species for the Midwestern United States that can be double-cropped between 

corn and soybeans. A genome sequence will enable the use of new technologies to make 

improvements in pennycress. To generate a draft genome a hybrid sequencing approach 

was used to generate 47 Gb of DNA sequencing reads from both the Illumina and PacBio 

platforms. These reads were used to assemble 6,780 genomic scaffolds. The draft genome 

was annotated using the MAKER pipeline, which identified 27,390 predicted protein-

coding genes, with almost all of these predicted peptides having significant sequence 

similarity to Arabidopsis proteins. A comprehensive analysis of pennycress gene 

homologs involved in glucosinolate biosynthesis, metabolism, and transport pathways 

revealed high sequence conservation compared to other Brassicaceae species, and helps 

validate the assembly of the pennycress gene space in this draft genome. Additional 

comparative genomic analyses indicate that the knowledge gained from years of basic 

Brassicaceae research will serve as a powerful tool for identifying gene targets whose 

manipulation can be predicted to result in improvements for pennycress.  
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Introduction  

 Next generation sequencing (NGS) has enabled the characterization and 

comparison of whole genomes for a growing list of plant species (Yang et al., 2013, 

Wang et al., 2014, Kagale et al., 2014, Liu et al., 2014, Slotte et al., 2013). This same 

technology is being used to speed up and facilitate the breeding of crop plants (Kagale et 

al., 2014, Varshney et al., 2013, Varshney et al., 2014, Ray and Satya, 2014). NGS also 

has the potential to enable new approaches to domesticate crops (Sedbrook et al., 2014). 

One species targeted for domestication is Thlaspi arvense (field pennycress, pennycress 

herein). Pennycress is a member of the Brassicaceae in the tribe Thlaspideae native to 

Eastern Europe. Pennycress plants are diploid, propagate largely via self-fertilization and 

have a 1C DNA content of 539 Mb (Johnston et al., 2005). Naturalized populations are 

distributed worldwide, including North America, South America and Australia. Previous 

molecular studies showed that the original Thlaspi genus was polyphylogenic and several 

members of the Thlaspi genus were kept in a monophylogenic Thlaspideae tribe 

(Mummenhoff et al., 1997). Thlaspi caerulescens, which is a well-studied heavy metal 

accumulator (Milner et al., 2014, Pence et al., 2000), was moved to the genus Noccaea 

during this reorganization (Mummenhoff et al., 1997, Koch and German, 2013). Two 

members of the original Thlaspi genus, T. ceratocarpum and T. alliaceum (roadside 

pennycress), are in the Thlaspideae along with Alliaria petiolata (garlic mustard) and 

Peltaria alliacea (garlic cress) and several other species. The Brassicaceae are divided 

into three lineages and the members of the Thlaspideae are in lineage II, which includes 

the Brassica genus, but not Arabidopsis (lineage I) (Franzke et al., 2011). Similar to B. 
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napus and B. rapa, pennycress produces seeds with high oil content (30% by weight) 

(Moser et al., 2009b).  

 

Field pennycress is being developed as a new winter cover crop and biodiesel 

feedstock for the Midwestern United States that can be seeded into standing corn (Dorn et 

al., 2013, Fan et al., 2013, Moser et al., 2009a, Sedbrook et al., 2014). As a winter 

annual, pennycress germinates in the fall and overwinters as a vegetative rosette. It 

exhibits extreme winter hardiness, surviving the harsh winters that are common to the 

Canadian Plains and Midwestern United States (Best and McIntyre, 1975). Pennycress 

flowers and matures early in the spring, producing up to 1,300 kilograms/hectare of seed 

that can be harvested in time for planting an additional summer annual crop of soybeans 

(Sedbrook et al., 2014, Phippen and Phippen, 2012). The oils found in pennycress seed 

are suitable for biodiesel production (Moser et al., 2009a) and the remaining seedmeal is 

high in protein that could serve as an additional revenue source for farmers (Warwick, 

2002 ). As a winter cover, pennycress would provide important ecosystem services. In 

much of the Midwest, the ground lies barren from late fall until early summer, which can 

increase nutrient runoff and soil erosion (Tilman et al., 2002). The addition of a fall-

planted pennycress cover crop should reduce nutrient leaching and erosion, which would 

help sustain current farming practices. In the United States alone, over 16 million 

hectares currently used in the corn to soybean rotation could be used for pennycress 

production without displacing current food production systems (Fan et al., 2013, 

Winchester, 2013).  
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As a weedy species, there are many challenges that will need to be addressed in 

order to convert pennycress into a new crop species (Sedbrook, 2014). Pennycress 

already has many natural attributes such as the high seed yield and oil content described 

above. However, earlier maturing varieties are needed to ensure that pennycress can be 

harvested early, allowing for full-season soybean production. Seed dormancy also is an 

issue (Karimmojeni, 2014, Saini et al., 1987), as is common in many weed species; we 

have observed highly variable germination rates in preliminary field trials. Pennycress oil 

and protein meal are not currently suitable for animal or human consumption 

(Evangelista et al., 2012). Making pennycress seeds edible would add value to the crop. 

In addition, the fatty acids contained in the oil are adequate for conversion to biodiesel, 

but can be further optimized (Moser et al., 2009b, Moser et al., 2009a). It is unclear if 

traditional breeding programs can address these concerns, as there may be insufficient 

natural variation in wild populations. 

 

Arabidopsis thaliana has been used as a key organism to address questions 

concerning plant development for the past thirty years. Arabidopsis research has resulted 

in an understanding of many plant developmental processes, such as the control of time 

to flower, of seed maturation, and of seed oil synthesis (Baud and Lepiniec, 2009, 

Holdsworth et al., 2008, Jung and Muller, 2009). During the course of these studies, 

many mutations have been identified in Arabidopsis that confer what can be considered 

agronomically desirable phenotypes (Sedbrook, 2014). The function of pennycress genes 

can be predicted on the basis of their similarity to genes with known function in 
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Arabidopsis (Sedbrook, 2014). With this information, it should be possible to identify 

mutations that confer desirable traits in pennycress using mutation-based breeding tools 

such as TILLING (McCallum et al., 2000), DeTILLING (Rogers et al., 2009), and 

CRISPR-Cas (Belhaj et al., 2013). To enable the use of these technologies and to take 

advantage of information derived from research on Arabidopsis and other Brassica 

species, a genomic sequence is needed for pennycress.  

 

 To generate a draft genome for pennycress, a natural population of plants was 

isolated from a roadside near Coates, Minnesota called MN106. Little is known about 

natural pennycress populations at the genome sequence level. In this report we have 

examined this population at the genome level using several different next generation 

sequencing strategies to de novo assemble a draft genome. This assembly captures the 

vast majority of pennycress gene space as predicted by comparison with other Brassica 

species. The draft genome detailing the pennycress gene space has allowed the function 

of pennycress genes to be predicted on the basis of their similarity to genes with known 

function in Arabidopsis. In addition, the analysis revealed that even in mixed natural 

populations, the selfing mode of reproduction maintains individual plants in a highly 

homozygous state.  
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Materials and Methods  

 

Genomic DNA isolation and DNA sequencing  

Thlaspi arvense line MN106 has been previously described and originates from 

Coates, Minnesota (Dorn et al., 2013). Seed from a MN106 bulk planting was germinated 

on moist Berger BM2 germination mix (Berger Inc, www.berger.ca), stratified at 4°C for 

7 days, and grown in climate-controlled growth chambers at the University of Minnesota 

(21°C, 16 h/8 h day/night cycles at 100 µmol/m2/s PAR). Individual plants were 

transplanted to 4 inch pots two weeks after germination. Six week old plants with 

established rosettes were vernalized at 4°C for 30 days in the dark. After vernalization, 

plants were returned to growth chambers. In all, nine plants were selected for DNA 

extraction. After tissue harvest, the same nine plants were maintained and seeds were 

individually collected from each plant. To enrich the total amount of nuclear DNA 

sequenced, nuclei were purified from young leaf tissue using a series of density gradient 

centrifugation steps using an adapted protocol (Olszewski et al., 1988). All centrifugation 

steps were performed at 4°C. A total of 15 grams of young leaves were washed in cold, 

sterile ddH2O and homogenized in 300ml of 4°C nuclear isolation buffer (1 M sucrose, 

10 mM Tris HCl (pH 7.2), 5 mM MgCl2, 10 mM 2-mercaptoethanol) in a Brinkmann 

Polytron homogenizer. Homogenized tissue was filtered through four layers of 

cheesecloth and one layer of Miracloth (EMD Millipore, www.emdmillipore.com) two 

times. Filtered lysate was centrifuged for 15 minutes at 9,500 RPM in a Beckman JA14 

rotor at 4°C. The supernatant was discarded and the resulting pellet was resuspended in 
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50 ml of nuclear isolation buffer plus 250 µl of Triton X-100. The resuspended pellet was 

then twice centrifuged for 10 minutes at 9,500 RPM in a Beckman JA20 rotor, 

resuspending the pellet as above. The final pellet was resuspended in 50 ml of nuclear 

isolation buffer and placed onto a Percoll density gradient consisting of 60% and 35% 

layers (1x Percoll Buffer - 1M sucrose, 10 µM Tris-HCl, 10µl MgCl2, 5 µM 2-

mercaptoethanol in Percoll, gradient layers were diluted with nuclear isolation buffer). 

The gradient was centrifuged at 7,755 RPM for 20 minutes in a Cervall HB-4 rotor, and 

nuclei were harvested from the interface between the two density layers. Purified nuclei 

were diluted in five volumes of nuclear isolation buffer and centrifuged for 10 minutes in 

the JA20 rotor at 7,300 RPM. The supernatant was discarded, and the pellet was 

resuspended in 200 µl of 1X Tris-EDTA. The DNA was purified from the nuclei using 

the DNeasy Plant Mini Kit (Qiagen, www.qiagen.com). 

 

 Illumina sequencing (100bp paired end library run on Illumina HiSeq 2000, 

250bp paired end library run on Illumina MiSeq, 50bp long-jump mate pair libraries 

library run on Illumina HiSeq 2000) was completed at the University of Minnesota 

Genomics Center. Pacific Biosciences (PacBio RSII) sequencing was completed at the 

Mayo Clinic Molecular Biology Core (Rochester, Minnesota).  

 

Paired-end libraries were sequenced on full lanes of both the Illumina HiSeq (100 

bp paired-end, insert size = 280 bp, Illumina TruSeq Adaptor #18 - CTCCGC) and the 

Illumina MiSeq (250 bp paired-end, insert size = 460 bp). The MiSeq sequencing sample 
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was sequenced without using an index read as this was a uniplex run for the purposes of 

barcoding in the Illumina index read. Three Illumina Nextera mate pair libraries were 

also sequenced using the Illumina HiSeq 2000 platform (50 bp paired-end) with 2 kb 

(Adaptor #2 - CGATGT), 3.5 kb (Adaptor #7 - CAGATC), and 7 kb (Adaptor #19 - 

GTGAAA) inserts. Pacific Biosciences (PacBio RSII) Sequencing was completed at the 

Mayo Clinic Molecular Biology Core (Rochester, Minnesota). A genomic DNA library 

with insert target size of 10 kb was prepared using the Pacific Biosciences low input 10 

kb library preparation protocol using the MagBead Station. This library was run on four 

SMRT cells with 1x120 minute movies each. All raw sequencing files have been 

submitted to NCBI Sequence Read Archive under accession number SRP033211 (Table 

1).  
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Genome assembly, scaffolding, and annotation 

FASTQ files from all sequencing runs were imported into CLC Genomics 

Workbench Version 6.5 (CLC Bio, www.clcbio.com). Illumina reads were subjected to 

quality control using the Sequencing QC Report tool. 100 bp paired-end Illumina reads 

were trimmed and filtered using the following parameters: Ambiguous Trim = Yes, 

Ambiguous Limit = 5, Quality Limit = 0.05, Use Colorspace = No, Search Reverse 

Sequence = Yes, Remove 5’ terminal nucleotides = Yes, Number of 5’ Terminal 

Nucleotides to Remove = 5, Remove 3’ terminal nucleotides = No, Discard Long Reads 

= No, Save Broken Pairs = No. 250 bp paired-end Illumina reads were trimmed and 

filtered using the following parameters: Ambiguous Trim = Yes, Ambiguous Limit = 10, 

Quality Limit = 0.05, Use Colorspace = No, Search Reverse Sequence = No, Remove 5’ 

terminal nucleotides = Yes, Number of 5’ Terminal Nucleotides to Remove = 10, 

Remove 3’ terminal nucleotides = No, Discard Long Reads = No, Save Broken Pairs = 

No. After trimming and filtering, the 250 bp paired-end reads were merged using the 

Merged Overlapping Pairs tool in CLC Genomics Workbench (Mismatch cost = 4, 

Minimum Score = 8, Gap Cost = 4, Max Unaligned = 0).  Unmerged reads were saved 

and also used in the initial assembly. 50 bp mate-pair Illumina reads were trimmed and 

filtered using the following parameters: Ambiguous Trim = Yes, Ambiguous Limit = 2, 

Quality Limit = 0.05, Use Colorspace = No, Search Reverse Sequence = Yes, Remove 5’ 

terminal nucleotides = Yes, Number of 5’ Terminal Nucleotides to Remove = 2, Remove 

3’ terminal nucleotides = No, Discard Long Reads = No, Save Broken Pairs = No. The 

mate-pair libraries were exported as FASTQ files for scaffolding as described below.  
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Genome sequencing reads were trimmed and de novo assembled in CLC Genomics 

Workbench Version 6.5 (CLC Bio, www.clcbio.com). The CLC assembler has 

previously been used in assembling complex plant genomes, such as the barley (Hordeum 

vulgare) (International Barley Genome Sequencing et al., 2012) and rubber tree (Hevea 

brasillensis) (Rahman et al., 2013) genome projects. Additionally, the CLC assembler 

has a low Random Access Memory (RAM) requirement, opposed to other popular de 

Bruijn graph assemblers that can require hundreds of gigabytes of RAM.  

