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Abstract 

Nuclear genome size varies immensely across flowering plants, spanning nearly 2400-

fold. The causes and consequences of this vast amount of variation have intrigued biologists 

since it became clear that nuclear DNA amount did not reflect organismal complexity (the so-

called C-value paradox). In my dissertation I utilize wild sunflower species in the genus 

Helianthus to examine the role of transposable elements (TEs), and in particular, long terminal 

repeat (LTR) retrotransposons, in generating genome size variation and whether variation in 

genome size influences aspects of plant growth and development across multiple phenotypic 

levels.  The genus Helianthus provides an excellent system for studying these questions given 

four-fold variation in nuclear DNA content among diploid species and well-resolved 

phylogenetic relationships.  

 

Utilizing short-read Illumina data and sequence information from a diverse panel of 

Helianthus annuus (common sunflower) full-length LTR retrotransposons, I found that nuclear 

genome size in Helianthus species is positively correlated with repetitive DNA, and LTR 

retrotransposon subtypes generally show similar patterns in genomic abundance across taxa. 

Helianthus species with the largest genomes, however, exhibit large-scale amplification of a 

small number of LTR retrotransposon subtypes. Measuring aspects of plant growth and 

development at cell-, organ- and whole plant-levels in a panel of diploid Helianthus species that 

vary 4-fold in nuclear genome size, I found that genome size is negatively correlated with cell 

production rate, but that this negative correlation does not persist at higher organizational levels.  

 



  

Taken together, these results provide insights into the mechanisms contributing to 

genome size evolution in plants and the organizational level at which genome size may impact 

growth patterns and developmental rates. Genome expansion in wild sunflowers is influenced 

most significantly by amplification of a small number of TEs and not necessarily by a greater 

diversity of TEs. Genome size is strongly negatively correlated with cell production rate but this 

relationship weakens at higher organizational levels, such as that of organ and whole-plant 

development. 
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since it became clear that nuclear DNA amount did not reflect organismal complexity (the so-

called C-value paradox). In my dissertation I utilize wild sunflower species in the genus 

Helianthus to examine the role of transposable elements (TEs), and in particular, long terminal 

repeat (LTR) retrotransposons, in generating genome size variation and whether variation in 

genome size influences aspects of plant growth and development across multiple organizational 

levels.  The genus Helianthus provides an excellent system for studying these questions given 

four-fold variation in nuclear DNA content among diploid species and well-resolved 

phylogenetic relationships.  

 

Utilizing short-read Illumina data and sequence information from a diverse panel of 

Helianthus annuus (common sunflower) full-length LTR retrotransposons, I found that nuclear 

genome size in Helianthus species is positively correlated with repetitive DNA, and LTR 

retrotransposon subtypes generally show similar patterns in genomic abundance across taxa. 

Helianthus species with the largest genomes, however, exhibit large-scale amplification of a 

small number of LTR retrotransposon subtypes. Measuring aspects of plant growth and 

development at cell-, organ- and whole plant-levels in a panel of diploid Helianthus species that 

vary 4-fold in nuclear genome size, I found that genome size is negatively correlated with cell 

production rate, but that this negative correlation does not persist at higher organizatonal levels.  

 



  

Taken together, these results provide insights into the mechanisms contributing to 

genome size evolution in plants and the organizational level at which genome size may impact 

growth patterns and developmental rates. Genome expansion in wild sunflowers is influenced 

most significantly by amplification of a small number of TEs and not necessarily by a greater 

diversity of TEs. Genome size is strongly negatively correlated with cell production rate but this 

relationship weakens at higher organizational levels, such as that of organ and whole-plant 

development. 
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Chapter 1 - Introduction 

 

 Genome size evolution in plants  

Plants exhibit a considerable amount of genome size variation, with angiosperms having 

almost 2400-fold variation in nuclear DNA content (Leitch and Leitch 2013).  Understanding 

factors underlying this vast amount of variation has intrigued biologists since it first became 

clear that the DNA amount of an organism did not reflect organismal complexity (Vendrely, 

1955).  In 1971, Thomas coined the term ‘C-value paradox’ to reflect the lack of correlation 

between genome size and organismal complexity (Thomas, 1971). This paradox has largely been 

resolved as it is now well understood that genome size variation does not reflect differences in 

gene number but differences in the amount of repetitive DNA sequences, most typically 

transposable elements (TEs) (Flavell et al 1974). Questions remain, however, concerning the 

diversity of TEs that predominate in genomes of different size, the mechanisms and evolutionary 

forces driving genome size variation and its consequences on evolution. It is recognized that an 

increase in genome size arises through polyploidy and amplification of repetitive DNA, 

especially retrotransposons. Mechanisms of increase are offset by processes such as illegitimate 

recombination, and/or unequal intrastrand homologous recombination events resulting in genome 

size reduction (Devos et al. 2002; Vitte and Panaud 2003; Ma et al. 2004; Hawkins et al. 2009). 

Illegitimate recombination can occur between asymmetric pairing of homologous sequences and 

occasionally can occur in the absence of sequence homology (Wicker et al 2007b). 

Understanding TE diversity and abundance underlying genome size variation and the biological 

consequence of genome size variation have received considerable attention during recent years.  
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 Transposable element contribution to genome size variation  

The repetitive and highly abundant sequences in plant genomes consist mainly of Class I TEs, 

particularly long terminal repeat (LTR) retrotransposons (Kumar and Bennetzen 1999; Wicker et 

al. 2007a) with the most abundant being superfamilies gypsy and copia. LTR retrotransposons 

are capable of proliferating in their host genome via an RNA intermediate which is converted to 

extrachromosomal DNA prior to reinsertion in another place in the genome. This form of 

transposition and amplification is often referred to as a “copy-and-paste” mechanism and permits 

exceptionally high copy numbers of LTR retrotransposons in many plant lineages (Federoff 

2012). LTR retrotransposons are characterized by two long terminal repeats at the 5’ and 3’ ends 

which flank two major genes, gag and pol, that encode a number of proteins (Kumar and 

Bennetzen 1999). LTR retrotransposons gyspy and copia superfamilies are identified by the 

order of pol protein coding domains (protease, reverse-transcriptase, integrase and RNAseH) and 

on sequence similarity (Figure 1.1). Sequence similarity is also used to classify sublineages 

within gypsy and copia superfamilies (Wicker et al 2007a). Different rates and degrees of 

amplification between TE superfamily and sublineage allow plant genomes of closely related 

species to differ considerably in TE content and genome size (Hawkins et al. 2006; Tenaillon et 

al. 2011). Comparisons of TE content and composition across species can highlight the dynamic 

role of TEs in plant genome evolution. In this dissertation, I explore the contribution of 

superfamilies gypsy and copia LTR retrotransposons to genome size variation among eight 

diploid sunflower species and one out-group species Phoebanthus tenuifolius (Chapter 2). The 

significance of this study is to inform how TEs contribute to genome size variation within 

species and among closely related species.   
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Figure 1.1 General structure of copia and gypsy LTR retrotransposons. The LTR 

retrotransposons have long terminal repeats on the 5’ and 3’ ends that are identical upon 

integration. The genes within the retrotransposons encode protease (PR), integrase (INT), 

reverse-transcriptase (RT) and RNAse-H.   

 

 Identification of transposable elements 

Next generation sequencing (NGS) technologies and analytical approaches offer a 

novel approach to generate whole-genome sequence data and characterize repetitive 

DNA (Lam et al. 2012).  A major advance from the advent of NGS sequencing is the 

ability to rapidly generate vast amounts of sequence data across the genome at a 

moderately low cost (Kelly and Leitch 2011). The amount of data generated from a single 

NGS sequencing run can be massive, therefore with the complexity and sequence 

variability of TEs, this substantial component of plant genomes has typically been treated 

as an inconvenience and discarded from sequence data. However, bioinformatic tools 

have been developed to aid in the analysis of TEs in genome sequences (Bergman and 

Quesneville 2007), advancing the analysis of the repetitive component of plant genomes 
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in genome structure and organization.  With better analysis methods developed for the 

characterization of TE content, even under scenarios of low sequence coverage  (Macas 

et al. 2007; Kurtz et al. 2008; Novak et al. 2010), there is much improvement in 

knowledge on the genomic TE content both within species and across related taxa 

(Tenaillon et al. 2011; Bonchev and Parisod 2013). 

 

 Genome size and the phenotype 

The biological consequence to an organism having a large or small genome size is a 

current topic of research in plant evolutionary biology specifically for traits and developmental 

rates. Nuclear DNA content has been found to be positively correlated with cell size and duration 

of cell division rates (Bennett 1971, 1972, 1977; Cavalier-Smith et al 1985; Bennett 1998; 

Francis et al. 2008). Observations of genome size effect on cellular traits furthered predictions 

that larger quantities of DNA require longer cell cycle time thus would impact the growth rates 

of plant tissue (Beaulieu et al 2007; Bennett 1972) and many have studied the consequence of 

genome size on phenotypes, such as leaf anatomical traits and growth rate.  Genome size has 

been found to be positively correlated with leaf area and cells per leaf in Microseris (Castro-

Jimenez et al 1989), leaf width and length among cultivars of soybean (Chung et al 1998), and 

seed size in 18 Pinus species (Wakamiya et al 1993).  However, in populations of Poa annua 

genome size positively correlated with stomatal cell size but negatively correlated with growth 

rate after 6 weeks of growth (Mowforth and Grime 1989). Similarly, in populations of 

Dasypyrum villosum genome size was negatively correlated with leaf length and width while 

positively correlated with seed weight and flowering interval (Caceres et al 1998). Chapter 3 of 
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this dissertation tests whether genome size variation effects growth among sunflower species that 

have a four-fold difference in genome size.  

 

 Helianthus as a study system for genome evolution 

Helianthus has emerged as an excellent system for genomic, genetic and 

ecological studies (Kane et al. 2013).  Helianthus is a diverse group of perennial and 

annual dicots, with a widespread range throughout the United States (Heiser et al. 1969) 

and a well resolved phylogeny of the diploid species (Stephens et al. 2015).  H. annuus 

(common sunflower) is one of the well-studied diploid species in the genus. Information 

has been gained on domestication (Burke 2005; Wills and Burke 2007; Baack 2008), 

genome structure and organization (Kane et al 2011), local adaptation and the evolution 

of ecotypes within species (Blackman et 2011) utilizing this species.   The genome of H. 

annuus is known to be highly repetitive with LTR retrotransposons comprising > 70% of 

the nuclear DNA (Staton et al 2012; Gill et al 2014). Helianthus as a system contains 

three hybrid species that arose from two progenitors three different evolutionary times 

and is a model system for speciation (Rieseberg et al 2003).  Recent and large-scale 

proliferation events of LTR retrotransposons are documented among the hybrid species, 

as well as genome expansion when compared to the progenitors (Ungerer et al. 2006; 

Ungerer et al. 2009; Kawakami et al. 2010). Wild sunflowers in the genus Helianthus 

exhibit a four-fold difference in genome size among diploid species (Sims and Price 

1985) providing an ideal system for studies of TE proliferation dynamics and associated 

genome evolution (Giordani et al. 2014) as well as biological consequence of genome 

size variation.  
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Research Objectives 

In this dissertation, I focused on genome size variation among diploid, perennial and 

annual sunflower species.  Chapter 2 explores the diversity of TEs that predominate in sunflower 

genomes of different size and the mechanisms and evolutionary forces driving genome size 

variation.  Genome size is estimated for eight diploid sunflower species and an out-group 

species, Phoebanthus tenuifolius using flow cytometry; genome size for these species ranged 

nearly four-fold. Utilizing short read next-generation sequence data for the species under 

investigation, combined with sequence information from a panel of H. annuus full-length LTR 

retrotransposons in a de novo graph-based clustering comparison across species of LTR 

retrotransposon sublineage identity and abundance were conducted. Genome size and LTR 

retrotransposon dynamics among sunflower species were studied to: (1) determine the 

contribution of repetitive DNA to genome size among sunflowers, and (2) evaluate the 

contribution of gypsy and copia LTR retrotransposon sublineages to the genomes among and 

within sunflower species in this study. Chapter 3 tests whether genome size has an effect on 

aspects of plant growth and development. Nuclear DNA content has been consistently found to 

be positively correlated with cell size and duration of cell division rates but with growth traits at 

different levels, i.e., organ and whole plant, relationships between genomes size are less clear.  

For this chapter early growth and development was measured for 20 diploid perennial and annual 

sunflower species with genome size estimates, generated in our lab and by collaborators, that 

ranged over a four-fold difference. Rates of root cell production, shoot growth rate, leaf 

expansion and biomass accumulation were measured during early stages of plant development. 

Measurements of growth for species with varying genome sizes with different life cycles were 
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studied to assess (1) whether genome size has a consequence on growth and development and (2) 

whether genome size has a different effect on growth at various organizational levels, cell (cell 

production rate), organ (leaf expansion rate) and whole plant (growth rate and biomass 

accumulation). Combined, results from these studies demonstrate that (1) genome size is 

positively correlated with repetitive nuclear DNA among sunflower species, (2) sunflowers 

generally show similar abundances of different LTR retrotransposon sublineages with 

amplification of a small number of sublineages in species with the largest genomes, (3) genome 

size negatively correlates with root cell production, and (4) at higher organizational levels 

genome size does not correlate with growth traits, instead a signature of life cycle (annual and 

perennial) may play a role in growth and development.  