 

The pennycress draft genome was assembled and annotated using two desktop computers 

built specifically for this purpose (Tables 2 and 3). Trimmed and filtered 100 bp paired-

end and 250 bp paired-end (merged and unmerged) reads were de novo assembled in 

CLC Genomics Workbench using the De Novo Assembly tool with the following 

parameters: Mapping Mode = Map reads to contigs (slow), Automatic Bubble Size = Yes 

(50), Minimum Contig Length = 200 bp, Automatic Word Size = No, Word Size = 64, 

Perform Scaffolding = Yes, Automatically Detect Paired Distribution = Yes, Mismatch 

Cost = 3, Insertion Cost = 3, Deletion Cost = 3, Length Fraction = 0.95, Similarity 

Fraction = 0.9. PacBio reads were used as guidance only in producing the initial 

assembly. Scaffolds (≥ 1,000 bp) from the initial assembly were further scaffolded using 

SSPACE (Boetzer et al., 2011) (parameters: -x = 1, -z = 0, -k = 3, -a = 0.7, -n = 10, -T = 

8, -p = 1, -o = 15, -t = 0, -m = 32, -r = 0.9) with the Illumina mate-pair and 100 bp paired-

end libraries (Dorn et al., 2013). Remaining gaps in the assembly after the mate-pair 
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scaffolding step were filled using the Illumina 100 bp paired-end reads using 

GAPFILLER (Boetzer and Pirovano, 2012) (parameters: -o = 2, -m = 29, -r = 0.7, -n = 

10, -g = 1, -d = 50, -t = 10, -i =10). Assembly statistics of both contigs and scaffolds are 

listed in Table S1. Both SSPACE and GAPFILLER were run through the corresponding 

PERL scripts using Strawberry Perl (http://strawberryperl.com) on Windows. The final 

scaffolds were exported for annotation using the MAKER pipeline (Cantarel et al., 2008). 

Twelve scaffolds were subsequently removed from the assembly following the NCBI 

contamination screen.  

 

An additional computer was assembled using the components listed in Table 3 to conduct 

genome annotation. The BioLinux 7 operating system (http://nebc.nerc.ac.uk/tools/bio-

linux) was installed on the computer used for genome annotation. The MAKER 

annotation pipeline and dependent programs were installed on this computer for in-lab 

genome annotation, including repeat identification, model training, and gene prediction. 

Two rounds of annotation using the MAKER pipeline were completed. The first round of 

annotation was used to create a training set for the SNAP gene prediction software (Korf, 

2004) using our previously published Thlaspi arvense transcriptome (est2genome=1) and 

Eutrema salsungineum (formerly Thellungiella halophila) protein set 

(Thalophila_173_protein) available from www.phytozome.net (protein2genome=1) on 

Thlaspi arvense genome scaffolds over 300 kb long. Repeat masking for both the training 

and final annotations were identified and masked using RepeatMasker (Arabidopsis 

thaliana repeat library athrep.fasta, available from www.giriinst.org) and RepeatRunner 
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(repeat library ‘te_proteins.fasta’ available in RepeatRunner - http://www.yandell-

lab.org/software/repeatrunner.html). A SNAP HMM training file was generated for the 

1,000 best gene models using the programs Fathom and Forge (part of the SNAP 

package). The final round of annotation was completed using this HMM training file, and 

resulting GFF3 files for all scaffolds were compiled using the PERL script ‘gff3merge.pl’ 

included in MAKER. The predicted peptide sequences from the pennycress genome 

annotation were extracted and compared to the Arabidopsis TAIR10 peptide database 

(TAIR10_pep_20110103_representitive_model_updated) using BLASTp (Expectation 

value = 10.0, word size = 7, mask lower case = no, filter low complexity = yes, max 

number of hits = 10, protein matrix and gap costs: BLOSUM62, Existence = 11, 

Extension = 1). RNAseq reads from the previously published de novo transcriptome 

assembly (Dorn et al., 2013) were used to further validate gene models. RNAseq reads 

from this experiment (NCBI Short Read Archive accession number SRR802670) were 

trimmed (Trim Adaptor = Illumina TruSeq Indexed Adaptor 3, Ambiguous Trim = Yes, 

Ambiguous Limit = 2, Quality Trim = Yes, Quality Limit = 0.05, Remove 5’ terminal 

nucleotides = Yes, Number of 5’ terminal nucleotides to remove = 10, Save broken pairs 

= Yes). Trimmed paired and orphan reads were mapped to the genome assembly in CLC 

Genomics Workbench (Mapping type = Map to gene regions only, Maximum number of 

hits for a read = 10, Strand specific = Both, Count paired reads as two = Yes, Reference 

type = Genome annotated with genes and transcripts, Global alignment = no, 

Automatically detect paired distances = Yes, Similarity fraction = 0.8, Length fraction = 

0.8, Mismatch cost = 2, Insertion cost = 3, Deletion cost = 3). 
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Comparative genomics 

Comparative studies on the structural arrangement and synteny of the pennycress 

genome assembly were performed using SynMap 

(www.genomeevolution.org/CoGE/SynMap.pl). To examine the synteny between the 

Eutrema salsugineum and Thlaspi arvense genomes, seven pseudo-chromosome 

sequences were constructed by concatenating the corresponding genomic scaffolds(Yang 

et al., 2013). T. arvense genomic scaffolds greater than 75 kb in length were compared to 

the seven E. salsugineum pseudo-chromosomes using a Syntenic Path Assembly in 

SynMap (DAGChainer – Relative Gene order, -D=20, -A=5, skip random/unknown 

chromosomes). BLASTp comparisons of the 27,390 predicted pennycress peptides were 

performed in CLC Genomics Workbench using the predicted peptide databases for 

Arabidopsis thaliana (Arabidopsis Genome, 2000), Arabidopsis lyrata (Hu et al., 2011), 

Brassica rapa (Wang et al., 2011), Capsella rubella (Slotte et al., 2013), and Eutrema 

salsugineum (Yang et al., 2013) using the following BLAST parameters: Expectation 

Value = 10, Word Size = 7, Filter Low Complexity = Yes, Protein Matrix = BLOSUM62, 

Gap Existence = 11, Gap Extension = 1.  Peptide sequences for A. thaliana were obtained 

from 

ftp://ftp.arabidopsis.org/home/tair/Proteins/TAIR10_protein_lists/TAIR10_pep_2010121

4. Sequences for the remaining species were obtained from Phytozome 

(www.phytozome.net). BLASTn analyses of the previously published pennycress 

transcriptome (Dorn et al. 2013) against the genome assembly were performed using the 

following parameters: Match cost = 2, Mismatch cost = 3, Gap Existence = 2, Gap 
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Extension = 2, Expectation value = 10, Filter Low Complexity = Yes, Maximum number 

of hits = 15.  
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Read mapping and variant detection for CAPS marker design 

Trimmed and filtered sequencing reads from the Illumina HiSeq 2000 100 bp 

paired-end experiment were re-mapped to the genome assembly to identify potential 

heterozygosity or variation in the MN106 accession sequenced. Reads were mapped to 

the assembly in CLC Genomics Workbench using the ‘Map Reads to Reference’ tool 

(masking mode = no masking, mismatch cost = 3, insertion cost = 3, deletion cost = 3, 

length fraction = 0.95, similarity fraction = 0.95, global alignment = no, auto detect 

paired distances = yes, non-specific match handling = map randomly) and variants called 

using the Probabilistic Variant Detection tool (ignore non-specific matches = yes, ignore 

broken pairs = yes, minimum coverage = 10, variant probability = 90, require both 

forward and reverse reads = no, maximum expected variants = 2, ignore quality scores = 

no). Sites declared as SNPs were manually examined to identify CAPS markers in which 

one variant was a member of a six base recognition site for a DNA restriction 

endonuclease and the other variant resulted in the loss of the restriction site. Four sites 

were identified and primers were designed to amplify these regions for CAPS analysis 

(Supplementary Table S4 of of (Dorn et al., 2015)). As a control, the primers were 

designed to flank both a CAPS site and a conserved restriction site that would be cleaved 

in both variants. DNA was isolated using the Mag-Bind EZ Plant DNA Kit (Omega 

BioTek, www.omegabiotek.com). Polymerase chain reactions were performed using Q5 

High Fidelity DNA Polymerase (New England Biolabs, www.neb.com) with these DNA 

extracts and the corresponding CAPS primers to confirm the potential variants.  
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Comparative analysis of genes involved in glucosinolate metabolism and transport 

Arabidopsis thaliana, Brassica rapa, and Brassica olereaceae genes previously 

identified to be involved in glucosinolate biosynthesis, breakdown, and transport were 

derived from a previous study (Liu et al., 2014). Alignments of predicted peptide 

sequences for each gene were performed in CLC Genomics Workbench using the Create 

Alignment tool (Gap open cost = 10, Gap extension cost = 1, End gap cost = Free, 

Alignment mode = Very accurate). Neighbor Joining trees were created in CLC 

Genomics Workbench (Protein distance measure = Jukes-Cantor, Perform bootstrap 

analysis = Yes, Replicates = 100). To examine expression levels of predicted gene 

models, Illumina RNAseq reads from the previously published transcriptome 

assembly(Dorn et al., 2013) were trimmed and filtered (Illumina TruSeq Trim Adaptor 3, 

Ambiguous Trim = Yes, Ambiguous Limit = 2, Quality Trim = Yes, Quality Limit = 

0.05, Also search on reversed sequence = Yes, Remove 5’ terminal nucleotides = Yes, 

Number of 5’ terminal nucleotides to remove = 10, Remove 3’ terminal nucleotides = no, 

Save broken pairs = Yes) and mapped to the annotated draft genome (Mapping Type = 

Map to gene regions only, Maximum number of hits for a read = 10, Strand Specific = 

Both, Count paired read as two = Yes, Expression Value = RPKM, Reference type = 

Genome annotated with genes and transcripts, Global alignment = no, Auto detect paired 

distances = Yes, Similarity fraction = 0.8, Length Fraction = 0.8, Mismatch cost = 2, 

Insertion cost = 3, Deletion cost = 3). 
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Results and Discussion  

Genome Sequencing and Assembly 

Pennycress is a diploid species with a haploid number of seven chromosomes and 

a genome size of 539 Mbp (Johnston et al., 2005). In order to isolate a sufficient quantity 

of nuclear DNA for the various sequencing libraries used, nuclear DNA was isolated 

from nine plants derived from a MN106 isolate that had been maintained in the lab for 

several generations. This DNA was sequenced using both the Illumina and PacBio 

platforms, generating over 47 Gbp of sequencing data representing over 87x coverage of 

the predicted genome size (Table 4). Illumina HiSeq 2000 and MiSeq reads were de novo 

assembled using the de Bruijn graph-based CLC Genomics Workbench assembler. 

PacBio reads were not used to create the de Bruijn graph, but instead were only used to 

resolve ambiguities during the graph building stage.  

 

The initial CLC assembly resulted in 206,726 initial scaffolds ≥200bp, 

encompassing 392,190,998 bp. Of this initial assembly, initial scaffolds over 1,000 bp 

(n=50,064, 322,949,692 bp total length) were further joined using long-insert Illumina 

mate pair reads in SSPACE and remaining gaps were filled using GAPFILLER. This 

analysis resulted in the formation of 6,768 final scaffolds that encompass over 343 Mbp 

with an average scaffold length of 50,681 bp and N50 value of 140,815 bp (Table 4). 

Over 60% of the assembled scaffolds are over 10,000 bp long, with 902 scaffolds over 

100,000 bp, and 9 scaffolds over 1,000,000 bp (Table 5). The longest 3,000 scaffolds 

represented over 85% of the assembly length (Figure 1). The 156,662 small scaffolds 
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(<1000 bp) from the initial CLC assembly that were excluded from the final scaffolding 

and gapfilling manipulations encompassed 69,241,306 bp (Table 5). These small initial 

scaffolds were excluded from further analyses as they likely represent sequences from 

repetitive regions of the genome, which are difficult to assemble and were unlikely to 

contribute to gene identification efforts. These small initial scaffolds represent a 

significant portion (12.8%) of the predicted genome size.  With the addition of the initial 

small scaffolds, the total assembled length of the draft genome presented here is 

412,253,695 bp, 76.5% of the predicted pennycress genome size of 539Mb.  

 

As the draft genome is incomplete (<80% of the predicted genome size) and 

fragmented, developing a more complete and contiguous assembly will be important for 

both plant improvement efforts and answering basic questions about the genomics and 

evolution of pennycress. However, the reported contig N50 for (21 kb) is well within the 

norm of other recently reported genome assemblies based on Illumina reads such those 

for Aquilaria agacha - 14.6 kb (Chen et al., 2014), Sesamum indium - 52.2 kb (Wang et 

al., 2014), Citrullus lantus - 26.4 kb (Guo et al., 2013), and Cicer arietinum - 23.54 kb 

(Varshney et al., 2013). The sequence of contigs directly reflects the sequenced gene 

space which is especially important for a species like pennycress where this information 

enables one to identify genes of interest whose manipulation via either over expression or 

knockdown can be predicted to confer agronomically desirable phenotypes.  
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Genome Annotation with MAKER 

Genome annotation using the MAKER pipeline (Cantarel et al., 2008) annotated 

27,390 predicted protein coding genes with an average total length of 2,195 bp, average 

coding sequence length of 1,238 bp, and an average of 5.541 exons/gene (Supplementary 

Dataset S2 of Dorn et al. 2015). More than 89% of the predicted gene models are 

supported by at least 5 RNA sequencing (RNAseq) reads from the previously published 

de novo transcriptome assembly, while 1452 gene models (5.3%) lack RNAseq read 

support (Supplementary Dataset S2 of (Dorn et al., 2015)).  Over 85% of the predicted 

peptides (23,538) have at least one highly significant BLASTp hit (e<1x10-5 and >70% 

positive percent) to an A. thaliana (TAIR10) predicted peptide (Table 4). Another 1,876 

predicted peptides (6.8%) show a significant hit (e<1x10-5), but at a lower positive 

percent value (>60%). Only 173 predicted peptides lacking an A.thaliana BLASTp hit 

were found (Expectation value >10) (Supplementary Dataset S2 of (Dorn et al., 2015)). 

BLASTn analyses of the 33,873 de novo assembled contigs from the pennycress 

transcriptome (Dorn et al., 2013) against the draft genome indicate a high level of 

completeness of the predicted gene space. Over 88% of transcripts (30,053) had BLASTn 

hits (≥95% identity and e≤1x10-5) in the genome, while 95.8% of assembled transcripts 

(32,458) had a significant hit (e≤1x10-5) but at a lower percent identity threshold (>75%) 

(Supplementary Dataset S3 of (Dorn et al., 2015)). Only 167 transcriptome contigs 

lacked a BLASTn hit in the genome. (Expectation value >10) A separate BLASTn 

analysis of these 167 transcripts against the genomes of Arabidopsis thaliana 

(Arabidopsis Genome, 2000), Arabidopsis lyrata (Hu et al., 2011), Brassica rapa (Wang 
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et al., 2011), Capsella rubella (Slotte et al., 2013), and Eutrema salsugineum (Yang et 

al., 2013) revealed that 40 transcripts lacked any match to these five species, while the 

remaining 127 consisted of low quality and short hits, likely indicative of misassembled 

sequences from the de novo assembled transcriptome (Supplementary Dataset S4 of 

(Dorn et al., 2015)). The repetitive DNA content of the final pennycress genome 

scaffolds was assessed by RepeatMasker (Smit, 1996-2010). It was found that repetitive 

elements constituted 24% of the draft genome. This analysis identified 78,812 

retroelements encompassing >71 Mb of the assembly, consisting mainly of Gypsy/DIRS1 

type long terminal repeats (60.3 Mb). 12,382 DNA transposons representing >5 Mb of 

the draft genome were also found, including hobo-Activator (0.8 Mb) and 

Tourist/Harbinger (0.9 Mb) type elements (Table 6). Both the raw sequencing reads and 

assembled sequences have been submitted to NCBI, which has been supplemented by a 

pennycress genome database containing a JBrowse genome browser (Westesson et al., 

2013), BLAST database, and data repository available at pennycress.umn.edu.  
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Comparative genomics of the pennycress genome assembly  

Of the sequenced Brassicaceae genomes, pennycress is most closely related to E. 

salsugineum, which possesses a much smaller genome (241 Mb), but the same karyotype 

(n=7) (Yang et al., 2013, Wu et al., 2012). To evaluate the relative completeness of the 

genome assembly, we used a syntenic path assembly comparison of the pennycress 

assembly to the E. salsugineum reference genome(Yang et al., 2013). Pennycress 

genomic scaffolds greater than 75 kb long, representing 241 Mb (>70%) of the assembly 

were compared to the 241 Mb reference genome of E. salsugineum. Large portions of the 

seven E. salsugineum pseudochromosomes possess a high degree of synteny with the 

pennycress assembly, indicative of the close evolutionary relationship between these two 

species, as well as a high level of completeness of conserved regions in the pennycress 

genome (Figure 2A).  

 

To evaluate the quality of the genome assembly and predicted gene models, a 

combination of comparative analyses were used to compare the draft pennycress genome 

to the gene models of A. thaliana, A. lyrata, B. rapa, C. rubella, and E. salsugineum. 

BLASTp analyses of the 27,390 predicted pennycress peptides against five separate 

databases containing these five Brassicaceae species revealed over 23,000 of the 

pennycress peptides had highly similar hits in all five species, with E. salsugineum 

possessing the highest proportion (>89%) of highly similar predicted peptides (Figure 2B 

and Supplementary Dataset S5 of (Dorn et al., 2015)). Similarly, in a BLASTp analysis 

of the pennycress predicted peptides against a single database containing all five 
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Brassicaceae species, 15,414 predicted pennycress peptides had highly similar (e ≤1x10-5 

and ≥70% hit length) hits to E. salsungieneum (Supplementary Dataset S6). An additional 

8,965 predicted peptides had highly similar hits to B. rapa, A. lyrata, A. thaliana, and C. 

rubella, while 2,903 BLASTp hits fell outside of these parameters, and 108 of the 

predicted pennycress peptides lacked a BLASTp hit (Figure 2C).  
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Evaluation of zygosity in the sequenced population 

The draft genome was constructed using DNA isolated from nine plants that were 

several generations removed from a single population first identified in Coates, 

Minnesota. A variant detection analysis was performed to assess the degree of 

homozygosity among the individual plants used for sequencing (see Materials and 

Methods for parameters used in this analysis). We detected 131,906 single nucleotide 

polymorphisms (SNPs), which is approximately 1 SNP per 2.6 Kbp. Given the high level 

of sequencing coverage and stringent quality control, it is unlikely that the predicted 

SNPs were solely due to sequencing errors. We developed three hypotheses to explain the 

SNPs. First, these SNPs represent inappropriately assembled duplicated regions of the 

pennycress genome. In this analysis, if the first hypothesis were true and the declared 

SNPs were artificial, then we would not expect any differences between the nine different 

plants. Second, the SNPs may represent evidence of heterozygosity throughout the 

genome that would occur if the plants were prone to a high degree of outcrossing. If the 

second hypothesis were true, then we would expect that the nine plants would segregate 

at approximately 1:1:2 for the homozygosity of the presence or absence of a SNP or 

would be heterozygous with one chromatid containing the site and the other lacking the 

site, respectively. Third, distinct highly homozygous populations made up the original 

collection of plants used to isolate DNA that was sequenced. In this case, the genomes of 

any individual in the population would be expected to be largely homozygous at any 

particular locus.  
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Cleaved amplified polymorphic sequence (CAPS) (Konieczny and Ausubel, 

1993) analysis using DNA isolated from progeny of the individual plants that were used 

to generate the draft genome was performed to distinguish between these three 

hypotheses. Primer sequences used to amplify regions used in the CAPS analysis shown 

in Figure 3A are listed in Table 7. Individuals were shown to either distinctly contain or 

lack the variant at four restriction enzyme sites, which eliminated the first hypothesis that 

these SNPs represented divergence in paralogous genes or misassembly of duplicated 

regions. Furthermore, none of the samples showed evidence of heterozygosity. Plants 3, 

5, and 7 lacked the cut sites at the polymorphic regions and plants 1, 2, 4, 6, 8, and 9 were 

homozygous for the cut sites (Figure 2B). This supports the third hypothesis that the 

original MN106 population contained at least two distinct, highly homogenous 

populations. The fact that three individuals lacked all the cut sites and six individuals 

contained all the cut sites is likely due to the fact that at every CAPS locus, one 

prominent variant was detected in the variant detection analysis. Loci with the prominent 

variant that contained the six base restriction site were chosen for the CAPS analysis.  

 

Based on previous analyses, a high degree of homozygosity among wild 

pennycress individuals was not unexpected, as the cleistogamous development of 

pennycress flowers (pollination occurring inside a closed flower) minimizes outcrossing 

(Figure 3C) (Warwick, 2002 ). These findings will aid pennycress breeding programs, as 

progeny from crosses will be expected to readily self-pollinate with minimal need for 

isolation. In addition, the analysis provides and extra level of validation by showing that a 
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subset of the identified SNPs are real and not created by sequencing or assembly errors.  

These SNPs have the potential to be used in breeding and geographical studies and are 

available in Supplementary Dataset S7. These results suggest that the original MN106 

population consists of at least two distinct haplotypes on the basis of the CAPS analysis. 

This suggests that even in mixed populations, the selfing nature of pennycress reduces 

hetereozyosity. This is an important finding, as it will facilitate the isolation and 

generation of highly inbred populations. 
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Analysis of genes involved in glucosinolate metabolism  

To explore the functionality of our assembly we determined how well the 

predicted gene space accounted for genes involved in glucosinolate biosynthesis. 

Glucosinolates (GSLs) are a diverse class of secondary metabolites common throughout 

the Brassicaceae that are important for plant/pathogen and plant/herbivore interactions 

(Halkier and Gershenzon, 2006). The underlying genetic mechanisms controlling the 

biosynthesis, transport, and breakdown of GSLs within the Brassicaceae has largely been 

dissected, with many of the genes responsible for this process having been characterized 

(Grubb and Abel, 2006). Generally, upon biosynthesis of the core glucosinolate structure 

(derived from one of several amino acids), GSLs generally lack bioactivity until plant 

tissue is damaged, leading to the hydrolysis of the GSL structure to one of several 

byproducts. This breakdown process is mediated by enzymes called myrosinases, 

resulting in an unstable aglycone (Grubb and Abel, 2006). The diversification of the final 

glucosinolate breakdown byproduct is mediated by several classes of specifier proteins 

(Kuchernig et al., 2012).  

 

Historically, pennycress has been characterized by its unique ‘garlic-like’ aroma 

that has been attributed to high levels of allylthiocyanate (Grmelin, 1959 ), which is a 

major hydrolysis byproduct of the major GSL in above-ground pennycress tissues: 

allylglucosinolate (Kuchernig et al., 2011). The high level of GSLs in pennycress gives 

rise to another common name of the species, stinkweed (Warwick, 2002 ). The high level 

of GSLs and GSL byproducts in pennycress is of significant agronomic and economic 
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interest. Animal feed containing pennycress seed has traditionally been considered 

undesirable due to the high levels of GSLs in pennycress (Warwick, 2002 ). However, 

after seed is pressed for oil, the remaining seed meal remains high in protein (Hojilla-

Evangelista et al., 2013, Selling et al., 2013) and presents a potential new source of 

billions of kilograms per year of high protein meal. If varieties with low GSL-levels in 

seed can be developed, there is a potential for using defatted pennycress meal as an 

animal feed supplement.  