  

Chapter 4 of this dissertation addresses variation among natural populations of 

Helianthus maximiliani, a perennial sunflower that spans along a latitudinal gradient from 

Canada to southwest United States in Texas. Species that are distributed broadly along 

geographical zones of extreme temperature variation are subject to local adaptation, especially 

plants with a sessile lifestyle.  Three populations (Texas, Kansas and Manitoba, Canada) 

spanning a 2134 km gradient were examined for (1) variation in freezing tolerance before and 

after cold acclimation and (2) variation in flowering phenology from herbaria records.  This 

chapter highlights both variation in freezing tolerance and flowering phenology along the 

latitudinal gradient. This study demonstrates that plant populations from the northernmost 

latitude that experience colder temperatures and a shorter growing season display the highest 

freezing tolerance and a history of earlier flowering phenology showing signs of local adaptation.     
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Chapter 2 - Long Terminal Repeat retrotransposon content in eight 

diploid sunflower species inferred from next-generation sequence 

data 

This chapter is formatted for the journal “G3|Genes|Genomes|Genetics” 

The citation for this chapter is: Tetreault, H.M. and Ungerer M.C. 2016 Long Terminal Repeat 

retrotransposon content in eight diploid sunflower species inferred from next generation 

sequence data. G3 doi:10.1534/g3.116.029082. 

  

 Abstract 

The most abundant transposable elements (TEs) in plant genomes are Class I long 

terminal repeat (LTR) retrotransposons represented by superfamilies gypsy and copia. 

Amplification of these superfamilies directly impacts genome structure and contributes to 

differential patterns of genome size evolution among plant lineages. Utilizing short-read 

Illumina data and sequence information from a panel of Helianthus annuus (sunflower) full-

length gypsy and copia elements, we explore the contribution of these sequences to genome 

size variation among eight diploid Helianthus species and an outgroup taxon, Phoebanthus 

tenuifolius. We also explore transcriptional dynamics of these elements in both leaf and bud 

tissue via RT-PCR. We demonstrate that most LTR retrotransposon sublineages (i.e., families) 

display patterns of similar genomic abundance across species.  A small number of LTR 

retrotransposon sublineages exhibit lineage specific amplification, particularly in the genomes 

of species with larger estimated nuclear DNA content. RT-PCR assays reveal that some LTR 

retrotransposon sublineages are transcriptionally active across all species and tissue types, 
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whereas others display species-specific and tissue-specific expression. The species with the 

largest estimated genome size, Helianthus agrestis, has experienced amplification of LTR 

retrotransposon sublineages, some of which have proliferated independently in other lineages 

in the Helianthus phylogeny. 

  

 Introduction 

Transposable elements (TEs) are DNA sequences capable of mobilizing within a 

host genome. Mobilization typically occurs either by physical excision-reinsertion events 

or through a process of replicative transposition whereby individual elements 

transcriptionally give rise to new copies that are reverse transcribed prior to insertion at 

new locations in the genome (Kumar and Bennetzen 1999; Feschotte et al. 2002).  TEs 

that mobilize via replicative transposition (Class I TEs) are a major genomic component 

of many plant species because their mobilization involves sequence propagation and 

large-scale copy number increases. Because these events occur independently and at 

different rates and scales in the genomes of different plant lineages, even closely related 

species may diverge rapidly in TE content and genome size (Hawkins et al. 2006; 

Tenaillon et al. 2011). 

 

The most abundant Class I TEs in plants are long terminal repeat (LTR) 

retrotransposons and are subdivided into superfamilies gypsy and copia (Kumar and 

Bennetzen 1999; Wicker et al. 2007). Differential proliferation and abundance of families 

(or sublineages) within these superfamilies are known to directly impact genome size 

evolution (Vitte and Panaud 2005; Hawkins et al. 2006; Piegu et al. 2006; Charles et al. 
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2008; Tenaillon et al. 2011; Piednoel et al. 2012; Kelly et al. 2015). Characterizing 

particular sublineages within superfamilies that undergo proliferation and determining 

patterns of proliferation events among related species can be a difficult task given 

sequence variation among sublineages and the difficulty of accurately estimating copy 

number abundance of elements within sublineages across taxa. 

   

Advances in next generation sequencing (NGS) approaches have greatly 

facilitated efforts to generate and characterize whole-genome-level sequence data (Lam et 

al. 2012) for model and nonmodel organisms alike (Kelly and Leitch 2011). Major 

impediments of de novo genome assembly of NGS data exist, however, on account of 

short read lengths generated by many NGS platforms and the difficulty of assembling 

reads derived from genomes with a high repetitive fraction (e.g., with a large TE 

component). NGS data nonetheless have proved extremely informative for 

characterization of the genomic TE content both within species and across related taxa 

(Tenaillon et al. 2011; Bonchev and Parisod 2013), and several analysis methods have 

been developed for such characterizations, even under scenarios of low sequence 

coverage (Macas et al. 2007; Kurtz et al. 2008; Novak et al. 2010) 

 

Wild sunflowers in the genus Helianthus provide an opportune system for studies 

of TE proliferation dynamics and associated genome evolution (Giordani et al. 2014). 

Helianthus includes approximately 49 species native to N. America that are collectively 

widespread throughout the United States, southern Canada and northern Mexico (Heiser 

et al. 1969) and phylogenetic relationships are well resolved (Rieseberg 1991; Schilling 
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1997; Schilling et al. 1998; Timme et al. 2007; Stephens et al. 2015).  Genomic resources 

and tools are available for several Helianthus species (Kane et al. 2013) and a genome 

sequencing effort is underway for the cultivated sunflower H. annuus (Kane et al. 2011). 

Multiple ploidy levels are found within the genus (Kane et al. 2013) with genome size 

varying considerably even among species of the same ploidy (Sims and Price 1985). 

Genome structure and organization have been best characterized for the diploid species 

H. annuus. The genome of this species is highly repetitive, with LTR retrotransposons 

and their derivatives comprising > 70% of nuclear DNA (Staton et al. 2012; Gill et al. 

2014). Recent insertional activity of these sequences has been documented in H. annuus 

(Buti et al. 2011; Staton et al. 2012) as have patterns of tissue specific expression (Gill et 

al. 2014). Recent and even larger-scale proliferation of LTR retrotransposons has been 

documented for three diploid annual Helianthus species derived via ancient hybridization 

events (Ungerer et al. 2006; Staton et al. 2009; Ungerer et al. 2009; Kawakami et al. 

2010), with sublineages that proliferated in these species remaining active 

transcriptionally and expressed at higher levels when compared to the parental species 

from which the hybrid taxa are derived (Kawakami et al. 2011; Ungerer and Kawakami 

2013). 

 

In the current study we explore the contribution of LTR retrotransposons to 

genome size variation among eight diploid Helianthus species representing all four 

taxonomic sections based on current classification (Schilling and Heiser 1981) and an 

outgroup species, Phoebanthus tenuifolius. These eight Helianthus species represent 

much of the existing variation in diploid genome size, ranging nearly four-fold in 



15 

 

estimated nuclear DNA content (Sims and Price 1985). We combine short read NGS data 

with sequence information from a panel of H. annuus (common sunflower) full-length 

LTR retrotransposons in a de novo graph-based clustering approach that enables 

meaningful comparisons of LTR retrotransposon sublineage identity and abundances 

across species. We demonstrate that nuclear genome size is significantly correlated with 

repetitive DNA content in these species and that the species under investigation generally 

exhibit similar abundances of different LTR retrotransposon sublineages, suggestive of 

shared ancestry. We also note signatures of amplification for a small number of LTR 

retrotransposon sublineages in species with the largest genomes, thus identifying a 

contributing mechanism of genome size expansion in these species. Lastly, we highlight 

how graph-based clustering approaches are preferable to read-mapping based approaches 

in interspecific comparative analyses of TE abundance. 

 

 Materials and Methods 

 Plant materials and DNA sequencing 

Seeds of species utilized in this study were obtained from the United States 

Department of Agriculture (USDA) National Plant Germplasm System (http://www.ars-

grin.gov/npgs/) or collected from natural populations (Table 2.1).  Seeds were germinated 

in the dark on moist filter paper in Petri dishes and 2-3 day old seedlings transferred to 8-

inch pots with a 2:1 mixture of Metro-mix 350: all-purpose sand. All plants were grown 

under a 16 h : 8 h, light : dark cycle in the Kansas State University glasshouse facility. 

Watering was conducted daily or as needed and fertilization with a weak nutrient solution 

(N:P:K = 15:30:15) was applied weekly. 

http://www.ars-grin.gov/npgs/
http://www.ars-grin.gov/npgs/
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Young, fully-expanded leaves from one individual per species were collected for DNA 

extraction and subsequent whole genome shotgun (WGS) sequencing. All harvested tissue was 

flash-frozen in liquid nitrogen and stored at -80 ˚C until needed. Genomic DNA was extracted 

using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). Three micrograms of total DNA 

per species were utilized for library preparation and WGS sequencing on an Illumina HiSeq2000 

platform, generating 2x100 bp paired-end reads. Library preparation was performed following 

the Tru-Seq standard protocol (Illumina Inc., San Diego, CA, USA) with a library insert size of 

350 bp. Libraries were multiplex sequenced on a single lane. Library construction and 

sequencing were performed at the University of Missouri DNA Core Facility, Columbia, MO, 

USA  (http://biotech.missouri.edu/dnacore/). Raw sequence reads have been submitted to the 

NCBI Short Read Archive [SRP074507].  Sequence data were trimmed and filtered using 

Trimmomatic V0.30 (Bolger et al. 2014) according to the following criteria: (1) adapters and 

barcodes removed, (2) reads <80 bases removed, (3) bases trimmed from read ends if quality 

<30, and (4) read ends trimmed while mean quality <25 in a 4 bp sliding window. Chloroplast 

reads were removed by mapping the filtered dataset to the H. annuus chloroplast genome 

(NC_007977.1) using BWA v0.7.6 (Li and Durbin 2009) with default parameters. Genomic 

coverage for each species was estimated using the equation Coverage=LN/G (Lander and 

Waterman 1988), where L is average read length, N is number of reads per species and G is 

genome length. Genome length for each species was calculated utilizing the haploid 1C value, 

derived from 2C data estimated by flow cytometry (Table 2.1), and the equation 1 pg = 978 Mb 

(Dolezel et al. 2003). 

  

http://biotech.missouri.edu/dn
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 Genome size determination  

Nuclear DNA content (2C genome size) was estimated using a Guava PCA-96 

microcapillary flow cytometry system (Guava Technologies, Hayward, CA, USA). Five 

biological replicates were evaluated per species with a minimum of 5000 events per sample. 

Sample preparation for flow cytometry followed that of Kawakami et al. (2011). An external 

standard (Helianthus petiolaris) was used along with the internal standard chicken erythrocyte 

nuclei (CEN; BioSure). Data were analyzed using CytoSoft V 2.5.4 (Guava Technologies, 

Haywood, CA, USA).  

 

 Estimation of genomic repetitive fraction based on short-read sequence data 

The genomic repetitive fraction of each species was determined separately using a 

graph-based clustering approach developed by Novak et al. (2010) and implemented in 

RepeatExplorer (Novak et al. 2013) on the Galaxy Server 

(http://www.repeatexplorer.org/). Briefly, approximately 3 M single end (R1) 100 bp 

reads were randomly sampled from each species (Table 2.1, Table A.1) and clustered 

based on an all-by-all comparison of sequence similarity (≥90%) and overlap (≥55%). 

Individual clusters were identified and counted toward the genomic repetitive fraction if 

they contained ≥ 0.01% of the starting number of sampled sequences (e.g., for 3 M 

sequences, minimum cluster size = 300 sequences). These parameter values represent 

default settings of RepeatExplorer. Datasets where fewer than 3M reads were sampled 

(Table A.1), were automatically reduced by RepeatExplorer based on an initial analysis 

of a randomly sampled subset of reads and assessment of genome repeat structure as 

described in the RepeatExplorer manual. To assess potential variation in repetitive 

http://www.repeatexplorer.org/
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fraction estimates for a given dataset, five separate graph-based clustering analysis runs 

(each analysis run ≈ 3 M randomly sampled reads) were conducted, with means ±SE 

presented in the Results.  

 

To assess the strength of association between genome size and repetitive fraction, 

Pearson product–moment correlation coefficients and phylogenetically adjusted correlation 

coefficients were performed in Program R (v3.2.2, R Foundation for Statistical Computing, 

Vienna, Austria). The phylogenetically adjusted correlations were performed using phylogenetic 

independent contrasts with the ‘APE’ package in R (Paradis et al. 2001), based on evolutionary 

relationships presented in Stephens et al. (2015). The phylogeny was truncated using the drop.tip 

function in APE to consist only of the species under investigation, with the exception of H. 

anomalus, which is of hybrid origin (Rieseberg 2006).  