 

BLASTp analyses were used to identify putative orthologs to known 

glucosinolate genes in Arabidopsis (Dataset S2 of Dorn et al. 2015). Genes involved in 

the GSL core biosynthesis and breakdown pathway were derived from A. thaliana, B. 

rapa, and B. oleraceae (Liu et al., 2014). Putative orthologs were identified for GSL 

biosynthesis from methionine and tryptophan (Figure 3A), along with several putative 

myrosinases (thioglucoside glucohydrolase – TGGs and atypical myrosinases – PEN2 

and PEN3). Potential orthologs to several interesting specifier proteins were also 

identified (Figure 4A – yellow box).  To obtain a semi-quantitative estimate of these 

predicted genes, RNAseq reads from the previously described transcriptome were used to 

obtain rough expression values for each gene model (Supplementary Dataset S1 of Dorn 

et al. 2015). As these RNAseq reads represent a global library representing various 

tissues, this analysis provides an initial probe into the pennycress genes potentially 

responsible for the unique glucosinolate composition of pennycress. For example, two 

putative myrosinases (Ta16900 and Ta16899) represent the 120th and 129th most highly 
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expressed gene models, respectively (Figure 4A, Figure 4B, and Supplementary Dataset 

S1). A MODIFIED VACUOLE PHENOTYPE1  (MVP1)-like pennycress gene was also 

identified (Ta16960- Figure 4A). MVP1 in Arabidopsis interacts with the myrosinase 

TGG2 to modulate myrosinase activity (Agee et al., 2010).  

 

Potential orthologs to many important specifier proteins were also identified in 

this analysis and help explain the unique GSL activity in pennycress. For example, 

EPITHIOSPECIFIER MODIFIER1 (ESM1) in Arabidopsis represses the formation of 

nitriles and favors isothiocyanate production (Zhang et al., 2006). An ESM1-like 

pennycress gene, Ta16274 (Figure 4A), was among the top 200 expressed genes models, 

and could explain the high levels of isothiocyanate in pennycress (Kuchernig et al., 

2011). Additionally, another potential hydrolysis product of GSLs, epithionitriles, can 

only be formed from GSLs possessing terminal double bonds in their side chain 

(allylglucosinolate, for example). As allylglucosinolate represents over 90% of GSLs in 

above ground tissue (Kuchernig et al., 2011), this ESM1-like pennycress gene could 

represent a key GSL specifier protein also responsible for epithionitrile production.  

 

The evolution of the identified specifier proteins was also examined. It has been 

previously reported that GSL-related genes commonly exist in tandemly-duplicated 

regions of the genome within the Brassicaceae (Hofberger et al., 2013, Liu et al., 2014). 

The predicted peptides of A. thaliana TGG1 (Figure 4B), MVP1 (Figure 4C), ESP 

(Figure 4D), and ESM1 (Figure 4E) and corresponding orthologs in pennycress, B. rapa, 
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and B. oleraceae were compared to determine sequence similarity and retention of 

tandemly duplicated regions throughout the genome. We identified three putative 

pennycress myrosinases with high sequence similarity to the Arabidopsis myrosinases 

TGG1 (AT5G26000) (Figure 4B), with an additional gene (Ta16899) being more similar 

to B. oleraceae TGG2-like genes (Bol9025706 and Bol017328). Only a single MVP1-

like pennycress gene was identified in the draft genome (Figure 4C). Three orthologous 

predicted peptides for AtESP (AT1G54040) were identified (Figure 4D). The previously 

described TaTFP (Kuchernig et al., 2011), which was cloned from a cDNA library, had a 

top BLASTp hit to Ta16961. However, the Ta16961 predicted peptide is nearly twice as 

long as the TaTFP predicted peptide (NCBI Accession JN244735), and appears to 

indicate either the TaTFP cDNA represented a unique splice variant or an erroneous 

splice site prediction from the annotation pipeline. An adjacent gene model, Ta16962, 

also had high similarity to TaTFP (Figure 4D). Two tandem ESM1-like genes were also 

identified, similar to the tandemly duplicated orthologs in B. rapa (Bra027358 and 

Bra027359) and B. oleraceae (Bol005066 and Bol005067) (Figure 4E).  

 

Several orthologs to important GSL transport genes were also identified. The GSL 

transporters GLUCOSINOLATE TRANSPORTER (GTR) 1 and 2 have been shown to 

serve as major transporters responsible for the loading of GSLs into developing seeds in 

Arabidopsis, and loss of function mutations in these genes result in significantly reduced 

levels of GSLs in seeds (Nour-Eldin et al., 2012, Andersen et al., 2013). The 
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identification of putative GTR1 and GTR2 orthologs (Figure 4F) represent important 

targets for improvement in our ongoing breeding program.  
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Identification of predicted orthologs of Arabidopsis genes that confer desirable 

phenotypes when mutated 

There are several important traits that will need to be addressed during the 

domestication process to make pennycress a viable crop, such as reducing seed dormancy 

and increasing rates of flowering. In Arabidopsis, complete or partial loss of function 

mutations in a number of genes can confer agronomically desirable traits such as 

increased seed size, improved seed oil composition, earlier flowering and reduced seed 

dormancy, seed glucosinolate content and seed pod shatter (Table 8). Here we show that 

predicted orthologs of these genes are present in our draft assembly (Table 8). While this 

is not an exhaustive list of potential gene targets, this represents a number of well-

characterized genes responsible for controlling these phenotypes. Mutations in these 

genes in Arabidopsis can confer what would be considered agronomically desirable 

phenotypes. For example, pennycress GTR1 and GTR2 predicted orthologs are highly 

conserved at the predicted peptide level (88.5% and 94.8% positive match, respectively).  

Additionally, identifying natural or induced mutations in key regulatory genes like 

DELAY OF GERMINATION 1 (Bentsink et al., 2006, Nakabayashi et al., 2012) could 

lead to reduced levels of seed dormancy in pennycress. Similarly, developing winter 

annual lines that flower and mature rapidly in the spring should be possible through 

targeting genes involved in the vernalization and photoperiodic flowering time pathways, 

such as FLOWERING LOCUS C and FRIGIDA(Dorn et al., 2013) (Table 8 and 

Supplementary Dataset S8 of Dorn et al. 2015) . The development of rapidly maturing 

lines will be particularly important in the upper Midwestern United States, as the shorter 
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spring growing seasons at northern latitudes could limit the widespread adaptation of 

pennycress as a winter cover crop. By targeting specific important agronomic traits, and 

the underlying genetic mechanisms controlling these traits through the approaches 

mentioned above, we are poised to rapidly convert a wild weed species into a new highly 

valuable and sustainable winter oilseed crop. 
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The future of genomics-based pennycress improvement  

While the annotated draft genome for pennycress presented in this report will provide 

new tools for the domestication of a new winter oilseed crop, there is still much work to 

be done to develop a broad base of genomic resources for pennycress. For example, the 

creation of a complete, anchored reference genome is needed. The increasing length and 

quality of DNA sequencing reads from third generation (single molecule – PacBio or 

Oxford Nanopore) sequencing technologies and new library preparation techniques such 

as Illumina TruSeq Synthetic Long-Reads (LRseq, formerly Moleculo) (Voskoboynik et 

al., 2013) will allow for the de novo assembly of highly contiguous yet complex 

genomes. Combined with our ongoing development of a high-density genetic map using 

restriction site-associated DNA sequencing (RADseq) (Poland and Rife, 2012, Peterson 

et al., 2012), the anchoring and ordering of a highly contiguous genome assembly to the 

genetic linkage map should be on the immediate horizon to produce a complete reference 

genome for pennycress. With a completed pennycress genome, the phylogenetic 

resolution of the Brassicaceae expanded lineage 2 can be improved, including providing 

tools for the phylogenetic resolution of Thlaspi species (Koch, 2004), and answering 

questions on pennycress genome structure. The draft pennycress genome presented here 

will enable the development of a genomics-based breeding program. In addition, the 

identification of the gene space will allow the use of techniques such as mutation 

breeding, TILLING of ethyl methanesulfonate-mutagenized populations, DeTILLING of 

fast neutron-mutagenized populations, and genomic selection. The use of precise genome 

editing techniques such as CRISPR/Cas9 and TALENs should also be on the horizon, as 
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pennycress can be transformed using the Agrobacterium-mediated vacuum infiltration 

floral dip method (John Sedbrook, personal communication). Pennycress has the potential 

to be planted on over 16 million hectares in the United States alone and produce over 22 

billion liters of oil suitable as a biodiesel feedstock (Winchester, 2013, Fan et al., 2013, 

Moser et al., 2009a). The successful domestication of pennycress has the potential to 

benefit farmers and the environment, improve energy security, and reduce greenhouse 

gases associated with global climate change. The genomics-based domestication of 

pennycress represents an exciting example of the development of a new crop species. 
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Table 3-1: Pennycress Genome Sequencing Read Data Deposition 

The Illumina and Pacific Biosciences sequencing reads for Thlaspi arvense line MN106 

are available in the NCBI Sequence Read Archive under accession number SRP033211. 

This Whole Genome Shotgun project has been deposited at DDBJ/EMBL/GenBank 

under the accession AZNP00000000. The version described in this paper is version 

AZNP01000000.  The genome assembly and related annotation files can also be 

downloaded from pennycress.umn.edu.  

 

 Accession  Run  

Thlaspi arvense line MN106 –  

Illumina 100 bp paired-end 
SRX380646 SRR1034657 

Thlaspi arvense line MN106 –  

Illumina 250 bp paired-end 
SRX380649 SRR1034659 

Thlaspi arvense line MN106 –  

Illumina 50 bp mate pair (2 kb insert) 
SRX381531 SRR1035703 

Thlaspi arvense line MN106 –  

Illumina 50 bp mate pair (3.5 kb insert) 
SRX381541 SRR1035705 

Thlaspi arvense line MN106 –  

Illumina 50 bp mate pair (7 kb insert) 
SRX381551 SRR1035715 

Thlaspi arvense line MN106 –  

PacBio RSII 10 kb insert reads 
SRX380881 SRR1035588 
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Table 3-2: Component list of computer used for pennycress genome assembly 
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Table 3-3: Component list of computer used for pennycress genome annotation 
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Figure 3-1: Distribution and accumulated length of genomic scaffolds.  

A. Distribution of de novo assembled Thlaspi arvense genomic scaffolds. 

B.) Accumulated length of genomic scaffolds. Over 85% of the total assembly length 

(>343MB) consists of the 3,000 longest scaffolds.  
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Table 3-4 – Genome sequencing, assembly, and annotation statistics  

Summary statistics for DNA sequencing libraries, genome assembly and scaffolding, and 

genome annotation  

 

 

Table I - Genome sequencing, assembly, and annotation statistics 
Summary statistics for sequencing libraries, assembly/scaffolding, and annotation 

T. arvense Genome Sequencing 

Illumina HiSeq 2000 (2x100bp Paired-end) 352,394,426 33,190.50

Illumina MiSeq (2x250bp Paired-end) 6,291,688 (merged) 2,589.33
8,548,686 (unmerged) 1,904.90

Illumina HiSeq 2000 (2x50bp Mate-Pair)
2, 3, 5 kb inserts

PacBio SMRT Cell (4 cells) 110,751 214.78

T. arvense Genome Assembly
Scaffolds Contigs in Scaffolds

Number 6,768 44,109
Mean length (bp) 50,681 7,375
N50 (bp) 140,815 21,096
Total assembly length (bp) 343,012,389 325,295,785

T. arvense Genome Annotation 

Number of Gene Models 27,390

      - Gene Models highly similar to                                 
TAIR10 peptide (e<1x10-5                       

and >70% positive percent)
85.94%

GC Content 37.99%
Repetitive DNA sequence 24.38%

     -Retroelements (20.94%) 78,812
     -DNA transposons (1.6%) 12,382

Library Type Number of Reads # Nucleotides after QC (Mbp)

209,815,249 9,550.66
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Table 3-5: Complete genome assembly and scaffolding statistics  

 

Supplementary,Table,S2
Complete,genome,assembly,statistics,

v1.0,pennycress,genome,assembly,scaffolds,
Scaffold,Statistics, Value&

Number&of&Scaffolds& 6,768

Cumulative&Scaffold&Length& 343,012,389

Number&of&Scaffolds&>1000&bp& 6,731

Number&of&Scaffolds&>10,000&bp& 4,099

Number&of&Scaffolds&>100,000&bp& 902

Number&of&Scaffolds&>1,000,000 9

Mean&Scaffold&Size& 50,681

Median&Scaffold&Size& 17,246

N50&Scaffold&Size& 140,815

L50&Scaffold&Count 561

Average&number&of&contigs&per&scaffold& 4

Average&length&of&breaks&(>25&Ns)&between&contigs&in&scaffolds 807

%N's&in&scaffolds 5.17%

Scaffolded,contig,statistics,
Number&of&Contigs&in&final&scaffolds& 44,109

Cumulative&Contig&Length&(bp)& 25,295,785

Number&of&Contigs&>1000&bp& 38,572

Number&of&Contigs&>10,000&bp& 7,953

Number&of&Contigs&>100,000&bp& 238

Mean&Contig&Size& 7,375

Median&Contig&Size& 2,458

N50&Contig&Size& 21,096

L50&Contig&Count 3,513

Small,initial,scaffold,statistics,(scaffolds,<1000bp,from,initial,CLC,assembly)
Number&of&scaffolds& 156662

Cummulative&Scaffold&Length& 69241306

Longest&scaffold 999

Shortest&Scaffold 200

Mean&Scaffold&Size& 442

Median&Scaffold&Size& 386

N50&Scaffold&Size& 505

%N's 0.43%
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Table 3-6: Repeat Identification Statistics from RepeatMasker.  