 

 Clustering with full length LTR retrotransposons from the H. annuus genome  

To aid interpretation of repetitive sequence cluster identity and size across species 

as they pertain to LTR retrotransposons, graph-based clustering analysis runs were 

performed with a diverse reference panel of full-length gypsy and copia LTR 

retrotransposons derived from the H. annuus genome (Buti et al. 2011; Staton et al. 2012) 

(File S1). Individual elements were extracted and characterized from published BAC 

sequences utilizing the LTRharvest (Ellinghaus et al. 2008) LTRdigest (Steinbiss et al. 

2009) pipeline in genometools V 1.4.2. Of 110 full-length elements identified by these 

methods, 52 (40 gypsy + 12 copia) were identified as possessing an intact reverse-

transcriptase (RT) domain and thus retained for phylogenetic analysis based on their RT 
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amino acid sequences (File S2). The majority of these full-length elements represent 

relatively ‘young’ copies, with insertion estimates within the last 2 million years (Buti et 

al. 2011; Staton et al. 2012). Multiple sequence alignment was performed with ClustalW 

and phylogenetic analysis was conducted using neighbor-joining (NJ) and maximum 

parsimony (MP) methods in MEGA 4.0.2 (Tamura et al. 2007). The reliability of tree 

topologies was estimated with bootstrap replication (1000 pseudo-replicates).  

 

Full-length elements subjected to phylogenetic analysis (n=52) were subsequently 

converted to 100 bp kmers of sliding 85 bp overlap using a custom perl script to 

standardize sequence length with the Illumina-generated short read dataset. By this 

method, 281 to 1073 kmers were generated per full-length element (35,488 kmers total). 

The approximately 3 million Illumina reads per species were analyzed jointly with this 

collection of 100 bp kmers, which served as genomic ‘tracers’ enabling meaningful 

comparisons of the LTR retrotransposon content and abundance of different species’ 

genomes. The decision to use 85 bp overlap for adjacent 100 bp kmers for each full-

length element was based on the fact that the resulting similarity (100% shared bases 

across overlap of 85%) exceeded considerably the RepeatExplorer parameters for 

sequence clustering (i.e., ≥90% shared bases across overlap of ≥55%). 

 

 RT-PCR assays  

LTR retrotransposon transcriptional activity was evaluated via RT-PCR in both 

vegetative (leaf) and reproductive (bud) tissues from a single individual per species. For 

each sampled plant, leaf tissue representing the eight-leaf stage and the first bud were 
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harvested and immediately flash frozen in liquid nitrogen. Total RNA was extracted 

using TRIzol (Invitrogen, Carlsbad, CA, USA) and purified with an RNeasy Mini Kit 

(Qiagen, Valencia, CA, USA). RNA was treated with RNase-Free DNase (Qiagen, 

Valencia, CA, USA) to eliminate DNA contamination. Two sublineages of gypsy and a 

single sublineage of copia were assayed for transcriptional activity in both tissue types 

for all species utilizing sublineage specific primers targeting the Integrase and RNASEH 

domains of gypsy and copia elements, respectively (Kawakami et al. 2010; Ungerer and 

Kawakami 2013). RT-PCR assays were conducted using the ImProm-II Reverse 

Transcriptase system (Promega, Madison, WI, USA). RT-PCR reactions of the actin gene 

were used as positive controls for all samples. Negative control reactions were performed 

by withholding the reverse transcriptase enzyme. RT-PCR amplifications were conducted 

with an initial denaturing step of 94˚C for 2 min, followed by 5 cycles of 94˚C for 15 s, 

55˚C (+1.0˚C /cycle) for 15 s, and 72˚C for 15 s, followed by 30 cycles of 94˚C for 15 s, 

60˚C for 15 s, and 72˚C for 15 s, with a final incubation step of 72 ˚C for 5 min. 

Amplification products were size-separated via electrophoresis in 2% agarose gels and 

stained with ethidium bromide for visualization.  

 

 Results 

 Genome size and repetitive sequence content  

Genome size estimates based on flow cytometry (Table 1) are largely consistent with 

earlier reports for overlapping Helianthus species (n=7) obtained by Feulgen-staining (Sims and 

Price 1985), with the exception of H. divaricatus, which was estimated at 2C = 9.41 (±0.08) pg 

in the current study versus 16.9 pg reported previously (Sims and Price 1985).  Intraspecific 
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ploidy variation in H. divaricatus may underlie this observation (E. Baack, pers. comm.), though 

it is generally thought to be rare in Helianthus (Kane et al. 2013). Greater variability in 2C 

values exists among the sampled Helianthus annual species (range = 6.94 - 24.23 pg) versus 

perennial species (range = 9.32 - 12.91 pg; Table 2.1). With the exception of H. agrestis, all 

Helianthus species display 2C values lower than observed for closely related Phoebanthus 

tenuifolius (2C = 13.94pg ± 0.71), a diploid species and outgroup taxon for Helianthus (Schilling 

et al. 1998; Timme et al. 2007; Stephens et al. 2015).  

 

The Illumina Hi-Seq platform generated ~6.7-16.9 M paired end reads (2 × 100 bp), post 

processing, for each of the eight Helianthus species and P. tenuifolius, yielding genome coverage 

estimates ranging from 0.23x to 0.68x (Table 2.1). Based on subsampling of ~2.4-3 M single end 

reads per species, graph based clustering yielded genomic repetitive fraction estimates between 

68.17% and 82.12% (Table 2.1, Figure 2.1) and these estimates are strongly correlated with 

estimates of genome size (phylogenetic independent contrast analysis: r = 0.9041, P = 0.0052; 

Figure 2.1). 

 

 LTR retrotransposon contribution to genomic repetitive fraction 

To evaluate the contribution of LTR retrotransposons to the repetitive fraction of these 

genomes, the short-read sequence data for each species were analyzed jointly with a library of 

100 bp overlapping kmers derived from 40 full-length gypsy and 12 full-length copia elements 

identified previously from the H. annuus genome (see Methods). Phylogenetic analyses based on 

the reverse transcriptase (RT) domains of these 40 + 12 full-length elements indicate multiple 

well-supported gypsy and copia sublineages (Figure 2.2A,B, respectively). Comparisons of these 
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full-length element derived RT amino acid sequences across sublineages for both superfamilies 

revealed high sequence variability, with average genetic distances ranging from 0.108 to 0.667, 

and from 0.318 to 0.644 in pairwise comparisons of amino acid sequences from different 

sublineages within gypsy and copia, respectively (Table A.3). These elements are highly diverse, 

and represent a majority of the gypsy and copia diversity reported previously in sunflower based 

on sequence survey approaches (Ungerer et al. 2009; Kawakami et al. 2010) and analyses of 

multiple sequenced H. annuus BACs (Buti et al. 2011; Staton et al. 2012). Nomenclature for 

sublineage designations follows that reported in Ungerer et al. (2009) and Kawakami et al. 

(2010). Identified sublineages based on phylogenetic analyses presented herein also are largely 

congruent with family classification described in Staton et al. (2012) [Figure 2.2].  

 

Clustering with these panels of modified full-length LTR retrotransposons 

allowed, for each species under investigation, assignment of short-read Illumina 

sequences to distinct gypsy and copia superfamilies and sublineages within these 

superfamilies (Figure 2.3A,B). Across species, sequences derived from gypsy elements 

were 3.8 to 5.3-fold more abundant than sequences derived from copia elements and 

together sequences derived from these two superfamilies combine for between 38.3% and 

49.2% of all sequences for the species assayed (Table A.1).  Sequences from specific 

gypsy sublineages consistently are more abundant within species genomes than others 

(e.g., sublineages A, B, C, X1 and X2 versus sublineages E’, Y1, Y2, Z1, Z2; Figure 

2.3A); these more abundant sublineages form a monophyletic group in phylogenetic 

analysis of gypsy sequences (Figure 2.2A). 
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For certain sublineages, elevated read densities were observed for some species, 

suggesting species-specific amplification events. For example, Helianthus agrestis, the 

species with the largest estimated genome size and highest genomic repetitive fraction, 

displayed elevated read densities for two gypsy sublineages (A and C), indicating that 

proliferation of these sublineages may underlie genome expansion in this species.  

Similar elevated density of reads was observed for sublineage A in H. anomalus and 

sublineage X1 in Phoebanthus tenuifolius. 

 

Analogous patterns were observed for sublineages of copia elements with respect 

to relative abundance, with sublineages 1, 3 and 7 contributing disproportionately more, 

and sublineages 2, 4, 5 and 6 disproportionally less, to the genome repetitive fraction 

across species. Unlike observations for gypsy sublineages, however, the more abundant 

copia lineages are not monophyletic but rather consist of three separate, well supported 

lineages in the copia phylogeny (Figure 2.2B). Elevated density was observed in copia 

sublineage 1 for H. agrestis, again suggestive of a role of this sublineage in genome 

expansion. Elevated density, though to a lesser degree, also was observed in copia 

sublineage 3 for H. angustifolius. 

 

 Transcriptional activity of LTR retrotransposons in leaf and bud tissue 

Transcriptional activity of gypsy sublineages A and C and copia sublineage 1 (see 

Figure 2.2A,B) was assayed via RT-PCR in both leaf and bud tissues for all species under 

investigation. Detection of transcriptional activity was variable across species and tissue 

types for gypsy sublineage A (Figure 2.4A), with transcripts clearly detected in both leaf 
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and bud tissue for all annual species but less detectable in perennial species; and with 

more detectable expression signal in bud versus leaf tissue for perennials. In contrast, 

transcriptional activity of copia sublineage 1 was equally detectable across all species and 

in both tissue types (Figure 2.4B). Transcriptional activity of gypsy sublineage C was not 

detected in any tissue type in any species (data not shown). Positive control reactions 

targeting actin expression yielded no detectable expression differences across tissue types 

or species (Figure A.1).  

 

 Discussion 

Nuclear genome size across angiosperms varies dramatically, stretching nearly 

2,400 fold between the smallest and largest documented flowering plant genomes (Leitch 

and Leitch 2013). Differential abundance and proliferation of TEs is now recognized as a 

significant contributor to genome size variation in plants, with LTR retrotransposons 

recognized as the most abundant and transpositionally dynamic (Hawkins et al. 2006; 

Piegu et al. 2006; El Baidouri and Panaud 2013).  Evaluating TE diversity in organismal 

genomes has been revolutionized by next generation sequencing (NGS) technologies that 

enable rapid and detailed analysis of TE composition both within and among species 

(Macas et al. 2007; Swaminathan et al. 2007; Wicker et al. 2009; Piednoel et al. 2012; 

Sveinsson et al. 2013; Diez et al. 2014; Agren et al. 2015; Kelly et al. 2015).   

 

Here we utilized Illumina short read sequence data coupled with sequence 

information from a panel of full-length gypsy and copia LTR retrotransposons obtained 

from the H. annuus genome to explore the contribution of LTR retrotransposons to 
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genome size variation among eight diploid Helianthus species representing all four 

taxonomic sections based on current classification schemes (Schilling and Heiser 1981) 

and an outgroup species, Phoebanthus tenuifolius.  The species under investigation 

consist of both annuals and perennials, vary in genome size by approximately 4-fold, yet 

all are diploid with a haploid chromosome complement of n=17. Given that other major 

classes of TEs such as DNA transposons and non-LTR retrotransposons (e.g, LINEs) 

represent a very small fraction of the sunflower genome (~2% and 0.6%, respectively) 

(Staton et al. 2012), these other TE categories were not included in the current analyses. 

In addition, cluster annotation in RepeatExplorer based on the RepeatMasker 

Viridplantae database indicates that other repeat types (i.e., low complexity repeats, 

simple repeats, and satellite DNA) generally are rare (<2% combined). This latter 

category of repeat types was thus also excluded from analysis. 

 

 Variation in genome size 

With the exception of H. agrestis, all Helianthus species investigated in the 

current study possess genome size estimates lower than that for the outgroup species P. 

tenuifolius. It is currently unknown whether this pattern is attributable to a general history 

of genome size reduction of Helianthus lineages, genomic expansion in P. tenuifolius, a 

combination of the two forces, or an artifact of the species sampled. Genome size 

reduction (DNA loss) can result from processes such as illegitimate recombination and/or 

unequal intrastrand homologous recombination events at the site of LTRs or interior 

coding regions of LTR retrotransposons (Devos et al. 2002; Vitte and Panaud 2003; Ma 

et al. 2004; Hawkins et al. 2009). Hallmarks of these events include the presence in the 
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genome of truncated elements and solo LTRs. These hallmarks have not been thoroughly 

investigated in Helianthus species or comparatively in P. tenuifolius due to a lack of 

sufficient sequence data. Based on analyses of 21 BAC clone sequences of the common 

sunflower H. annuus, however, truncated elements and solo LTRs do not appear a 

common feature of the sunflower genome (Staton et al. 2012). Evidence for independent 

genome expansion in P. tenuifolius following divergence from Helianthus lineages is 

suggested by elevated read density for at least one gypsy sublineage described in the 

current study (Figure 2.3A, see also Staton and Burke 2015). Despite these observations, 

broader trends across the Asteraceae suggest a directional increase in abundance of the 

more common gypsy LTR retrotransposons (and accordingly in genome size) from basal 

to more derived lineages, the latter of which include Helianthus and Phoebanthus species 

(Staton and Burke 2015). As such, Helianthus and Phoebanthus species genomes should 

be considered larger and with higher copy numbers of LTR retrotransposons compared 

with other members of Asteraceae, at least based on the limited sampling to date. 