 

 

 

 

 

 

 

 

 

Table&S6

Repeat Identification Statistics from RepeatMasker. 
Type Number of elements 
Retroelements 78,812
     -SINEs 459
     -LINEs 3,902
          -L1/CIN4 3847
     -LTR elements 74,451
          -Ty1/Copia 6,214
          -Gypsy/DIRS1 66,376
DNA transposons 12,382
     -hobo-Activator 2,447
     -Tc1-IS630-Pogo 1,651
     -En-Spm 140
     -Tourist/Harbinger 1,914
Unclassified 2,882
Small RNA 482
Satellites 135
Simple repeats 84,548
Low complexity 23,616
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Table 3-8: Putative orthologs controlling important agronomic traits in pennycress. 

Identification of pennycress genes with high sequence similarity to Arabidopsis genes 

controlling key traits of interest, including genomic location and predicted peptide 

similarity  
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Figure 3-2: Comparative genomics of pennycress and other Brassicaceae species 

 (A) Syntenic path assembly dotplots comparing pennycress scaffolds >75 kilobases long 

to the seven Eutrema salsugineum pseudo-chromosomes from Yang et al. (2013). (B) 

BLASTp analysis of the 27,390 predicted pennycress peptides against predicted peptide 

sets from Capsella rubella (Slotte et al., 2013), Brassica rapa (Wang et al., 2011), 

Arabidopsis thaliana (Bevan and Initiative, 2000), Arabidopsis lyrata (Hu et al., 2011b), 

and E. salsugineum. Highly similar is defined as pennycress predicted peptide having at 

least one BLASTp hit e < 1x10-5 and positive sequence similarity >70%.  (C) BLASTp 

analysis of predicted pennycress peptides against a protein database containing the 

predicted peptides of the five Brassicaceae species listed. Predicted peptides with top hits 

(e ≤ 1x10-5 and >70% hit length) to a predicted protein from the corresponding species 

are shown, with pennycress peptides with hits falling below this threshold shown in the 

lower right half of the piechart.  
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Figure 3-3: CAPS Analysis of Thlaspi arvense Line MN106 (A) Schematic of the four 

PCR fragments produced by the primer sets listed in Supplementary Table S4. The largest 

fragments used to distinguish between individuals containing the SNP are shown in 

maroon (corresponding to the MN106-A genotype) and gold (MN106-B genotype). (B) 

DNA was isolated from progeny of each of the nine plants used to produce the draft 

genome assembly and analyzed using four CAPS markers. PCR products for each plant 

are shown side-by-side undigested (uncut) and post-digestion (cut) with the 

corresponding restriction endonucleases. In all cases, samples 3, 5, and 7 share restriction 

digest patterns, corresponding to the MN106-B genotype. A negative control for the PCR 

reaction is shown in the last lane. (C) Morphology of developing Thlaspi arvense 

flowers. The top panel (1,3,5) shows the morphology of the unaltered flowers, while the 

bottom panel (2,4,6) shows the same series of flowers with sepals and petals either 

removed or rearranged to reveal the status of the stamens with regards to filament 

elongation and the shedding of pollen. 2.) Neither filament elongation nor pollen 

shedding have commenced in (1). 4.) Filaments have elongated and pollen is being shed 

inside of the closed flower shown in (3). 5.) Pollen densely covers the stigmatic surface 

by the time the flower is fully open in (6). All scale bars equal 1 millimeter.  
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Figure 3-4: Analysis of genes involved in glucosinolate metabolism and transport  

(A) Overview of glucosinolate biosynthesis core structure (green) via methionine and 

tryptophan and breakdown (yellow) and corresponding orthologs in the pennycress 

genome - pathway derived from Liu et al., (2014). Expression values (RPKM, in 

parentheses) are shown for each putative ortholog derived from the global RNAseq reads 

previously described (Dorn et al., 2013). (B-G) Neighbor-joining trees of TGG1/TGG2, 

MVP1, ESP, ESM1, GTR1, and GTR2-like predicted peptides (100 bootstrap replicates) 

from pennycress (identified in this study), B. rapa and B. oleraceae (Liu et al., 2014).  
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CHAPTER 4: Genomic analysis of spring and winter annual pennycress accessions 

reveals the spring annual growth habit has arisen multiple independent times    
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SUMMARY 

Field pennycress (Thlaspi arvense L.) is currently being developed as a new cold-

tolerant oilseed crop. In natural populations, pennycress, like many Brassicaceae 

relatives, can exhibit either a winter or spring annual phenotype. Pennycress is a diploid 

relative of Arabidopsis thaliana, a model species that has been used to study many 

adaptive phenotypes, including flowering time and developmental timing. In Arabidopsis 

and other Brassicaceae species, mutations in negative regulators of flowering, including 

FLOWERING LOCUS C and FRIGIDA can cause the transition to a spring annual habit.  

The genetics underlying the difference between spring and winter annual pennycress 

lines are currently unknown. Here we report the identification of three new alleles of FLC 

in pennycress that confer a spring annual growth habit identified through whole genome 

sequencing, segregation analyses, and comparative genomics. However, these specific 

alleles were only identified in a small percentage of spring annual lines tested, indicating 

there are likely additional FLC mutations not identified here, and/or mutations in other 

negative regulators such as FRIGIDA. These findings will provide important information 

for the ongoing development of pennycress as a winter annual cover crop and biodiesel 

feedstock, as an enhanced understanding of the regulation of flowering in this species 

should allow for the fine-tuning of flowering in commercial lines.  
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Introduction 

Thlaspi arvense L. (field pennycress, pennycress herein) is currently a target for 

domestication as a new, cold-hardy winter oilseed crop that can fit within the 

corn/soybean rotation in the Midwestern United States (Dorn et al., 2013, Dorn, 2015, 

Sedbrook et al., 2014). As a winter annual crop, pennycress can be planted in the late 

summer to early autumn, either into standing corn or immediately after corn harvest. The 

pennycress crop establishes a robust vegetative cover prior to winter, providing important 

ecosystem services such as limiting soil erosion and nutrient runoff. In the spring, 

pennycress will flower and set seed, yielding upwards of 1600 pounds per acre of oil-rich 

seed in time for planting a crop of soybean (Phippen and Phippen, 2012, Sedbrook et al., 

2014). Pennycress seed is high in oils that can be readily converted to biodiesel or jet 

fuel, with the remaining high-protein seed meal having potential as animal feed or 

feedstock for industrial uses (Evangelista et al., 2012, Fan et al., 2013, Selling et al., 

2011, Moser et al., 2009, Hojilla-Evangelista et al., 2013). 

 

Pennycress is a member of the Thlaspideae, a tribe of the Brassicaceae. The 

Brassicaceae family is divided into three lineages, and pennycress resides in lineage II, 

along with the Brassica genus, including the economically important oilseed crops 

Brassica rapa and Brassica napus, but not the model species Arabidopsis thaliana and 

Capsella rubella, which are members of lineage I (Franzke et al., 2011). Pennycress is 

considered naturalized to most temperate to subarctic regions throughout the northern 

hemisphere, including the entire United States (excluding Hawaii and Alabama), all 
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provinces of Canada, as well as the southern hemisphere, including Australia, New 

Zealand, and Argentina (Warwick, 2002 ). Pennycress already exhibits numerous traits 

that make it an attractive winter rotation crop(Sedbrook et al., 2014). Of particular 

importance in the upper Midwest is the existence of pennycress lines that complete their 

life cycle rapidly enough to fit within the corn/soybean rotation. Central to this rapid 

spring development of pennycress is the underlying growth habits of winter annuals. In 

wild populations, there are both winter and spring annual pennycress (McIntyre and Best, 

1978 , Best and McIntyre, 1972), similar to many other Brassicaceae species such as 

Arabidopsis thaliana (Stinchcombe et al., 2004, Shindo et al., 2005), Brassica rapa (Wu 

et al., 2012), Camelina sativa (Crowley, 1999), and Brassica napus (Tadege et al., 2001).  

 

Throughout the decades of research on basic developmental questions in 

Arabidopsis, and the expanding translational research in other Brassica crops, the 

underlying molecular mechanisms controlling these differences has been identified in 

many of these species (Jung and Muller, 2009, Simpson and Dean, 2002, Amasino, 2005, 

Kim et al., 2009). In wild accessions of Arabidopsis, only a handful of mutations are 

responsible for variation of flowering time and vernalization requirement (Burn et al., 

1993, Clarke and Dean, 1994, Johanson et al., 2000). Most notably, allelic variation in 

two key negative regulators, FLOWERING LOCUS C (FLC) and/or FRIGIDA (FRI), 

underlies the key difference between spring and winter annual plants. FLC encodes a 

MADS box transcription factor (Michaels and Amasino, 1999), and inhibits flowering 

prior to vernalization by repressing the expression of FLOWERING LOCUS T (FT) 
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(Searle et al., 2006).  In Arabidopsis, flc null mutations eliminate the vernalization 

requirement and impart the spring annual, rapid flowering phenotype (Michaels and 

Amasino, 1999). Allelic variation within FRI also impact flowering time and the 

vernalization requirement. Similar to FLC, Arabidopsis accessions harboring loss of 

function mutations in FRI flower rapidly without vernalization (Johanson et al., 2000, 

Shindo et al., 2005).  

 

The expression of FLC is positively regulated by FRI (Michaels and Amasino, 

1999), thus, mutations in either of the two main vernalization-responsive negative 

regulators, FLC and FRI, can lead to a loss of vernalization requirement and a spring 

annual growth habit (Michaels and Amasino, 2001, Michaels and Amasino, 1999). The 

vernalization signal provided by the cold of winter removes the repression on the 

transition to flowering through the epigenetic silencing of FLC. Specifically, 

vernalization increases histone 3 K27 trimethylation (H3K27me3) at FLC chromatin, 

reducing transcriptional activity (Sung et al., 2006, Finnegan and Dennis, 2007, Greb et 

al., 2007). The vernalization-induced silencing of FLC releases the repression on the 

transition to flowering, which promotes the transition to reproductive growth (Searle et 

al., 2006). 

 

While this extensive understanding of the molecular genetic pathways controlling 

flowering time and vernalization in Arabidopsis has informed similar studies in Brassica 

relatives, little is known about the underlying mechanisms controlling flowering time 
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variation in pennycress. Different accessions of pennycress have been reported to either 

act as early flowering or late flowering, with late flowering accessions growing as 

rosettes for as long as 150 days prior to flowering (Best and McIntyre, 1972). It was later 

found that vernalization increased the rate of flowering in the late flowering accessions 

(Best and Mc Intyre, 1976). Analyses of F2 progeny between the late and early flowering 

accessions determined the early flowering (spring annual) phenotype was determined by 

a single gene, with the late flowering allele being completely dominant (McIntyre and 

Best, 1978 ).  

 

The development of pennycress is only in its infancy, and current available lines 

are only a few generations derived from wild collections. While comprehensive plant 

improvement programs are less than a decade old, there has been a rapid development of 

genetic and genomic resources for pennycress, including a transcriptome (Dorn et al., 

2013) and genome sequence (Dorn, 2015), a large scale EMS mutagenized population, 

and numerous groups now focused on the genetics of key agronomic traits. Foundational 

to this work has been the feasibility of using DNA sequencing technologies to generate 

these resources for a developing crop. While previous efforts to sequence the human 

(Lander et al., 2001, Venter et al., 2001) and Arabidopsis (S. Kaul, 2000) genomes 

involved massive teams and multi-billion dollar budgets, the advent and wide-scale 

adoption of next generations sequencing technologies (NGS) has allowed for the 

development of equivalent genomic resources for hundreds of species, including 

numerous crop species such as chickpea (Varshney et al., 2013), cassava, cucumber, 
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sugar beet, flax, and camelina. In each of these cases, the assembly of even draft genomes 

for these species has allowed for the direct identification of important gene homologs 

potentially responsible for controlling traits of interest, as informed by both previous 

research in the species and by basic research in model species.  