 

 Clustering with panels of full-length LTR retrotransposons 

A strong positive correlation was found between genome size and genome 

repetitive fraction, indicating an important role for repetitive DNA in underlying genome 

size variation in this group. Combining short read data with sequence information from a 

panel of full-length LTR retrotransposons in a de novo graph based clustering approach 

enabled meaningful comparisons of LTR retrotransposon presence and relative 

abundance across species. The majority of elements within this panel have estimated 

insertion times in the H. annuus genome within the last 2 million years (Buti et al. 2011; 
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Staton et al. 2012). As such, our analyses focus on LTR retrotransposons in Helianthus 

likely to have been active recently; more ancient elements potentially involved in older 

amplification events may be less well represented. Sequences derived from gypsy 

elements were observed to be 3.8 to 5.3-fold more common than sequences from copia 

elements for these species. These results are consistent with previous analyses of the H. 

annuus genome (Buti et al. 2011; Staton et al. 2012), and consistent with genomic 

composition analyses in other plant species where similar abundance biases have been 

observed (International Rice Genome Sequencing 2005; Ming et al. 2008; Paterson et al. 

2009). 

 

Our results indicate variation in abundance for different sublineages of gypsy and 

copia elements within genomes, but general stability in read density within a sublineage 

across species. Stability in read density across species is expected if most LTR 

retrotransposon proliferation activity occurred in the common ancestor of these species, 

with sequence abundances remaining relatively unchanged following subsequent 

cladogenesis. Elements from the most abundant sublineages of gypsy (i.e., sublineages A, 

B, C, X1 and X2; Figure 2.3A) represent part of a larger, well supported, monophyletic 

group (Figure 2.2A), and thus share a common evolutionary history. In contrast, copia 

sublineages with the highest read densities (i.e., sublineages 1, 3 and 7) represent more 

distantly related and non-monophyletic elements. 

 

While general stability in read density within most sublineages was observed 

across species, exceptions to this pattern were found, most notably for three gypsy 
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sublineages (sublineages A, C and X1) and a single copia sublineage (sublineage 1). 

These exceptions were marked by higher read densities for species with larger genome 

size estimates, and were most apparent for H. agrestis and P. tenuifolius. These patterns 

likely reflect recent and lineage specific amplifications that have contributed to genome 

size expansion in these species. Similar patterns have been observed in other plant genera 

whereby differential abundance of a small number of LTR retrotransposon lineages 

underlies large genome size differences among species (Hawkins et al. 2006; Piegu et al. 

2006; El Baidouri and Panaud 2013). Interestingly, representative elements for two of the 

abundant gypsy sublineages (i.e., RLG-iketas and RLG-wimu) and copia sublineage 1 

(RLC-amov, RLC-jiliwu) [see Figure 2.2A and B, respectively] also display signatures of 

recent insertional activity in the common sunflower (H. annuus) genome, indicating 

potential widespread activity throughout the genus. 

 

Developing appropriate methods for meaningful comparisons of TE content and 

abundance across species genomes has become increasingly necessary as next generation 

sequencing technologies continue to improve and costs continue to decline. The graph 

based clustering approach of short read Illumina data combined with sequence 

information from a TE reference panel proved effective for interspecific analyses of 

sublineage identification and sequence densities in Helianthus, and provides a useful 

method when TE reference panels are available. A potential complicating factor of this 

method is that, due to sequence divergence among genomes, fewer sequence reads and/or 

sublineages might be identified in interspecific comparisons as genetic distance increases 

from the TE reference panel. To explore this possibility, we tested whether the density of 
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species-specific Illumina reads clustering with gypsy and copia tracer sequences 

decreased with increasing genetic distance from the H. annuus-derived TE reference 

panel. We failed to find such a negative correlation (Figure A.2A). Interestingly, 

however, a negative correlation was observed when the LTR retrotransposon panel was 

used as a reference in a read-mapping based approach (Figure A.2B). This negative 

correlation persisted when mapping stringency was relaxed and greater numbers of 

mismatches allowed. Interspecific read-mapping to quantify TE abundances has been 

problematic in other species groups as well (Sveinsson et al. 2013), and generally should 

be avoided. 

 

 Transcriptional activity of gypsy and copia 

Transcriptional activity of both gypsy and copia elements has been documented 

previously in both cultivated (Vukich et al. 2009; Gill et al. 2014) and wild (Kawakami et 

al. 2011; Kawakami et al. 2014; Ungerer and Kawakami 2013; Renaut et al. 2014) 

sunflowers. In the current study we confirmed expression of these elements in two 

species (H. annuus and H. anomalus) and demonstrate that transcriptional activity occurs 

broadly across the genus. Transcriptionally active elements documented in the current 

study represent the same variants associated with genome expansion events documented 

in three sunflower homoploid hybrid species (Ungerer et al. 2006; Kawakami et al. 

2010). 

 

Transcriptional activity of gypsy sequences was readily detectable in both leaf and 

bud tissue for all annual Helianthus species, less detectable in bud tissue of perennial 
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Helianthus species, and undetectable in leaf tissue of perennial Helianthus species.  

Although the primers used to assay for transcriptional activity were developed from H. 

annuus (an annual species), differential detection for annual versus perennial species is 

unlikely attributable to sequence divergence with increasing phylogenetic distance from 

H. annuus given that H. agrestis is an independently evolved annual species and more 

distant genetically from H. annuus than the remaining Helianthus species under 

investigation [Figure A.2]. It is interesting to note that more detectable transcriptional 

activity in annual species is consistent with a higher density of reads derived from this 

same sublineage based on clustering analyses of genomic short-read data (Figure 2.3A), 

demonstrating a potential link between transcriptional activity and genomic abundance 

level of element copy number in this group of plants. Quantitative PCR experiments have 

confirmed such a relationship comparing annual sunflower taxa H. annuus and H. 

petiolaris with their hybrid derivative species H. anomalus, H. deserticola, and H. 

paradoxus, where higher expression was observed in species with higher copy number 

abundances (Ungerer and Kawakami 2013, Renault et al. 2014, but see Gill et al. 2014). 

Transcriptional activity of this gypsy sublineage was not detected in either leaf or bud 

tissue of Phoebanthus tenuifolius, indicating that expression may be restricted to within 

Helianthus. 

 

In contrast to results for gypsy transcriptional activity, expression of copia was 

equally detectable among Helianthus annual and perennial species, across tissue types, 

and in P. tenuifolius. Read density of genomic short-read data for this same sublineage 

generally are comparable across annual and perennial Helianthus species with the 
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exception of H. agrestis, for which read density is higher. More quantitative assays of 

transcriptional activity of both gypsy and copia elements may yield additional insights 

into expression dynamics of these elements across the sunflower genus. Transcriptional 

activity of additional sublineages of gypsy and copia have been documented previously in 

H. annuus (Gill et al. 2015) via RNA-seq and shown to exhibit tissue specific expression. 

 

 Genome expansion in Helianthus agrestis 

A notable finding of the current study is genomic amplification of LTR 

retrotransposon sublineages in the genome of H. agrestis. Helianthus agrestis has a 

restricted geographical distribution in the southeastern United States, with populations 

found in central and southern Florida and in a single county in southern Georgia (Heiser 

et al. 1969). As noted above, this species is an annual, but distantly related from most 

other Helianthus annuals that form a monophyletic group and thus has independently 

evolved this life history form (Stephens et al. 2015). Helianthus agrestis is atypical in 

being one of only two Helianthus species that lack a self-incompatibility system (Heiser 

et al. 1969). Genome size estimates of H. agrestis indicate a nuclear genome ~1.9x - 3.5x 

larger than any other Helianthus species under investigation in the current study and 

~1.7x larger than that for the outgroup species P. tenuifolius. 

 

Genome expansion in H. agrestis is associated with amplification of a small 

number of LTR retrotransposon sublineages, represented by two different gypsy 

sublineages and a single copia sublineage. Sequences from these three sublineages 

represent approximately 28% of the H. agrestis genome based on our estimation 
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procedures (Table A.1). This observation is consistent with previous findings 

demonstrating that large interspecific variation in genome size can be attributable to a 

small number of LTR retrotransposon sublineages (Hawkins et al. 2006; Piegu et al. 

2006; Vitte and Bennetzen 2006; El Baidouri and Panaud 2013) but contrasts with results 

observed for species of plants harboring some of the largest genomes (e.g., Fritillaria) 

where genome composition appears to consist of highly diverse, but relatively low 

abundance repeat types (Kelly et al. 2015). As noted above, two of the three most 

abundant sublineages in the H. agrestis genome (gypsy sublineage A and copia 

sublineage 1) have contributed to major genome expansion events in one or more diploid 

hybrid Helianthus species (Ungerer et al. 2006; Kawakami et al. 2010), and these 

sublineages remain active transcriptionally across the genus. It is thus noteworthy that the 

same LTR retrotransposon sublineages have experienced large-scale amplification events 

and promoted genome expansion independently in different regions of the Helianthus 

phylogeny. The forces governing activation (and repression) of these sublineages in 

different Helianthus species genomes is the focus of ongoing work. 
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Figure 2.1 Phylogenetic relationships (A) and correlation between genome size and genomic 

repetitive fraction (B) for species under investigation. Phylogenetic tree is based on relationships 

presented in Stephens et al. (2015) and does not include H. anomalus, which is of hybrid origin 

(Rieseberg, 2006). Genome size and genome repetitive fraction are significantly correlated: 

phylogenetic independent contrast analysis: r = 0.9041, P = 0.0052; unmodified analysis: r = 

0.9121, P = 0.0006. Species abbreviations in (B) are as in Table 1. Red = annual, blue = 

perennial, teal = perennial outgroup. Values (± SE) are provided in Table 1. 
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Figure 2.2 Neighbor-joining trees depicting sublineages of gypsy (A) and copia (B) elements 

based on 129 and 239 amino acid residues of the reverse transcriptase (RT) domain, respectively. 

Numbers above branches indicate bootstrap support for Maximum Parsimony/Neighbor-joining 

analyses. Branch colors depict different LTR retrotransposon sublineages and correspond to 

designations used in Ungerer et al. (2009) and Kawakami et al. (2010). Symbols at branch tips 

correspond to sunflower LTR retrotransposon families identified as highly abundant in 

Helianthus in Staton and Burke (2015).  
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Figure 2.3 Genomic abundance of different sublineages of gypsy (A) and copia (B) elements. 

Shown are means (±SE) based on five graph-based clustering analysis runs for each dataset. 

Error bars for some histograms are too small to be seen at the resolution of this figure.   
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Figure 2.4 RT-PCR assays of gypsy sublineage A (A) and copia sublineage 1 (B) in leaf (L) and 

bud (B) tissue. Minus signs in parentheses indicate lanes with negative control reactions. Species 

abbreviations are as in Table 1. Red = annual, blue = perennial, teal = perennial outgroup. 
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Table 2.1 Study species, genome size estimates and associated genomic data 

Note:  †  post-processing; 1 collected in Anson County, N.Carolina (M. Ungerer); 2 collected in Apalachicola National Forest (Loran Anderson) 

 

 

   

Species Abbreviation Life cycle Accession Paired-end reads† 2C (pg) (SE) 
Genome 

coverage  

Repetitive fraction 

(%) (SE) 

H. praecox PRA annual PI 435847 10,314,126 6.94 (0.10) 0.59 68.17 (0.18) 

H. annuus ANN annual PI 468607 12,060,743 7.36 (0.12) 0.67 68.97 (0.21) 

H. cusickii CUS perennial PI 649959 11,981,577 9.32 (0.24) 0.51 74.58 (0.18) 

H. divaricatus DIV perennial PI 503212 6,752,840 9.41 (0.08) 0.29 69.55 (0.29) 

H. anomalus ANO annual PI 468642 12,228,849 11.82 (0.37) 0.41 75.26 (0.19) 

H. heterophyllus HET perennial PI 664732 11,753,278 11.82 (0.29) 0.40 71.42 (0.20) 

H. angustifolius ANG perennial ANG-MCU
1
 6,837,151 12.91 (0.32) 0.21 73.38 (0.33) 

H. agrestis AGR annual PI 468416 16,909,589 24.23 (0.84) 0.28 82.12 (0.15) 

P. tenuifolius PHO perennial PHO-LA
2
 10,971,465 13.94 (0.71) 0.31 74.08 (0.16) 
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Chapter 3 - Genome size effect on growth and development at 

multiple plant organizational levels among wild sunflower species  

 Abstract  

Nuclear genome size varies considerably among plants, mostly due to differences in 

ploidy level and amount of repetitive DNA. The consequence of nuclear DNA variation among 

plants is still widely questioned, however for plants the relationship between genome and cell 

size have been thoroughly documented. Correlations between genome size and cell level traits 

across many plants established hypotheses on the consequence of genome size variation at larger 

organizational scales i.e., organ- and whole plant- level. This study evaluates whether genome 

size has an effect on aspects of plant growth and development among perennial and annual 

sunflower species. Wild sunflower species are an excellent system to study aspects of genome 

size variation given a four-fold difference in nuclear DNA content among diploid species. 