 

In this study, we utilized the power NGS and our previously developed draft 

genome for pennycress to rapidly identify a causal mutation for the spring annual growth 

habit. Through whole genome sequencing of a winter and spring annual pennycress 

accession and accompanying segregation analysis of the identified mutation, we have 

also identified one additional natural ‘spring annual’ allele of FLC, as well as an induced 

mutation identified from a large scale EMS-mutagenized population. Each of the two 

spring annual FLC alleles were identified in accessions throughout North America.  
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Materials and Methods  

 

Thlaspi arvense accession MN108-SA, MN111, and MN111 x MN108-SA F2 

population   

The spring annual Thlaspi arvense line MN108-SA was derived from a wild 

Minnesota population containing both winter and spring annual plants. Three generations 

of single seed decent was performed on a spring annual plant from this collection and 

sequenced. A single MN111 plant was also carried through two generations single seed 

decent and sequenced. Plants were germinated on moist Berger BM2 germination mix 

(Berger, Inc., www.berger.ca), stratified at 4° C for 7 days, and grown in climate 

controlled growth chambers at the University of Minnesota (21° C, 16 h/8 h day/night 

cycles at 100 micromoles/m2/s PAR). The MN111 plant sequenced in this analysis was 

vernalized at six weeks post germination at 4°C for 30 days in the dark. After 

vernalization, this plant was returned to the growth chamber conditions described above. 

The MN108-SA plant was not vernalized as it flowered immediately.  

 

DNA isolation and Illumina genomic DNA sequencing 

DNA was isolated from a single MN108-SA and MN111 plant using the Omega 

Mag-Bind Plant DNA kit (Omega Bio-Tek, www.omegabioteck.com) according to the 

manufacturers recommended protocol.  These DNA samples were submitted to the 

University of Minnesota Genomics Center for sequencing on the Illumina HiSeq 2000 

platform (Illumina Inc, www.illumina.com). Sequencing libraries were prepared using 
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the Illumina TruSeq Nano DNA Sample Prep kit with an average library insert size of 

460 base pairs. The Illumina Universal Adaptor and an Indexed Adaptor (MN111 – 

Illumina Indexed Adaptor #12 – barcode = CTTGTA, MN108 – Illumina Indexed 

Adaptor #11 – barcode = GGCTAC) were used to create the sequencing libraries. Each 

library was sequenced on a full lane of Illumina HiSeq 2000 (100 base pair, paired-end). 

 

Sequencing data quality control, read mapping, and de novo assembly  

FASTQ files from all sequencing runs were imported into CLC Genomics 

Workbench Version 7.5 (CLC Bio, www.clcbio.com) Illumina reads were subjected to 

quality control using the Sequencing QC Report tool. Reads were trimmed and filtered 

using the following parameters: Trim adapter list = Illumina TruSeq Universal Adaptor + 

Illumina Indexed Adaptor used for library preparation, Ambiguous Trim = Yes, 

Ambiguous Limit = 2, Quality Limit = 0.05, Use Colorspace = No, Search Reverse 

Sequence = Yes, Save discarded sequences = No, Remove 5’ terminal nucleotides = Yes, 

Number of 5’ Terminal Nucleotides to Remove = 8, Remove 3’ terminal nucleotides = 

Yes, Number of 3’ terminal nucleotides to remove = 2, Discard Long Reads = No, Save 

Broken Pairs = No. 

 

Trimmed and filtered sequencing reads were mapped to the previously published 

draft pennycress genome (Dorn et al, 2015) with CLC Genomics Workbench Version 7.5 

with the ‘Map Reads to Reference’ tool using the following parameters: Masking mode = 

No masking, Mismatch cost = 2, Insertion cost = 3, Deletion cost = 3, Length fraction = 
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0.9, Similarity fraction = 0.9, Global alignment = No, Auto-detect paired distances = Yes, 

Non-specific match handling = Ignore, Collect un-mapped reads = Yes.  

 

Variants were called in CLC Genomics Workbench Version 7.5 using the Basic 

Variant Detection tool using the following parameters: Ploidy = 2, Ignore positions with 

coverage above = 100,000, Ignore broken pairs = yes, Ignore non-specific matches = 

Reads, Minimum coverage = 10, Minimum count = 2, Minimum frequency = 35%, Base 

quality filter = yes, Neighborhood radius = 5, minimum central quality = 20, minimum 

neighborhood quality = 15. A called variant table was exported and further filtered upon 

variant quality score, with variants below or equal to 30 being excluded from further 

analysis.  

 

Independent de novo assemblies of the MN111 and MN108-SA reads were 

performed using the de novo assembly tool in CLC Genomics Workbench using the 

following parameters: Mapping mode = Map reads back to contigs, update contigs = Yes, 

Automatic bubble size = yes, Minimum contig length = 500, Word size = 63, Perform 

scaffolding = Yes, Auto-detect paired distances = Yes, Mismatch cost = 3, Insertion cost 

= 3, Deletion cost = 3, Length Fraction = 0.95, Similarity Fraction = 0.95. Variant 

detection was performed on the assembled scaffolds and corresponding read mappings 

using the above methods and parameters.  
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Sequence comparison of flowering time gene orthologs  

Sequence comparison analyses were completed in CLC Genomics Workbench 7.5 

using the ‘Classical Sequence Analysis’ toolkit. Consensus genomic sequences for 

pennycress FT, FRI, and FLC orthologs were derived from the corresponding read 

mappings for MN111 and MN108-SA. Extracted consensus sequences were manually 

examined to ensure appropriate base calling of variants based on read mapping 

information. Genomic DNA alignments and predicted peptide alignments for the FT, 

FRI, and FLC sequences from MN111, MN108-SA, and MN106 reference genome were 

generated with the CLC ‘Create Alignment’ tool using the following parameters: Gap 

open cost = 10, Gap extension cost = 1, End gap cost = as any other, Alignment = very 

accurate (slow).  

 

Sanger sequencing analysis of c.6_7insG FLC mutation in MN111 x MN108-SA F2 

population and global spring varieties  

DNA was isolated from F2 progeny grown in the conditions described above 

using the Omega Bio-Tek Plant MagBind 96 kit according to the manufacturers 

recommended protocol. DNA oligos were designed to amplify the 5’ end of the 

pennycress FLC gene, approximately 100 base pairs upstream of the transcriptional start 

site (TaFLC_1_Forw: 5’ – CCGAGGAAGAAAAAGTAGATAGAGACA -3’, 

TaFLC_1_Rev: 5’ – GAAGCTTAAAGGGGGAAAAAGGAA – 3’). Polymerase Chain 

Reaction (PCR) was used to amplify this fragment, producing an approximately 450 base 

pair amplicon. New England Biolabs Q5 Hot-Start High-Fidelity PCR Kit with 2x Master 
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Mix was used, with the following thermal cycler conditions: 1.) 98°C for 30 seconds, 2.) 

98°C for 10 seconds, 3.) 57°C for 20 seconds, 4.) 72°C for 20 seconds, 5.) Go to step #2 

34 times , 6.) 72°C for 2 minutes, 7.) 4°C hold. Reactions were visualized using gel 

electrophoresis on a 1% agrose gel with ethidium bromide stain to confirm amplification 

of a single band using gel electrophoresis. PCR products were submitted to Beckman 

Coulter Genomics for PCR product purification and single pass Sanger sequencing. 

Amplicons were sequenced in both directions using the forward and reverse primers 

listed above. Sanger sequencing reads were analyzed in CLC Genomics Workbench, 

aligned against the pennycress MN106 reference genome at the FLC locus to identify 

sequence variants.  

 

PCR and sequencing of TaFLC Amplicon 2, Amplicon 3, and c.456bp_del amplicon 

Oligonucleotides were designed for the amplification of TaFLC Amplicon 2, 

encompassing exons 2 – 5 (TaFLC_2_Forw: 5’ – TGTTTTCAAGGGTTAGCTCG – 3’ 

and TaFLC_2_Rev: 5’ – TGCCAGCTAATAAAGGATAC – 3’).  

Polymerase Chain Reaction (PCR) was used to amplify this fragment, producing an 

approximately 1000 base pair amplicon. New England Biolabs Q5 Hot-Start High-

Fidelity PCR Kit with 2x Master Mix was used, with the following thermal cycler 

conditions: 1.) 98°C for 30 seconds, 2.) 98°C for 5 seconds, 3.) 60°C for 15 seconds, 4.) 

72°C for 30 seconds, 5.) Go to step #2 34 times , 6.) 72°C for 2 minutes, 7.) 4°C hold. 

Reactions were visualized using gel electrophoresis on a 1% agrose gel with ethidium 

bromide stain to confirm amplification of a single band using gel electrophoresis. An 
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additional internal primer (TaFLC_2_internal_Forw 5’- 

GATCCACCTACGAGCTATTA – 3’) was also used for sequencing.  

 

Oligonucleotides were designed for the amplification of TaFLC Amplicon 3, 

encompassing exons 6 – 7 (TaFLC_3_Forw: 5’ – TCTAGTCTTCTTGGGGATG – 3’ 

and TaFLC_3_Rev: 5’ – ACAACATGCACCCTTATCAA  – 3’).  

Polymerase Chain Reaction (PCR) was used to amplify this fragment, producing an 

approximately 1000 base pair amplicon. New England Biolabs Q5 Hot-Start High-

Fidelity PCR Kit with 2x Master Mix was used, with the following thermal cycler 

conditions: 1.) 98°C for 30 seconds, 2.) 98°C for 5 seconds, 3.) 60°C for 15 seconds, 4.) 

72°C for 30 seconds, 5.) Go to step #2 34 times , 6.) 72°C for 2 minutes, 7.) 4°C hold. 

Reactions were visualized using gel electrophoresis on a 1% agrose gel with ethidium 

bromide stain to confirm amplification of a single band using gel electrophoresis. 

 

Oligonucleotides were designed for the amplification of TaFLC c.456bp_del 

amplicon that encompasses the 3’ end of the first intron, the 2nd exon, and the second 

intron (TaFLC_del_1_Forw: 5’ – CGAACCATAGTTCAGAGCTT– 3’ and 

TaFLC_del_1_Rev: 5’ – ATAGTGTGCATCAACTGGTC– 3’).  

Polymerase Chain Reaction (PCR) was used to amplify this fragment, producing an 

approximately 1000 base pair amplicon. New England Biolabs Q5 Hot-Start High-

Fidelity PCR Kit with 2x Master Mix was used, with the following thermal cycler 

conditions: 1.) 98°C for 30 seconds, 2.) 98°C for 5 seconds, 3.) 63°C for 15 seconds, 4.) 
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72°C for 60 seconds, 5.) Go to step #2 34 times , 6.) 72°C for 2 minutes, 7.) 4°C hold. 

Reactions were visualized using gel electrophoresis on a 1% agrose gel with ethidium 

bromide stain to confirm amplification of a single band using gel electrophoresis.  

 

All PCR products were purified prior to Sanger sequencing using the Qiagen 

QiaQuick PCR Purification Kit (Qiagen N.V., www.qiagen.com) according to the 

manufacters recommended protocol. Following purification of PCR products, amplicons 

were sequenced by ACGT, Inc. (Wheeling, Illinois) for single pass Sanger sequencing. 

All raw Sanger reads were analyzed in CLC Genomics Workbench.  
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Results 

Flowering time phenotypes of winter and spring annual pennycress 

T. arvense line MN111 consistently exhibits a winter annual phenotype which 

requires a period of vernalization to induce flowering, whereas line MN108-SA 

completely lacks the vernalization requirement and flowers immediately after 

germination (Figure 1). After germination, MN108-SA plants develop two to three true 

leaves and internodes begin to elongate (Figure 1 – inset, white arrow). To examine the 

segregation of the winter and spring annual phenotypes, an F2 population was developed 

from a cross between MN111 and MN108-SA. A single F1 individual was self 

pollinated, and 50 F2 progeny were planted for further analysis. Of these F2 individuals, 

38 exhibited a winter annual phenotype and 12 exhibited a spring annual phenotype 

(24%), suggesting the winter annual phenotype is caused by a single dominant locus 

(Table 2).  