Measurements of growth and development were conducted at different organizational levels, cell 

production rate (cell-), leaf expansion rate (organ-), growth rate and biomass accumulation 

(whole plant- level). We demonstrate that genome size is negatively correlated with root cell 

production rate (cell-level) but at a lesser extent as plant organizational level increases. Instead a 

signature of life cycle (perennial vs annual) is observed at the organ and whole plant level traits.  

 

 Introduction  

Nuclear DNA content varies considerably among plants with approximately 2400-fold 

variation among angiosperms (Leitch and Leitch 2013). These drastic differences in genome size 

are observed even among closely related species (Hawkins et al. 2006; Vitte et al. 2007). 
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Genome size variation among plants is a result from events of polyploidization (Wendel 2000) 

and proliferation of non-genic repetitive DNA such as transposable elements (Flavell et al. 1974; 

SanMiguel et al. 1996).  An interest for plant evolutionary biologists is the biological 

consequence of genome size variation, especially in context to traits and developmental rates.  

Early investigators have found that nuclear DNA content affects cell division (Bennett 1977; 

Bennett 1971) and cell size (Bennett 1972; Francis et al. 2008) by increasing duration and size, 

respectively. Considering that genome size is strongly correlated with measurements at the cell-

level, studies have tested whether genome size has an impact on phenotypes at the organ and 

whole plant level, such as seed weight, leaf morphology, growth rate, and photosynthetic rates 

(Bennet 1972; Beaulieu et al. 2007). However, patterns between genome size and traits at these 

higher plant organizational levels are less robust than observations at the cell level. Nuclear 

DNA amount and phenotypes at the higher organizational level do not always correlate in the 

same direction or magnitude across plant species studied thus far.   

 

During their life cycle, plants grow by the addition of modules, which are repeated 

structures occurring in both root and shoot (Preston and Ackerly, 2004; Lyndon 2012). The 

apical meristem is the region where cells divide, enlarge and differentiate into tissue type, 

forming these modules.  Growth is measured by a variety of parameters: some of which are 

weight, seed size, length, area, volume and cell number; growth rate is the change in one of these 

parameters over a given time. Plant development involves both growth and differentiation and is 

under control by intra and inter-cellular factors, an example for intra-cellular factors would be 

enzyme synthesis which differentially control gene expression for genes involved in cell 

differentiation (Jiang and Clouse 2001), an example for inter-cellular factors can be chemicals 

http://onlinelibrary.wiley.com/doi/10.1111/j.1469-8137.2004.01310.x/full#b15
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such as growth hormones (Lyndon 2012).  Intrinsic factors are a major contributor to plant 

development but extrinsic factors such as external environment greatly alter developmental and 

physiological traits (Sultan 2000). With plant growth greatly influenced by extrinsic and intrinsic 

factors, and nuclear DNA amount strongly correlated with cell level traits there is reason to 

believe genome size may play an important role on phenotypes at a higher organizational level, 

e.g., organ and whole plant, on growth and development (Knight et al. 2005).   

 

Plant growth can be regarded as a process across different organization levels, operating 

from the cellular level to the organ and whole-plant level. The cell is the basic unit of a 

multicellular organism; therefore, the cell should constitute the most fundamental unit for growth 

and development of phenotypes across higher organizational levels, the organ and whole plant 

level (Tsukaya 2003). There is strong evidence that genome size is correlated with cell level 

measurements and in effect have formed the basis for hypotheses of genome size consequences 

on phenotypes at higher organizational levels i.e., at the organ and whole-plant level.  An 

alternative to this prediction, however, is that the cost of carrying extra DNA is minimal at the 

organ and whole plant level with no direct consequence on traits (Knight et al. 2005; Oliver et al. 

2007).  Studies show contradictory results on the prediction of genome size effect with leaf 

anatomical traits (organ-level) and growth rates (whole plant-level). For example, genome size is 

correlated with specific leaf area (SLA), however both the direction and intensity of these 

correlations vary among plant groups, some have claimed a general trend of positive in 

angiosperms and negative in gymnosperms (Grotkopp et al. 2004; Knight et al. 2005; Morgan 

and Westoby 2005).  It could be that genome size correlates strongly with traits at the cell level, 
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such as cell size and division rates, but the relationship decreases at higher organizational levels, 

such as in leaf and seed mass (Knight and Beaulieu 2008).  

 

The genus Helianthus is an excellent system to study aspects of genome size variation 

given a four-fold difference in nuclear genome content among diploid species (Sims and Price 

1985, Kane et al. 2013). Wild sunflowers are a diverse group of species that are widespread 

throughout North America and reside in many diverse habitats (Heiser et al. 1969). Given the 

well-resolved phylogeny (Stephens et al. 2015), analyses can be conducted that take into account 

evolutionary relationships (Felsenstein 1985).  Helianthus contains both annual and perennial 

species and vast species-level variation in plant size and growth form (Kane et al. 2013), making 

this group an excellent system to evaluate the intrinsic factor of genome size on growth. 

 

Here, we assess the effects of genome size on growth and development for plants within 

the genus Helianthus. Many studies have explored the biological consequence of genome size on 

traits at the cell level (Bennett 1972; Beaulieu et al. 2008), organ level (Castro-Jimenez et al. 

1989; Chung et al. 1998) and whole plant level (Wakamiya et al. 1993) but seldom across all 

levels (but see Knight and Beaulieu 2007). If genome size is negatively correlated with cell 

production rate (cell-level), will we also detect slower growth rates at higher organizational 

levels for species with larger genomes?  Here we use a phylogenetic comparative approach to 

examine the effect of genome size on rates of cell production (cell level), leaf expansion (organ 

level), growth and biomass accumulation (whole plant level) among 20 diploid Helianthus 

species.  We found genome size is negatively correlated with cell production rate, consistent with 

studies on cell level traits, but this negative correlation does not persist with growth and 
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developmental traits at higher organizational levels. Differences were found between perennial 

and annual species consistent with theoretical predictions of slower growth for perennial species.    

 

  Materials and Methods 

 Plant material  

To examine genome size consequence on growth across Helianthus, we selected 20 

diploid non-hybrid species. These 20 species consisted of 7 annual and 13 perennial species 

distributed across the Helianthus phylogeny (Figure 3.1).  Seeds from these species were 

collected in the field or obtained from the United States Department of Agriculture (USDA) 

National Plant Germplasm System (http://www.ars-grin.gov/npgs/)(Table 3.1). Seeds were 

germinated on moist filter paper in Petri dishes, 2-3 day old seedlings transferred to 2-inch pots 

with a 2:1 mixture of Metro-mix 350: all-purpose sand and grown under a 16 h: 8 h, light: dark 

cycle in a growth room for 7 days. After 7 days all seedlings were transferred to 8- inch pots with 

a 2:1 mixture of Metro-mix 350: all-purpose sand and grown under a 16 h : 8 h, light : dark cycle 

under ambient temperatures in the Kansas State University greenhouse facility. All species were 

replicated with 10-20 individuals. Watering was conducted daily or as needed and fertilization 

with a weak nutrient solution (N:P:K = 15:30:15) was applied weekly. Plants remained in the 

greenhouse for four weeks.  

 

 Cell production rate 

Cell production rate measures the rate of increase for a given population of cells, in this 

case root cells (Baskin 2000) and is significantly correlated with cell cycle duration (Beemster et 

al. 2002). Six seeds for each species in this study (Table 3.1) were sterilized in a 10% bleach 

http://www.ars-grin.gov/npgs/
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solution for 5 min, then rinsed with sterilized distilled water five times. Seeds were imbibed on 

moist filter paper overnight in petri dishes, seed coats removed the following morning, then 

placed along a line on petri dishes (8 seeds/dish, 18 petri dishes total) containing 0.8% 

micropropagation agar Type-II (Caisson Laboratories Inc., Smithfield, UT, USA), 100 µg/ml 

ampicillin and 25 µg/ml gentamicin (Invitrogen Inc., Carlsbad, CA, USA). Plates were stored 

near vertical in a dark cabinet at 23°C with the line of seeds at the top. After plating, seed and 

root tip position were marked daily for 5 days. The growth rate (GRr) of individual roots was 

based on 5 days of growth. On day 5, roots were harvested from plates and fixed with a 10% 

formaldehyde in 1x PBS solution for 3 hours, rinsed and stored in 1x PBS.  

 

Root cell walls were stained with an orange fluorescent dye, lipophilic carbocyanine 

1mg/ml SP-DiIC18 (Invitrogen Inc., Carlsbad, CA, USA) dissolved in 100% ethanol, for 10 min 

and mounted on a microscope slide. A rectangle of fingernail polish was used as a spacer to 

reduce pressure from the coverslip. A Zeiss LSM 5 PASCAL (laser-scanning confocal 

microscope) equipped with a Zeiss Axiocam HR digital camera (Carl Zeiss Inc., Thornwood, 

NY, USA) was used to image roots. Fluorescence emission of DiIC18 was accomplished using 

the 543 nm line with the 20x/0.5 objective. Using the PASCAL imaging software, images were 

captured along the entire root beginning at the root meristem and moving proximally at a field of 

450 µm. Mature cells were identified as those consistently producing root hairs (Foreman and 

Dolan 2001). Cell length (L) measurements were carried out using ImageJ software (Abramoff et 

al. 2004), lengths of approximately 20 mature cells were measured per root. Cell production rate 

(P) was calculated according to P = GRr/L (Baskin 2013), where P = cell production rate, GRr = 
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root growth rate and L= average mature cell length.  A total of 4-6 individuals per species were 

determined for P and averaged together to represent species cell production rate. 

  

 Leaf expansion rate 

Leaf images were captured every other day for 14 days on 8 randomly selected plants per 

species, using a Nikon D90 digital SLR camera (Nikon Inc., New York, USA). For each plant 

used for leaf imaging 2 leaves at the top node were selected to obtain an average leaf expansion 

rate for a given plant. During image acquisition leaves were gently taped to a white background 

with a 10-cm ruler fixed in the field of view.  Leaf area was determined for each leaf using 

ImageJ software (Abramoff et al. 2004) with the 10-cm ruler used to set scale in each image.  

Leaf expansion rate (LER) was determined using the equation LER = (lnAf- lnAo) / (∆t), where 

Af is final leaf area, Ao is initial leaf area and t is time (Hunt 1982).  

  

 Growth rate  

Height was measured from the soil surface to the apical meristem for each plant every 

other day for four weeks. Growth rate was assessed using linear and nonlinear growth models 

(Paine et al. 2012) fitted to height measurements, with the most appropriate models selected by 

evaluation of AIC and R2. Growth models were implemented using the gnls function (Pinheiro et 

al. 2009) in library nlme (R Core Development Team, 2016). The linear model was the best 

performing model and thus was used to estimate growth rate for each species.  Linear mixed 

effects models were performed using the nlmer function (Bates, Maechler, Dai 2008) in library 

lme4, with individuals accounted for as a random effect term and variance modeled to reduce 

heteroscedasticity using the power function. 
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 Biomass  

After the four weeks of growth in the greenhouse plants were harvested, aboveground 

and belowground tissue cleaned, separated and dried at 60°C for one week then mass recorded. 

Biomass was obtained by summing belowground and aboveground biomass. Aboveground and 

belowground tissue mass was used to determine root to shoot biomass ratio. 

 

 Genome size determination 

Nuclear DNA content (2C) was estimated using flow cytometry of multiple individuals 

from 2-6 populations per species or was kindly provided by E. Baack and K. Whitney). Sample 

preparation for flow cytometry followed the one-step protocol as described in Dolezel et al. 

(2007). Briefly young, intact tissue of the experimental species was chopped together with an 

appropriate internal reference standard using the LB01 buffer formula (Dolezel et al. 2007). The 

sample was filtered through a 30 um nylon mesh then centrifuged to collect nuclei. Nuclei were 

stained for 2 hours using propidium iodide then analyzed with a Guava PCA-96 microcapillary 

(Guava Technologies, Hayward, CA, USA) or with an Attune NxT (Thermo Fischer Scientific 

Inc., Waltham, MA, USA) flow cytometry system. The following species were used as internal 

reference standards: Zea mays L. ‘CE-777’ (5.43 pg), Pisum sativum L. ‘Citrad’(9.09 pg) and 

Secale cereal L. ‘Dankovske’ (16.19 pg) (Dolezel et al. 2007).  

  

 Statistical analysis 
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All statistical analyses were performed within the computing environment R 3.2.4 (R 

Development Core Team, 2016). All annual sunflowers exhibit an erect growth form, while 

perennials, exhibit one of two growth forms: erect or basal rosette. To test whether there was a 

difference among perennial growth form in our growth metrics, an ANOVA was implemented 

with growth metric as the response variable and perennial growth form as the independent 

variable. When there was a significant difference among perennial growth form in a growth 

metric perennial species with the basal rosette growth form were excluded from downstream 

analysis.  

 

To assess the strength of association between genome size and growth metric, species 

means for growth rate, leaf expansion rate, total biomass, root to shoot biomass ratio and cell 

production rate were used in Pearson product-moment correlation coefficients performed using 

phylogenetic independent contrasts in library “APE” (Paradis et al. 2004) based on evolutionary 

relationships presented in Stephen et al. (2015). The phylogeny was truncated using the drop.tip 

function in APE to consist only of the species under investigation. Species estimates for growth 

metrics and genome size were log transformed for correlation analyses.  

 

To assess differences in growth metrics among annual and perennial life cycle, 

individuals were analyzed by ANOVA using linear mixed effects models with nlmer function 

(Bates, Maechler, Dai 2008) in library lme4, with Species represented by a random effect term. 

Data were log-transformed to meet the assumption of normal distribution.  Least square means 

were estimated for life cycle using the lsmeans function in the library lsmeans (Lenth 2012). 

Using the trimmed phylogeny, phylogenetic generalized least squares ANOVA using species 
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growth metric means were performed with the pgls function (Freckleton et al. 2002) with library 

caper (Orme 2013). To test for phylogenetic signal in life cycle strategy the D statistic, which is 

appropriate for use with binary traits was implemented using the phylo.d function (Pinheiro et al. 

2009) utilizing 1000 permutations. An estimated D > 1 represents a trait that is randomly 

distributed at the tips of a given phylogeny, whereas D < 0 represents a distribution expected 

under Brownian motion (i.e. in a random walk with constant trait variance over time [Felsenstein 

1985]), D greater than 1 is interpreted as over-dispersed while a negative D means more 

phylogenetically clumped than expected (Fritz and Purvis 2010).    

  

 Results 

 Genome size relationship with growth traits 

Based on phylogenetic independent contrast analysis root cell production rate estimates 

were negatively correlated with genome size (r= -0.7052, p= 0.0011, Figure 3.2A). At the whole 

plant traits, we failed to find evidence of a relationship between genome size and shoot growth 

rate, leaf expansion rate, biomass and root to shoot biomass ratio (Figure 3.2B-E). The difference 

between erect and basal rosette growth form was significant for growth metrics of growth rate 

and biomass (p > 0.001 and p = 0.0253, respectively) but not for leaf expansion rate and root to 

shoot biomass ratio (p= 0.234 and p= 0.421, respectively). Therefore, species with the basal 

rosette growth form, H. angustifolius, H. occidentalis, H. atrorubens, H. heterophyllus, and H. 

carnosus, were removed from downstream analyses involving growth rate and biomass.  

 

 Growth metric differences between annual vs perennial species 
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ANOVA results for perennial and annual life cycle showed trait differences for leaf 

expansion rate (p = 0.0342, Figure 3.3B, Table 3.2) and biomass (p = 0.0492, Figure 3.3E, Table 

3.2). Cell production rate, growth rate and root to shoot biomass ratio were not significantly 

different between perennial and annual life cycle strategies among species in this study (Figure 

3.3A, C and D). The distribution of annual and perennial species across Helianthus exhibited a 

high level of phylogenetic signal (D = -7.80).  When phylogenetic relationships between annual 

and perennial is accounted for in the model, however, differences in leaf expansion rate and 

biomass were marginally non- significant (p = 0.0955 and p = 0.1472, respectively).  

  

 Discussion 

Sunflowers occupy a broad range of habitats and exhibit considerable phenotype 

variation related to growth, survival and fitness (Kane et a 2013; Mason and Donovan 2015). 

Recent focus in sunflower research is centered on phenotype variation among species and 

populations (Kane et a 2013). With a four-fold difference in genome size among diploid 

sunflower species (Sims and Price 1985; Kane et al. 2013) determining whether genome size has 

an important role on growth traits would aid in a better evolution-based understanding of these 

species. Here, we have sampled perennial and annual species across Helianthus to advance our 

understanding of the role genome size has on growth.  The growth metrics that we assessed 

involved traits during early belowground and aboveground tissue development. At this level, our 

findings suggest genome size has a greater effect at the cell level but not at the organ or whole 

plant level of development.    
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 Genome size relationship with growth metrics 

 

Our results indicate cell production rate is negatively correlated with genome size among 

the diploid Helianthus species sampled (Figure 3.2A). Our results at the cell level are consistent 

with studies that involved sampling broadly across angiosperm species where nuclear DNA 

amount is positively correlated with cell size (Beaulieu et al. 2008) and cell division duration 

(Van’t and Sparrow 1963; Francis et al. 2008).  

 

The link between cell level traits and genome size is a robust relationship in broad groups 

of angiosperms and we show a similar pattern among Helianthus species in this study. Plant 

material is composed of cells undergoing division, enlargement and differentiation to tissue type 

(Steeves & Sussex 1989). A common prediction is at a higher organizational level, i.e., organ 

and whole-plant, nuclear DNA amount would affect plant material accumulation, either in 

growth rate, leaf expansion rate or in total biomass accumulation. However, we did not detect 

such a relationship between genome size and growth metrics at the organ and whole-plant level.  

Studies including higher level traits generally show variable patterns between genome size and 

the specific trait: for example, leaf anatomical traits have been positively (Castro-Jimenez et al. 

1989; Chung et al. 1998), negatively (Caceres et al. 1998; Grime et al. 1997) and non-

significantly (Grime et al. 1997) correlated with genome size.  These contradictory patterns are 

also evident for relative growth rates, where positive (Leishman 1999; Grime et al 1985), 

negative (Mowforth and Grime 1989; Ceccarelli et al. 1993), and non-significant (Natali et al. 

1993; Grime et al. 1997) correlations are observed. It is not uncommon for phenotypes at the 

higher organizational level to exhibit less association between genome size. Knight and Beaulieu 
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(2008) observed across a large cross-species comparison that genome size explains less variation 

at the level of cell density than cell size, for stomatal cells, and even less predictive power at the 

higher organizational level of whole-plant for traits of photosynthetic rates and biomass.  Plant 

growth is a complex trait, our results at the higher organizational level indicate that the 

relationship between genome size and phenotype is not always direct and allometric (Balao et al. 

2011). Perhaps phenotypes at the higher organizational level are influenced more by other factors 

than amount of nuclear DNA, factors such as environmental and genetic. Since our study was 

conducted in a common garden it is more likely that growth metrics at higher organizational 

levels are due to differences in gene expression (Broz et al. 2009) involved in growth and 

development.  

 

 Growth metric differences in annual and perennial species 

Life cycle strategies are extensively studied within plants, specifically how they modify 

growth to maximize survival and fitness (Bell 1980; Stearns 1992; Westoby et al. 2002). There 

are two general categories: annuals which grow vegetatively with reproductive growth occurring 

toward the end of the growing season and perennials that reproduce repeatedly and cycle through 

vegetative and reproductive phases in their lifetime.  Both annuals and perennials undergo a 

developmental switch to concentrate growth from vegetative to reproductive tissue; however, the 

timing to achieve this switch varies among species and can vary among closely related taxa 

(Friedman and Rubin 2015).   

 

On the basis of previous theoretical and experimental work, whole-plant development is 

found to be associated with life cycle (Young and Augsperger 1991). Our study’s main objective 
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was to focus on genome size, however with the inclusion of both life cycles it was possible to 

look at differences in growth metrics between annual and perennial. We show there is greater 

tissue acquisition among annuals than perennials for both above and below ground tissues in leaf 

expansion rate and biomass, following the prediction for annual life strategy of fast development 

during a short life cycle (Franco and Silvertown 1996). Seedlings of annuals differ from 

perennials for a number of leaf traits (Garnier and Laurent 1994; Garnier et 1997) resulting in a 

higher growth rate for annual species. Studies comparing leaf traits (organ level) between the 

two life cycles largely support the theory that annual species are characterized by a set of leaf 

traits enabling high resource capture while perennials are characterized by leaf traits associated 

with longevity and defense (Garnier 1992; Garnier et al. 1997).  We show a phylogenetic signal 

(D = -7.80) for life cycle among Helianthus species, when we account for phylogeny in our 

analysis the level of significance decreases for leaf expansion rate and biomass and are only 

marginally significant. 

 

Despite the differences summarized above, root to shoot biomass ratio and growth rate 

were not significantly different between annual and perennial Helianthus species which 

contradict predictions. An expectation is a greater root to shoot biomass ratio for perennials than 

annuals, but our lack of difference in root to shoot biomass ratio allocation is not uncommon 

during the early stages of plant growth (Garnier 1992), if we grew plants for longer than four 

weeks these differences may emerge.   

 

On the basis of our data, we conclude that the relationship between genome size and 

growth metrics among Helianthus species decreases with traits at higher organizational levels of 
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plant development. This is somewhat surprising given the strength of the relationship at the cell 

level. The genome size effect on cellular processes is not unique as other investigators have 

documented strong relationships between cell division and size. Lastly, though life cycle is 

confounded in the genus by phylogeny we detect a trend for growth metrics at the whole plant 

level to be governed by life cycle. 
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Table 3.1 Species included in study, genome size data used for analysis and where it was 

generated. 

Species Accession Location Life cycle 

H. petiolaris PI 468807 New Mexico annual 

H. annuus PI 468607 Utah annual 

H. praecox PI 468851 Texas annual 

H. porteri PI 649918 Georgia annual 

H. debilis PI 468668 Florida annual 

H. argophyllus PI 435635 Texas annual 

H. agrestis PI 468416 Florida annual 

H. salicifolius PI 664758 Kansas perennial 

H. nuttallii PI 468796 Colorado perennial 

H. divaricatus PI 435675 Oklahoma perennial 

H. arizonensis PI 653549 Arizona perennial 

H. microcephalus PI 664743 South Carolina perennial 

H. occidentalis PI 435788 Missouri perennial 

H. giganteus PI 547184 Illinois perennial 

H. maximiliani Konza2 Kansas perennial 

H. cusickii PI 649966 California perennial 

H. atrorubens PI 468658 South Carolina perennial 

H. heterophyllus PI 673162 Louisiana perennial 

H. carnosus PI 649956 Florida perennial 

H. angustifolius PI 673154 Louisiana perennial 
Note:  1Bitter Lake National Wildlife Refuge Roswell; 2Konza Biological Research Station, Manhattan, Kansas 
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Table 3.2 Results from a mixed linear model ANOVA for the effects of life cycle (perennial vs 

annual) on growth metrics. 

Growth metric df F P 

Cell production rate 1, 17.9 0.9907 0.3196 

Leaf expansion rate 1, 18.1 4.4857 0.0342 

Growth rate 1, 12.6 0.6643 0.586 

Root to shoot biomass ratio 1, 18.0 1.5113 0.2189 

Biomass 1, 13.1 2.8769 0.0492 
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Figure 3.1 Phylogenetic relationships for species in this study. Phylogenetic tree is based on 

relationships presented in Stephens et al. (2015). Red branches= annual and blue branches = 

perennial 
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Figure 3.2 Correlations between genome size and (A) cell production rate, (B) leaf expansion 

rate, (C) growth rate, (D) root: shoot and (E) biomass. Error bars are (± SE). Red = annual and 

blue = perennial. 
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Figure 3.3 Mean annual (red) and perennial (blue) growth metrics for (A) cell production rate, 

(B) leaf expansion rate, (C) growth rate, (D) root:shoot and (E) biomass. Error bars are (± SE). 
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Chapter 4 - Low temperature tolerance in the perennial sunflower 

Helianthus maximiliani 

This chapter is formatted for the journal “The American Midland Naturalist” 

The citation for this chapter is: Tetreault, H.M., Kawakami, T., Levy, C., and M.C. Ungerer. 

2016. Low temperature tolerance in the perennial sunflower Helianthus maximiliani.  The 

American Midland Naturalist. 175(1):91-102.  

 

Abstract 

Species distributed across diverse climate and thermal conditions represent opportune 

systems for studying tolerance of low temperature stress. We examined variation in cold 

acclimation capacity and freezing tolerance among three natural populations (Texas, Kansas, and 

Manitoba) of the perennial sunflower species Helianthus maximiliani, originally collected across 

a 2134 km latitudinal transect in central North America. Tolerance to low temperatures was 

evaluated through leaf electrolyte leakage assays that quantify loss of cellular electrolytes into an 

aqueous medium due to plasma membrane damage. Freezing tolerance was highest for plants 

from the northernmost latitude (Manitoba population) under both non cold- acclimated and cold- 

acclimated experimental conditions. Individuals from Kansas and Texas populations exhibited 

lower freezing tolerance compared to Manitoba but did not differ from one another. All 

populations retain the ability to increase freezing tolerance through cold acclimation, and effects 

of cold acclimation actually trended greater in populations from warmer regions (Texas and 
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Kansas). Freezing tolerance of Manitoba X Texas F1 hybrids was statistically indistinguishable 

from plants from the Texas population, suggesting patterns of genetic dominance for alleles in 

Texas populations. Analysis of flowering specimens from herbaria records of corresponding 

regional locations indicates considerable variation in flowering phenology whereby flowering 

occurs progressively earlier with increasing latitude. This phenological variation may provide an 

additional mechanism of coping with low temperature stress through temporal avoidance.  