 

Whole Genome Resequencing of MN111 and MN108-SA Individuals  

Whole genome sequencing of the MN111 and MN108-SA parent plants was used 

to identify key genomic differences underlying the difference between winter annual and 

spring annual plants. DNA from each parent was sequenced on a full lane of the Illumina 

HiSeq 2000 platform (100 base pair, paired end). Over 334M sequencing reads were 

generated per parent (Table 1). A total of 29B high quality (post quality control) were 

generated per parent, representing >53X coverage of the predicted genome size of 539Mb 

(Johnston et al., 2005).  
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Trimmed and filtered reads were mapped to the winter annual MN106 draft 

genome sequence (Dorn, 2015). Variant detection analysis identified 556,115 and 

566,330 putative variants in the MN111 and MN108-SA parents, respectively. As shown 

in Table 1, the majority of these variants are single nucleotide polymorphisms (SNPs), 

with the 433,216 (MN111) and 443,713 (MN108) being homozygous SNPs. Of the total 

number of variants for each parent, less than 15% consisted of multiple nucleotide 

variants, insertions, deletions, and replacements (Table 1). The complete datasets listing 

all putative variants in the MN111 and MN108-SA parents are available at 

https://pennycressflowering.s3.msi.umn.edu/MN111_variants.xls.gz and 

https://pennycressflowering.s3.msi.umn.edu/MN108_variants.xls.gz, respectively.  
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Examination of flowering time orthologs in winter and spring annual pennycress 

BLAST analyses were used to identify the genomic sequences of FLOWERING 

LOCUS T (FT), FRIGIDA (FRI), and FLOWERING LOCUS C (FLC) from MN106, 

MN111, and MN108. Read mappings were manually examined to identify potential 

mutations underlying the winter to spring annual transition. In the pennycress FT 

ortholog, there was one region with sequence differences among the three lines; however, 

this region is within an AT-rich region of the first intron. There were no sequence 

differences in the FT predicted peptides between the three lines. Comparison of the 

pennycress FRI homolog (Ta1.0_26225 on scaffold 1344 of the v1.0 pennycress genome) 

revealed a single SNP between these three lines, however, this SNP was shared by both 

the MN111 and MN108 individual, likely indicating a non-causative effect on the spring 

annual growth habit. This SNP was found to cause an amino acid change (Threonine to 

Serine) at position 553 of the TaFRI predicted peptide (position 2,085 of the gene model - 

c.2,085A>T).  

 

BLASTp results of the Arabidopsis FLC peptide against pennycress predicted 

peptide set revealed several candidates. Seven of these top hits in the pennycress 

predicted proteome were extracted, and compared back to Arabidopsis via BLASTp. 

Each best hit from Arabidopsis was extracted and aligned with the pennycress predicted 

peptides (Figure 1). All of the corresponding BLAST hits contain MADS-box domains, 

and consist of SEPELLATA 1/AGAMOUS-LIKE 2 (SEP2-AT5G15800), SEPELLATA 

3 (SEP3-AT1G24260), SEPALLATA 4/AGAMOUS-LIKE 3 (SEP4-AT3G03710), 
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APETALA 1/AGAMOUS-LIKE 7 (AP1-AT1G69120), MADS AFFECTING 

FLOWERING 2/AGAMOUS-LIKE 31 (MAF2-AT5G65050), MADS AFFECTING 

FLOWERING 3 (MAF3-AT5G65060), MADS AFFECTING FLOWERING 4 (MAF4-

AT5G65070), MADS AFFECTING FLOWERING 5/AGAMOUS-LIKE 68 (MAF5-

AT5G65080), AGAMOUS LIKE 17 (AGL17 – AT2G22630), and AGAMOUS LIKE 21 

(AGL21-AT4G37940). Phylogenetic analyses revealed that the pennycress predicted 

peptide Ta00917 was most similar to TaFLC, with each of the other hits corresponding to 

distinct groupings of AGL-like, SEP-like, AP1-like, or MAF-like (Figure 1).  

 

Investigation of WGS sequencing reads at the pennycress FLC locus revealed a 

single base pair (guanine) frame shift insertion after the second codon (c.6_7insG) in the 

MN108 spring annual line, which when theoretically translated, causes a precocious stop 

codon (TGA) in the 12th codon position. This mutation was not found in either winter 

annual line and thus investigated further.  
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Genetic analysis of co-segregation of c.6_7insG mutation with spring annual 

phenotype in an F2 population  

 Fifty F2 individuals from the previously described MN111 x MN108 cross 

were screened using polymerase chain reaction (PCR) and Sanger sequencing to examine 

co-segregation of the c.6_7insG mutation with the spring annual phenotype. 

Oligonucleotides were designed to amplify a 394 bp amplicon (TaFLC_1_Forw and 

TaFLC_2_Rev – Table 3) that encompasses the entire first exon of the FLC locus (Figure 

3A, leftmost gray arrow). Sanger sequencing of these amplicons from all 12 spring 

annual F2s confirmed the co-segregation of the c.6_7insG mutation in this population 

(Table 4). Additionally, 14 randomly chosen winter annual F2 individuals were also 

screened, and showed a segregation ratio of 5 homozygous for the MN111 allele (no 

c.6_7insG), and 9 heterozygous for the mutation (as evidenced by examination of the 

Sanger sequencing trace data).  

 

 Additional oligonucleotides were generated to allow for PCR screening of 

two additional amplicons to cover the remaining six exons of TaFLC (Figure 3A, gray 

arrows on right). Sequencing of amplicon 2 (Figure 3A, middle arrow), which 

encompasses exons 2-5 of FLC, revealed an additional two SNPs. The first occurs at 

position 2,990, which was also evident in the WGS results of the MN111 and MN108 

parents, where the MN111 parent posses a ‘C’ at this position, whereas the MN108 

parent, along with the MN106 reference genome posses a ‘T’ at this position. Since this 

SNP resides in the predicted 2nd intron of the FLC gene, and that the spring annual 



 

  189 

MN108 parent and the winter annual MN106 references accessions shared the same 

variant, it seemed unlikely this SNP was responsible for the spring/winter annual 

phenotype. A second variant at position 3,342 showed the identical relationship, with the 

reference MN106 and MN108 accessions sharing a “C” at this position, while the MN111 

accession posses a “G”. This particular SNP location, which is in the first position fourth 

exon of FLC, imparts a nonsynonymous substitution in the predicted peptide, changing 

the codon from “AGC” (in the MN106 and MN108 accession, encoding for serine) to 

“AGG” in the MN111 accession (encoding for arginine). Within the third amplicon, 

which covers exons 6 and 7 of FLC, one additional SNP was discovered immediately 

after the 6th exon in the final intron at position 3,897. As this SNP exists in an intron and 

does not impart a splice acceptor site, it was not analyzed further. The co-segregation of 

the SNPs at positions 7 (c.6_7insG), 2,990, and 3,342 within the F2 individuals was 

further analyzed, as shown in Table 3. All spring annual F2 progeny, which were already 

shown to possess the MN108 allele (the c.6_7insG mutation), also exhibited the MN108 

variants at positions 2,990 (‘T’) and 3,342 (‘C’) (Table 3). The five winter annual F2 

progeny homozygous for the MN111/MN106 allele at position 7 were also shown to be 

homozygous for MN111 variant at positions 2,990 and 3,342. These results suggest that 

the variants at positions 2,990 and 3,342 are not causal for the spring/winter annual 

phenotype.  
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Identification of a novel FLC allele from an EMS mutagenized population that confers 

the spring annual phenotype 

 In the fall of 2013, a large-scale population (30,000-40,000 seeds) of MN106 

was treated with the mutagen ethylmethane sulfonate (EMS) and planted in St. Paul, 

Minnesota. EMS is a common mutagen that induces random point mutations through the 

alkylation of guanine residues in DNA, leading to abnormal base pairing with thymine, 

often causing a base pair change of G:C to A:T after replication. The use of mutagens 

like EMS has been a common practice to induce novel genetic variation within a 

population for both basic research and breeding. In the spring of 2014, 1,000 pools of 10 

M1 plants were hand collected, and a portion of seed from each of these collections was 

planted into 1,000 individual rows the following fall. In the fall of 2014, a forward screen 

for phenotypes of interest was conducted. One individual spring annual plant was 

identified in the field (herein referred to as ‘Squirt’ – shown in Figure 4A). As this was 

the only spring annual plant within this row, a subpool of the remaining collected M1 

seed that was used to seed this row was planted in the growth chamber in an attempt to 

identify an additional progeny of the field-identified Squirt mutant. One individual was 

found, shown in Figure 4B, which immediately began internode elongation and 

flowering, similar to MN108 (Figure 1) and the other spring lines examined in this study.  

 

 With the previous implication of mutations in TaFLC leading to the spring 

annual phenotype, we began PCR screening with the first exon (TaFLC_1_Forw and 

TaFLC_1_Rev – Fig 2A leftmost arrow). Sanger sequencing of the resulting PCR 
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amplicons confirmed a single nucleotide polymorphism in the Squirt mutant at the 55th 

base of TaFLC (first base of the 18th codon). This mutation (A to T) leads to a change of 

the 18th codon from CAA (in the MN106 and MN111 accessions, along with 

Arabidopsis) to the stop codon TAA (Figure 5). The identification of the c.55A>T allele 

of TaFLC, along with the previous finding the c.6_7insG mutation is shown to segregate 

in Mendelian fashion with the spring annual phenotype, we have concluded that the 

identify of the single dominant locus responsible for the spring annual phenotype in 

pennycress (McIntyre and Best, 1978 ) is TaFLC, and that each of these alleles alone is 

causal for the spring annual phenotype in these accessions.  

 

 

 

 

 

 

 

 

 

 

 

 



 

  192 

Geographic distribution of FLC mutations in global spring annual pennycress 

accessions  

 With the finding that a single base pair insertion (c.6_7insG) or substitution 

(c.55A>T) can impart the spring annual flowering phenotype, we next examined 44 

additional globally distributed spring annual lines collected from national germplasm 

repositories and the University of Minnesota collection. PCR screening and amplicon 

sequencing of these 44 accessions revealed that only three lines shared the c.6_7insG 

mutation originally identified in the MN108 accession, all originating in North America. 

These lines consisted of MN131 (Howard Springs, Montana), Ames 31489 (Saskatoon, 

Canada), and Ames 31491 (Lashburn, Canada).  

 

 With 41 remaining spring annual lines without an identified mutation, we 

expanded the search within these lines. Using previous findings in Arabidopsis, Brassica 

rapa, Brassica napus, Capsella rubella, and Capsella bursa-pastoris that have shown 

that intronic and promoter variation can impart flowering time variation, including 

vernalization requirement, we expanded our search to include the previous unsequenced, 

large first intron of TaFLC. Oligonucleotides (TaFLC_del_1_Forw and 

TaFLC_del_1_Rev, Table 3) were designed to amplify a 2,088 bp amplicon stretching 

from the middle of the first intron to the third exon of TaFLC (Figure 6A, gray arrow). 

The remaining 41 spring annual lines were PCR screened to examine if there were any 

large insertions or deletions in this region that would be evident by examining the size of 

the PCR amplicons. A total of 10 accessions were found to produce identically sized PCR 
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amplicons approximately 400 bp shorter than the MN106 reference amplicon (Figure 

6B). These lines included Spring 32, a proprietary inbred spring line obtained from Dr. 

Win Phippen at Western Illinois State University under a Materials Transfer Agreement, 

along with four UMN accessions (MN121, 123, 124, and 125, all collected from near 

Roseau, Minnesota), and several accessions obtained from United States Department of 

Agriculture Germplasm Resources Information Network (USDA-GRIN), including Ames 

29512, 31024, 31490, 31492, and 31500 (Figure 6B). The geographic origins of each of 

these additional 10 accessions containing this new allele, c.456bp_del, along with the 

accessions containing the c.6_7insG allele and MN111, MN106, and MN108 accessions 

are shown in Figure 7. Ames 29512 is not shown in Figure 4, as its precise origin is 

unknown, other than originating as a donated plant material from Canada, as listed in the 

GRIN database. The Spring 32 accession origin is arbitrarily shown in Macomb, Illinois 

(the location of Western Illinois University).  
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Global spring annual varieties of unknown genetic origin 

Of the remaining 31 spring annual accessions that were not found to possess 

either the c.6_7insG or c.456bp_del alleles of TaFLC, 6 were from Europe, including 

Germany (PI633415, PI650284), PI650285, and PI650286), France (PI650287), and 

Poland (Ames 22461). These European spring lines were next examined for mutations in 

TaFRI (Ta1.0_26225 on scaffold 1344 of the draft genome), as it was plausible there 

could also exist fri null alleles that could also confer the spring annual phenotype, as is 

seen in Arabidopsis. Primers were designed to amplify TaFRI in two amplicons (Figure 

7) and sequenced. In each of these lines, only a single SNP was found at position 2,085, 

an ‘A’ to ‘T’ substitution, which causes an amino acid change in the final exon (threonine 

to serine), as was described above. Following reconfirmation via Sanger sequencing of 

MN106, MN111, MN108, and several other spring annual lines, it was found that 

MN106 was the only line tested with an ‘A’ at position 2,085. As MN111, the winter 

annual parent of the F2 cross described above, possessed the c.2,085A>T allele, it is 

unlikely this allele of FRI is underlying the spring annual phenotype of the European 

spring lines.  
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Discussion 

Use of NGS to quickly identify mutations of interest  

 Here we report the discovery of two natural alleles of FLC that confer the 

spring annual phenotype in pennycress, one of which was discovered via whole genome 

sequencing of the parents of an F2 cross. At the onset of this experiment, upon 

calculating the predicted costs associated with PCR-based cloning and sequencing of all 

candidate genes, we found it was less expensive to use this WGS approach to first 

identify a candidate locus in the parent accessions, and then proceed to test F2 progeny 

via PCR and Sanger sequencing. The added value with the WGS approach here is that we 

now also have ‘reference’ genome sequences for these two accessions (MN111 and 

MN108), along with an F2 population that is also being used to develop a linkage map 

via Genotype by Sequencing (Poland and Rife, 2012). Additionally, as the network 

controlling flowering time is known to be extremely complex, the gene variants in each 

of these parents that may have a minor affect on vernalization and flowering provide a 

wealth of untapped information for later investigation.  

 

Towards an understanding of flowering time control in pennycress  

Our previous efforts (Chapter 2 and 3 of this dissertation) to develop genomic 

resources for the domestication of pennycress identified likely homologs controlling 

flowering time and the vernalization response via DNA and RNA sequence homology 

(Dorn et al., 2015, Dorn et al., 2013). Here we present the first sequence-supported 

genetic information on the underlying mechanisms controlling flowering time in 
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pennycress. While the two new natural alleles of FLC reported here are sufficient to 

confer the spring annual phenotype, there is likely a host of interacting gene products also 

essential for the rapid flowering seen in the spring annual accessions investigated here. 

Of particular interest is FRIGIDA and members of the ‘FRIGIDA Complex’ (FRI-C), 

including FRIGIDA LIKE 1 (FRL1), FRIGIDA-ESSENTIAL 1 (FES1), SUPPRESSOR 

OF FRIGIDA4 (SUF4), and FLC EXPRESSOR (FLX) (Choi et al., 2011). The 

FRIGIDA Complex acts as a transcriptional activation complex on FLC expression 

through a diverse range of functions of each complex member (Choi et al., 2011). While 

no loss of function FRIGIDA alleles were identified in the accessions examined here, it 

remains possible an FLC-independent path to the spring annual phenotype exists. Future 

studies should focus on the collection of a more comprehensive set of globally distributed 

lines, including both spring and winter annuals, as important FRI alleles could otherwise 

be masked in heterozygotes.  The interaction between the vernalization response 

pathways, photoperiodic, and autonomous pathways are also of great interest, as allelic 

variation and unique combinations of alleles from each pathway can contribute to 

quantitative variation in flowering time, which is the ultimate applied goal of the research 

described here.   
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Future directions for pennycress flowering time research  

While the scope of this study was to define a key regulator behind the 

vernalization requirement in pennycress, the results presented here of a homologous 

spring/winter annual system controlled by loss of function alleles of FLC open up 

immense opportunity for applying knowledge from Arabidopsis to improve a new crop 

species. For example, gene expression patterns in accessions harboring each FLC allele 

identified here will help define the roles of FLC, members of the FRIGIDA Complex, 

and the downstream floral integration genes and provide important information 

understanding the flowering network in pennycress. Also currently unknown is the 

underlying genetic cause of the spring annual phenotype of the remaining 31 spring 

annual accessions tested here. While there is currently missing sequencing information 

covering the large first exon of FLC, as well as the promoter of FLC, ongoing 

experiments should be able to identify any new allelic variants of interest. Of particular 

interest is that neither of the two natural spring annual FLC alleles were found in 

European accessions, suggesting the potential these two alleles evolved after colonizing 

North America. However, with only a total of 6 spring annual accessions from Europe, 

this conclusion could easily be disproven with a large sampling of natural accession from 

a wider geographic range across northern Europe.  

 

Work is currently ongoing to identify early flowering EMS-induced mutations 

from the same population from which the ‘Squirt’ FLC mutant (c.55A>T) was derived. 

While mutations in FLC will be among the first targets for sequencing in any new 
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mutants, the fact these mutants persisted as winter annuals throughout the course of the 

2014-2015 winter season in Minnesota suggests any causative mutation is has a minor 

affect on earliness, opposed to the complete loss of vernalization requirement seen with 

the c.55A>T, c.6_7insG, and 2385_2841del mutants. While the guiding goal of this work 

is develop winter annual varieties of pennycress that rapidly flower in the spring, the 

identification of the importance of a functional FLC allele here and the identification of 

new genetic and phenotypic variance for flowering time should allow for the rapid 

development of an elite pennycress variety that fits within the short growing season of 

northern climates.  
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Figure 4-1: MN108 and MN111 accessions used in WGS and to develop F2 

population found to segregate for the spring annual phenotype.  
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Table 4-1: Summary of Whole Genome Sequencing Results and Variant Detection 

Analysis in MN108 and MN111  
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Table 4-2: Phenotypes of 50 F2 MN111 x MN108 progeny (WA: Winter Annual, SA: 

Spring Annual – flowered immediately after germination)  

 

 

 

 

Type #

Winter Annual (WA) 
/Spring Annual (SA) 

Phenotype Type #

Winter Annual (WA) 
/Spring Annual (SA) 

Phenotype
F2 progeny 1 SA F2 progeny 26 WA
F2 progeny 2 SA F2 progeny 27 SA
F2 progeny 3 WA F2 progeny 28 WA
F2 progeny 4 WA F2 progeny 29 WA
F2 progeny 5 WA F2 progeny 30 SA
F2 progeny 6 SA F2 progeny 31 WA
F2 progeny 7 WA F2 progeny 32 SA
F2 progeny 8 WA F2 progeny 33 WA
F2 progeny 9 SA F2 progeny 34 SA
F2 progeny 10 SA F2 progeny 35 WA
F2 progeny 11 WA F2 progeny 36 WA
F2 progeny 12 WA F2 progeny 37 WA
F2 progeny 13 WA F2 progeny 38 WA
F2 progeny 14 WA F2 progeny 39 WA
F2 progeny 15 WA F2 progeny 40 WA
F2 progeny 16 WA F2 progeny 41 SA
F2 progeny 17 WA F2 progeny 42 WA
F2 progeny 18 WA F2 progeny 43 WA
F2 progeny 19 WA F2 progeny 44 WA
F2 progeny 20 SA F2 progeny 45 WA
F2 progeny 21 WA F2 progeny 46 WA
F2 progeny 22 SA F2 progeny 47 WA
F2 progeny 23 WA F2 progeny 48 WA
F2 progeny 24 WA F2 progeny 49 WA
F2 progeny 25 WA F2 progeny 50 WA
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Table 4-3: Oligonucleotide sequences used for amplification and sequencing of 

various TaFLC amplicons  

 

 

 

 

 

 

 

 

 

 

Name of oligo Sequence (5' - 3') 
TaFLC_1_Forw CCGAGGAAGAAAAAGTAGATAGAGACA
TaFLC_1_Rev GAAGCTTAAAGGGGGAAAAAGGAA
TaFLC_2_Forw TGTTTTCAAGGGTTAGCTCG
TaFLC_2_internal_Forw GATCCACCTACGAGCTATTA
TaFLC_2_Rev TGCCAGCTAATAAAGGATAC
TaFLC_3_For TCTAGTCTTCTTGGGGATG
TaFLC_3_Rev    ACAACATGCACCCTTATCAA
TaFLC_del_1_Forw CGAACCATAGTTCAGAGCTT
TaFLC_del_1_Rev ATAGTGTGCATCAACTGGTC
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Figure 4-2: Phylogenetic analysis of FLOWERING LOCUS C-like predicted 

peptides in pennycress and Arabidopsis. Tree created using Neighbor Joining 

algorithm (Jukes-Cantor distance measure) with 100 bootstrap replicates. Bootstrap 

values shown at each node.  
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Figure 4-3: Overview of TaFLC amplicons and Variants.  

A.) Location of amplicons along the TaFLC locus, starting with Amplicon 1 (leftmost 

arrow). B.) Gene structure of TaFLC, exons shown as black boxes, introns by thin black 

lines. C.) Variants identified in TaFLC in MN106, MN111, and MN108 at the 

corresponding positions along TaFLC. D.) Nucleotide and predicted peptide sequence 

alignment of 5’ end of TaFLC in MN106, MN111, and MN108.  
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Individual SA/WA Position 7 Position 2,990 Position 3,342
MN106 WA G--A T C
MN111 WA G--A C G
MN108 SA GGA T C
F2 #1 SA GGA T C
F2 #2 SA GGA T C
F2 #6 SA GGA T C
F2 #9 SA GGA T C
F2 #10 SA GGA T C
F2 #20 SA GGA T C
F2 #22 SA GGA T C
F2 #27 SA GGA T C
F2 #30 SA GGA T C
F2 #32 SA GGA T C
F2 #34 SA GGA T C
F2 #41 SA GGA T C
F2 #3 WA G--A (Heterozygous) T/C (Heterozygous) C/G (Heterozygous)
F2 #4 WA G--A (Homozygous) C G
F2 #5 WA G--A (Homozygous) C G
F2 #7 WA G--A (Homozygous) C G
F2 #8 WA G--A (Heterozygous) T/C (Heterozygous) C/G (Heterozygous)
F2 #11 WA G--A (Heterozygous) NS NS
F2 #18 WA G--A (Heterozygous) NS NS
F2 #31 WA G--A (Homozygous) C G
F2 #38 WA G--A (Heterozygous) NS NS
F2 #39 WA G--A (Heterozygous) NS NS
F2 #40 WA G--A (Heterozygous) NS NS
F2 #42 WA G--A (Heterozygous) NS NS
F2 #43 WA G--A (Heterozygous) NS NS
F2 #44 WA G--A (Homozygous) C G

Analysis of FLC mutations in MN108 x MN111 F2 population 
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Table 4: Analysis of FLC Mutations in MN108 x MN111 F2 population.  

Summary of the identified variants at position 7 (c.6_7insG mutation), 2,990, and 3,342 

in MN106, MN111, MN108, the 12 spring annual MN111 x MN108 progeny, and 14 

randomly selected winter annual MN111 x MN108 progeny, with the confirmed 

sequence for each individual and location shown. All sequences homozygous unless 

otherwise noted. “NS” indicates individual not sequenced at that location.  
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Figure 4-4: Identification of a novel, EMS-induced FLC allele conferring the spring 

annual phenotype.  

A.) Photograph of field grown ‘Squirt’ mutant B.) Photograph of lab-grown ‘Squirt’ 

mutant identified from pooled M2 seeds. Both photographs courtesy of Evan Johnson and 

Erin Daniels.  
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Figure 4-5: Alignments of 5’ end of Arabidopsis and various pennycress FLC alleles 

and predicted peptides  
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Figure 4-6: Screening and identification of new allele (2385_2841del) conferring the 

spring annual phenotype 

A.) Schematic of TaFLC gene structure and 2 kilobase amplicon used to identify 

2385_2841del allele (gray arrow). Bottom – black box indicating position of 456 bp 

deletion from position 2385 to 2841.  

B.) Gel electrophoresis of 2385_2841del amplicons from MN106 and 10 spring annual 

lines.  Predicted fragment size of MN106 amplicon is 2,088 bp. Sanger sequencing of all 

spring annual lines shown identified a 456 bp deletion, resulting in a 1,632 bp amplicon 

in the spring lines. Negative control shown in rightmost lane.  
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Figure 7: Geographic distribution of winter and spring annual lines analyzed in this 

study and confirmed FLC alleles.  
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Table 4-5: Sequence of oligonucleotides used for amplification and sequencing of 

TaFRI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name of oligo Sequence (5' - 3') 
TaFRI_1_Fow TGGTTGGTGCTAATGCTACG
TaFRI_1_Rev GCCATGTGACCTCCTAGTTC
TaFRI_1_int_Forw TAAACGCCAGTACGATGACC
TaFRI_2_Forw AAGCCTTGAGCAATGTTGGT
TaFRI_2_Rev CAGTTAGCCGCGTTATCGTC
TaFRI_2_int_Forw AGATGATGAAGAGCCGGAGG
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Figure 8: Pennycress FRIGIDA gene structure and cloning strategy to identify 

c.2085A>T variant  

A.) Gene structure of TaFRI, exons shown as black boxes, introns by thin black lines. B.) 

Location of primers used for amplification and sequencing C.) Variants identified in 

TaFRI in MN106, MN111, and MN108 
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