 

KEYWORDS: abiotic stress; cold acclimation; electrolyte leakage; freezing tolerance; 

phenology; avoidance 

  

 Introduction 

Freezing temperatures represent an important abiotic stress for plants and limit species 

distribution patterns and opportunities for dispersal and colonization (Woodward, 1987). 

Geographical variation in low temperature extremes can drive local adaptation within species as 

well, especially for taxa distributed broadly (Green, 1969; Casler et al., 2004; Saenz-Romero 

and Tapia-Olivares, 2008; Zhen and Ungerer, 2008a; Lee et al., 2012). Because of their sessile 

lifestyle and inability to escape ambient climate conditions, plants provide a powerful 

experimental system to examine strategies of coping with low temperature stress, with direct 

relevance to ecological and evolutionary population dynamics and agriculture. 

 

For many temperate plant species, maximum freezing tolerance is enhanced via 

acclimation to low but nonfreezing temperatures. This phenomenon, known as cold acclimation, 

is marked by major cellular biochemical changes enabling plants to withstand temperatures 
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several degrees colder than non cold- acclimated controls (Guy, 1990; Xin and Browse, 2000; 

Iba, 2002; Smallwood and Bowles, 2002; Guy et al., 2008). Cold- acclimation represents an 

inducible change and likely evolved in response to seasonal changes in which low, nonfreezing 

temperatures portend colder temperatures that are potentially more harmful. Genes and gene 

pathways regulating plant cold- acclimation have been identified in the model plant species 

Arabidopsis thaliana (Gilmour et al., 1998; Liu et al., 1998; Xin and Browse, 2000; Chinnusamy 

et al., 2003; Vogel et al., 2005; Agarwal et al., 2006; Van Buskirk and Thomashow, 2006; 

Doherty et al., 2009; Thomashow, 2010) with some genes shown to exhibit functional variability 

among natural A. thaliana accessions subjected to different historical selection pressures for 

freezing tolerance (Zhen and Ungerer, 2008b). 

 

Avoidance mechanisms also represent feasible means through which organisms can cope 

with abiotic stress. Such mechanisms are relevant to plant species via seasonal growth patterns 

and reproductive timing events that minimize the probability of encountering stressful 

environments and/or conditions (Heide, 1994; Bennington and Mcgraw, 1995; Griffith and 

Watson, 2005; Heschel and Riginos, 2005). Tolerance and avoidance mechanisms of abiotic 

stress need not be mutually exclusive and both may function in natural plant populations (Geber 

and Dawson, 1997; Heschel and Riginos, 2005). 

 

Helianthus maximiliani is a diploid perennial sunflower species that flowers in late 

summer-fall (Heiser et al., 1969; Schilling, 2006). Though distributed widely in North America, 

populations are found in highest concentration in mid-continental regions between Texas, U.S.A. 

and Manitoba, CA (Schilling, 2006). Helianthus maximiliani exhibits steep latitudinal clines in 
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multiple morphological and life history traits that are hypothesized to be driven by variation in 

photoperiod and climate (Kawakami et al., 2011). A role for natural selection in shaping clinal 

variation in this species is supported by patterns of phenotypic differentiation among populations 

that exceed neutral expectations estimated from putatively neutral molecular markers, i.e., Qst — 

Fst analysis (Leinonen et al., 2013). 

 

In the current report, we test whether H. maximiliani populations from three climatically 

diverse regions in central North America (Texas, Kansas and Manitoba) differ in their tolerance 

to freezing temperatures and whether effects of cold acclimation treatment differentially impacts 

freezing tolerance among these groups. We explore basic genetic aspects of cold acclimation in 

H. maximiliani by examining cold acclimation capacity and freezing tolerance of F1 hybrids 

derived from a cross between Manitoba and Texas plants. We demonstrate plants from the 

northernmost population (Manitoba) predictably display highest freezing tolerance under most 

treatment combinations but that cold acclimation effects persist (and are of greater magnitude 

under the experimental temperatures assayed) for plants from warmer regions (Texas and 

Kansas). Patterns of freezing tolerance of Manitoba x Texas F1 hybrids more closely resemble 

plants from Texas, suggesting dominance of alleles in Texas populations. We additionally 

examine patterns of H. maximiliani flowering phenology based on herbaria records in the native 

regions of these populations in light of corresponding seasonal temperature data. We reveal 

highly different phenology among populations that also may serve as an avoidance mechanism 

of low temperature stress.  
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 Methods 

 Sunflower populations and growing conditions 

Seeds from natural populations of H. maximiliani were collected in the field or obtained 

from the USDA National Plant Germplasm System (Table 4.1).  Seeds obtained from the USDA 

are derived directly from wild- collected populations. Manitoba x Texas F1 hybrids were 

generated with a Manitoba individual serving as maternal parent and assayed for freezing 

tolerance alongside individuals from the natural populations. All plants were grown in 8 in pots 

with a 1:1 mixture of Metro- mix 350: all- purpose sand under a 14:10 h light:dark cycle and 

ambient temperature in the Kansas State University greenhouses. Watering was conducted daily 

or as needed and fertilization with a weak nutrient solution (N:P:K = 15:30:15) was provided 

once per week. Plants were randomly positioned across three 1.2 x 2.4 m greenhouse benches. 

Plants receiving a cold- acclimation treatment prior to assays of freezing tolerance were placed in 

a 4 C walk- in chamber for 6 d, where they experienced constant low ambient light conditions 

and were watered as needed.  

 

 Electrolyte leakage assay 

Damage to plant tissue from exposure to freezing stress can be quantified through loss of 

cellular electrolytes into an aqueous medium due to damage to cellular plasma membranes 

(Sukumaran and Weiser, 1972). Terminal 5 cm sections of leaves were excised and placed in 

individual 50 ml plastic Corning tubes containing 1 ml of ddH2O with the cut side of the leaf 

sample facing the tube bottom. All tubes were kept on ice during sample collection. Samples 

were subjected to freezing temperatures in an ESPEC ESU-3CA Platinous series environmental 
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test chamber (ESPEC North America, Hudsonville, Michigan, USA). Samples from non cold- 

acclimated plants were subjected to freezing stress at -4 C and -5 C; samples from cold- 

acclimated plants were subjected to freezing stress at -5 C and -6 C. These temperatures were 

selected based on preliminary experiments surveying tolerances across different temperature 

ranges. Assays of non cold- acclimated and cold- acclimated individuals at the same temperature 

(i.e., -5 C) enabled determination of the effects of cold- acclimation on freezing tolerance. To 

facilitate ice nucleation during periods of cooling, ice chips were added to Corning tubes when 

the chamber temperature reached -1 C. Minimum temperatures were maintained for 3 h and the 

duration of cooling (-1 C to experimental minimum temperature) and warming periods 

(experimental minimum temperature to 4 C) was 2.5 h and 5 h, respectively. Rates of 

temperature change thus ranged 1.2 – 2 C h-1 during cooling and 1.6 – 2 C h-1 during warming.  

 

Following freezing stress treatments, samples were removed from the environmental 

chamber, ddH2O was added to fully cover the leaf samples, and tubes were placed on a platform 

shaker at 180 rpm for 24 h.  The following day ion conductivity of the solution in each tube was 

measured using a Mettler Toledo FiveEasy conductivity meter (Mettler-Toledo, Columbus, 

Ohio, USA). All samples were measured twice and the mean of the two measurements used in 

subsequent analyses. Following initial measurements, samples were placed at -20 C for 24 hours 

to fully rupture cells and maximize freezing- based tissue damage. Samples were subsequently 

thawed and placed on a platform shaker at 180 rpm for 1 h. Ion conductivity was measured again 

by the same protocol, and the ratio of ion conductivities at the two temperatures (freezing stress 

assay temperature/ -20C) was used as a metric of relative electrolyte leakage for the sample. 

Lower and higher ratios of electrolyte leakage thus correspond to higher and lower tissue 
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freezing tolerance, respectively. For each acclimation temperature combination, 17 biological 

replicates of each genotype (i.e., population or F1 hybrid) were assayed in two replicate sets (n=9 

and n=8, sequentially). For all assays, fully expanded and healthy leaves of similar age were 

harvested from the central region of the plant stem.  

 

Electrolyte leakage data were analyzed by mixed model analysis of variance (ANOVA) 

using JMP version 5.0.1a (SAS Institute, Cary, North Carolina, USA). Cold- acclimated and non 

cold- acclimated plants were tested over different temperature ranges and analyzed separately 

according to the model , where P is population, T is 

temperature, and R is replicate. An additional model, , 

was evaluated examining cold- acclimated and non cold- acclimated plants assayed at -5 C, 

where terms are the same as those above and where A represents acclimation treatment. Square 

brackets represent nested terms. Replicate was treated as a random effect with all other main 

effects treated as fixed. 

 

 Natural phenological and climate data 

Historical flowering time data for H. maximiliani in the relevant collection locations were 

obtained from herbarium specimens, which can serve as a proxy for seasonal flowering times 

and flowering durations for locally collected samples. Data for Texas plants were obtained from 

The University of Texas at Austin Plant Resources Center (TEX-LL) in electronic format 

(www.biosci.utexas.edu/prc/databases.html), limiting the query to individuals in anthesis.  Data 

for Kansas and Manitoba plants were collected manually by recording collection dates of 

herbarium specimens in flower, from the Kansas State University Herbarium (KSC) and the 

y = u+P+T +P´T +R[T]+R´P[T]

y = u+P+A+P´A+R[A]+R´P[A]
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University of Manitoba Herbarium (WIN), respectively. Only specimens collected within the 

state or province boundaries of the relevant herbaria were utilized and only one specimen per 

collector per collection date was retained for analysis. All flowering dates were converted to 

Julian calendar days. 

 

Seasonal first frost information for Manitoba is based on climate information reported in 

Environment Canada (http://www.ec.gc.ca/). Corresponding data for Manhattan, Kansas and 

Austin, Texas were obtained from NOAA Satellite and Information Service 

(http://www.ncdc.noaa.gov/cdo-web/). These locations are centrally located relative to the 

collection locations of the specimens analyzed. Seasonal first frost data represent averages from 

1951 to 1980, and define ‘light freeze’ events (29 to 32 F) with 50% possibility of frost occurring 

before or after.  

 

 Results 

 Freezing tolerance variation among populations 

Populations of H. maximiliani from locations in Manitoba, Kansas and Texas experience 

appreciably different temperature conditions during the growing season and likely face different 

selection pressures for tolerance to low temperature. In assays of freezing-induced leaf 

electrolyte leakage, ANOVA revealed significant effects of Population and Temperature in 

analyses of non cold- acclimated plants (Table 4.2) and significant effects of Population and 

Replicate for cold- acclimated plants (Table 4.3). None of the interaction terms in either 

statistical model were significant. Significantly lower electrolyte leakage (higher tolerance) was 

observed for Manitoba plants versus other populations under non cold-acclimated conditions at 

http://www.ec.gc.ca/
http://www.ncdc.noaa.gov/cdo-web/
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both -4 C and -5 C (Figure 4.1A). Under cold- acclimated conditions, significantly lower 

electrolyte leakage was observed for Manitoba plants versus Texas plants at -6 C, but significant 

differences were not observed among populations at -5 C (Figure 4.1B). F1 hybrids derived from 

a Manitoba x Texas inter-population cross displayed electrolyte leakage scores more similar to, 

and statistically indistinguishable from Texas plants across all acclimation and temperature 

treatments (Figure 4.1A, B). For all populations and acclimation conditions, colder temperatures 

resulted in higher electrolyte leakage scores (Figure 4.1A, B). 

 

 Effects of cold-acclimation on freezing tolerance 

Assays of cold- acclimated and non cold- acclimated plants subjected to freezing stress at 

-5 C enabled examination of acclimation effects on leaf freezing tolerance and whether 

differences among populations exist with regard to this inducible response. Analysis of this 

subset of the data revealed significant effects of Population and Acclimation (Table 4.4), with all 

other effects nonsignificant. For all populations and the F1 hybrids, cold- acclimation resulted in 

lower leaf electrolyte leakage scores [higher tolerance] (Figure 4.2). Populations/F1 hybrids did 

not differ in the effects of cold- acclimation treatment on enhancing freezing tolerance (F = 

2.1394; P = 0.1965 for the Population*Acclimation interaction; Table 4.4) although the 

difference in non cold- acclimated versus cold- acclimated leaf electrolyte leakage trended 

consistently higher for Kansas and Texas populations and F1 hybrids versus Manitoba (Figure 

4.2). Indeed, differences were not observed among populations subjected to -5 C following cold 

acclimation (Figure 4.1B) whereas Kansas and Texas populations exhibited significantly higher 

electrolyte leakage values versus Manitoba at this same temperature under non cold acclimated 

conditions (Figure 4.1A). 
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 Regional phenologies 

Similar numbers of H. maximiliani records were analyzed from each of three herbaria: 

University of Manitoba-WIN (n=38), Kansas State University-KSC (n=35), and University of 

Texas-TEX-LL (n=28). Considerable variation in seasonal phenology was observed among 

locations, with earliest flowering dates recorded for Manitoba plants (mean = 220±4.9 Julian 

days, range = 182 to 252), followed by Kansas plants (mean = 251±5.1 Julian days, range = 195 

to 299), and Texas plants (mean = 267±5.7 Julian days, range = 98 to 322). Flowering periods 

largely precede 30 y means of autumn first frost dates within but not across regions (e.g., Texas 

or Kansas phenology data compared with Manitoba climate data or Texas phenology data 

compared with Kansas climate data) [Figure 4.3]. 

 

 Discussion 

 Population variation in freezing tolerance 

Ambient temperatures encountered by natural plant populations vary predictably with 

latitude and selection pressures for tolerance to low temperature are expected to be stronger for 

populations from colder climates (Dionne et al., 2001; Shahba et al., 2003; Zhen and Ungerer, 

2008a). We tested this prediction in the broadly distributed perennial sunflower species H. 

maximiliani and found that both with and without cold-acclimation pretreatments, plants from 

the highest latitude (Manitoba) exhibited the lowest levels of leaf electrolyte leakage (highest 

tolerance) compared to plants from Kansas and Texas populations, though not all comparisons 

were significant in post hoc tests. 

 



80 

 

No differences in leaf electrolyte leakage were observed between samples from Kansas 

and Texas populations for any of the experimental temperature/pretreatment combinations, 

suggesting that tolerance to low temperature for these populations is indistinguishable, at least 

under the conditions utilized in the current study. Lack of observed differences in this trait 

between plants from Kansas and Texas populations lies in contrast to large differences across the 

same transect for life history and size- related traits such as flowering time, dry biomass, and 

stem diameter (Kawakami et al., 2011). These results suggest that physiological, morphological, 

and life history characters may be subject to different selection pressures across the species 

range. 

 

While plant freezing tolerance is a classic quantitative trait with a complex genetic basis 

(Thomashow, 1999), F1 hybrids derived from a cross between plants from Manitoba and Texas 

populations displayed levels of leaf electrolyte leakage more similar to and statistically 

indistinguishable from Texas plants, suggesting alleles of large effect from Texas plants exhibit 

dominance with respect to this phenotype. Similar patterns have been observed in segregating F2 

hybrids between Manitoba and Texas H. maximiliani plants of the same populations for traits 

associated with plant architecture and growth rate (Kawakami et al., 2011). It is currently 

unknown whether these traits collectively have a shared genetic basis though genetic correlations 

for freezing tolerance and life history traits have been observed in other plant species (Agrawal 

et al., 2004).  

 



81 

 

 Effects of cold-acclimation across populations 

Cold- acclimation pretreatment of 4 C for 6 days resulted in reduced leaf electrolyte 

leakage (enhanced freezing tolerance) for all groups under study. Populations/F1 hybrids did not 

differ in the magnitude of this effect as determined by a nonsignificant Population*Acclimation 

interaction term (F = 2.1394, P = 0.1965; Table 4.4) although the difference in leaf electrolyte 

leakage under these different conditions trended lower for Manitoba plants versus others (Figure 

4.2). This is an unexpected and interesting finding given that, in other plant species, individuals 

from colder environments have been shown to exhibit a stronger cold- acclimation response 

(Hannah et al., 2006). This result should be interpreted with caution, however, as the lesser 

ability of Manitoba plants to undergo cold- acclimation in the current study could be attributable 

to lower levels of leaf electrolyte leakage under non cold-acclimated conditions on account of 

higher intrinsic freezing tolerance for this population (Figure. 4.1A, 4. 2) and thus be an artifact 

of the particular assay conditions utilized. It is clear, however, that all assayed populations of H. 

maximiliani possess the relevant biochemical machinery to undergo this important physiological 

change. Populations from southern (warmer) climates have not lost this capacity, despite the 

potential for relaxed selection on cold-acclimation capacity in warmer climates (Zhen and 

Ungerer, 2008b).  

 

Results presented here also contrast with previous reports describing an absence of cold 

acclimation capacity in domesticated varieties of the common sunflower Helianthus annuus 

(Hewezi et al., 2006; Allinne et al., 2009). It is currently unknown whether wild accessions of H. 

annuus also lack this capacity or if absence of this response in domesticated varieties could be a 

consequence of reduced genetic variability following domestication (Mandel et al., 2011). Given 
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similar widespread distributions of H. maximiliani and H. annuus and a relatively young age of 

the genus as a whole (Kane et al., 2013), the latter hypothesis seems more tenable, but further 

experiments are required to answer this question with certainty. 

 

The genetic basis of cold- acclimation has not been investigated in H. maximiliani, 

although recent advances in next generation sequencing (NGS) have enabled cost- effective 

generation of genome-level resources for this nonmodel species. A recent analysis of 

transcriptomes of Manitoba and Texas populations of H. maximiliani (Kawakami et al., 2014) 

revealed homologs of several Arabidopsis thaliana genes known to be involved in plant cold- 

acclimation, including important key regulators such as the C-repeat/dehydration responsive 

element binding factor 2 (CBF2) (Jaglo et al., 2001), calmodulin binding transcription activator 

3 (CAMTA3) (Doherty et al., 2009), and inducer of CBF expression 1 (ICE1) (Chinnusamy et al., 

2003). These and other identified homologs represent excellent ecological ‘candidate loci’ for 

future investigations of the molecular underpinnings of cold- acclimation and freezing tolerance 

variation among populations of H. maximiliani.  

 

 Phenological differences as a mechanism of abiotic stress avoidance 

Natural history collections provide a useful resource for studying biological patterns and 

trends in nature (Lavoie and Lachance, 2006; Miller-Rushing et al., 2006; Robbirt et al., 2011; 

Panchen et al., 2012). Herbaria records of H. maximiliani collected from regional locations 

overlapping with the contemporary populations examined herein provide a rough approximation 

of historical flowering time information. Examined jointly with data on seasonal temperature 

change and averaged autumn first frost dates, it is possible to address whether regional 
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differences in flowering time may serve as an avoidance mechanism of low temperature stress. 

Earliest flowering in Manitoba populations and progressively later flowering in Kansas and 

Texas populations is consistent with differences in the length of the growing season in these 

locations and corroborates experimental flowering time data for this species under common 

garden conditions (Kawakami et al., 2011). For a given location, flowering records always 

precede historical autumn first frost dates (Figure 4.3). For comparisons across locations, 

however, this pattern is not upheld. For example, several Kansas specimens and the majority of 

Texas specimens were collected on dates following the average first frost for Manitoba 

populations. Similarly, multiple Texas specimens were collected on dates following the average 

first frost for Kansas populations (Figure 4.3). 

 

While these results are suggestive of reproductive timing events that avoid low 

temperature stress, such observational data are not without caveats. First, herbarium records, 

while a rough approximation of the duration of flowering, are not an exact measure of the 

reproductive period. It is difficult to control and/or standardize among herbaria for factors such 

as the number of collectors, when those individuals were able to collect, and the number of years 

over which specimens were obtained. Second, herbarium specimens do not provide information 

on time requirements for seed maturation and thus production of viable seed sets; although it is 

noteworthy that a significant time lag exists between median flowering time and first frost dates 

for each location. Third, the time lag between autumn first frost dates for these locations and 

subsequent colder, and more damaging temperatures currently is unknown, as is whether 

differences exist among locations for such time lags. 
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Flowering phenologies for H. maximiliani populations prior to the onset of low, 

potentially damaging temperatures are consistent with experimental studies documenting 

phenotypic selection for earlier flowering in response to abiotic stress (Stanton et al., 2000; 

Griffith and Watson, 2005; Heschel and Riginos, 2005). Direct fitness consequences of adaptive 

(and phenotypically plastic) life history strategies are best studied, however, in reciprocal 

transplant experiments where genotypes can be directly compared under a range of native and 

non-native experimental conditions (Niewiarowski and Roosenburg, 1993; Angert and 

Schemske, 2005; Griffith and Watson, 2005; Miglia et al., 2005; Agren and Schemske, 2012; 

Bennington et al., 2012). Such studies clearly are warranted in H. maximiliani. 

  

 Conclusions 

Populations of the perennial sunflower species H. maximiliani from across the native 

latitudinal range of the species differ in their physiological tolerance of low temperature stress as 

measured by leaf electrolyte leakage assays. Plants from the highest latitude population 

(Manitoba) exhibited higher freezing tolerance than those from lower latitude populations 

(Kansas and Texas). Differences in freezing tolerance were not observed between plants from 

Kansas and Texas populations, although plants from all populations retain the ability to undergo 

cold-acclimation. Flowering phenology data based on herbarium records analyzed with climate 

data from corresponding regional locations indicate that reproductive timing events also may 

serve as an avoidance mechanism of low temperature stress. Elucidation of the genetic 

underpinnings of the phenotypic variation described herein currently is unknown and will be the 

focus of future work. Ongoing genomic resource development in wild sunflowers (Kane et al., 

2011; Kane et al., 2013; Kawakami et al., 2014) will greatly facilitate this effort.  
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Table 4.1 Populations assayed in the current study 

Population State/Province Lat. (N), Long. (W) Accession 

Man-5 Manitoba 49.486, 100.533 PI 5923351 

KS Kansas 39.100, 96.580 MCU-KS2 

TX-2 Texas 30.422, 97.592 RT-TX2 

Note:  1USDA-National Plant Germplasm System accession ID (http://www.ars-grin.gov/npgs/); 2see Kawakami et 

al. (2011) 

  

http://www.ars-grin.gov/npgs/
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Table 4.2 ANOVA results for nonacclimated plants assayed for leaf electrolyte leakage at -4 C and -5 C 

Source d.f. SS MS F P 

Population 3 2.7622 0.9207 17.1067 0.0024 

Temperature 1 2.6820 2.6820 18.8207 0.0492 

Population*Temperature 3 0.1249 0.0416 0.7737 0.5497 

Replicate[Temperature] 2 0.2850 0.1425 2.6476 0.1499 

Replicate*Population[Temperature] 6 0.3229 0.0538 0.8102 0.5640 

Error 120 7.9717 0.0664   
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Table 4.3 ANOVA results for cold- acclimated plants assayed for leaf electrolyte leakage at -5 C and -6 

C 

Source d.f. SS MS F P 

Population 3 0.6966 0.2322 5.1238 0.0430 

Temperature 1 1.9210 1.9210 1.9651 0.2960 

Population*Temperature 3 0.0949 0.0317 0.6983 0.5864 

Replicate [Temperature] 2 1.9552 0.9776 21.5707 0.0018 

Replicate *Population[Temperature] 6 0.2719 0.0453 1.1999 0.3110 

Error 120 4.5323 0.0378   
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Table 4.4 ANOVA results for non acclimated and cold- acclimated plants assayed for leaf electrolyte 

leakage at -5 C 

Source d.f. SS MS F P 

Population 3 1.3301 0.4434 8.7946 0.0129 

Acclimation 1 4.2431 4.2431 21.9278 0.0427 

Population*Acclimation 3 0.3236 0.1079 2.1394 0.1965 

Replicate [Acclimation] 2 0.3870 0.1935 3.8384 0.0844 

Replicate 

*Population[Acclimation] 6 0.3025 0.0504 0.8617 0.5253 

Error 120 7.0204 0.0585   
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Figure 4.1 Leaf electrolyte leakage scores at -4 C and -5 C under non cold- acclimated 

conditions (A), and at -5 C and -6 C under cold- acclimated conditions (B). Within a given 

temperature treatment, values with different letters are significantly different. 
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Figure 4.2 Leaf electrolyte leakage scores at -5 C under non cold- acclimated (white bars) and 

cold- acclimated (black bars) conditions; *, P < 0.05; **, P < 0.01. 
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Figure 4.3 Natural flowering times (box plots) and autumn first frost dates (× symbols) for 

regional locations of populations used in this study. Filled circles represent collection dates of 

individual specimens. 
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Chapter 5 - Epilogue  

 

It is well established that transposable elements (TEs) and in particular, long terminal 

repeat (LTR) retrotransposons, contribute to plant genome size and variation among species. The 

mobility and amplification of TEs represent a major source for genomes to differ immensely in 

the number of TE copies, the level of TE activity, and the diversity of TE families and 

sublineages (Hawkins et al. 2006; Piegu et al. 2006; Feschotte 2008; Bonchev and Parisod 2013). 

TEs can facilitate rapid genomic and phenotypic changes which potentially lead to both 

adaptation and species divergence (McClintook 1984; Ungerer et al. 2006; Renaut et al. 2014). 

The nature of TEs and their complex arrangements in the genome made it difficult to investigate 

diversity and abundance, especially to a level of sublineage (i.e., variants of superfamily gypsy 

LTR retrotransposon), with previous methods of marker-based, hybridization or PCR techniques. 

However, with advances in next-generation sequencing (NGS) technology and development of 

bioinformatic tools, studies on TE evolution are more informative and efficient. For example, 

Chapter 2 demonstrates how meaningful comparisons on TE dynamics across non-model species 

can be made utilizing new bioinformatics tools and sequencing technology, even with low 

genomic coverage of sequence reads (0.23-0.68x).  

 

This work utilizes wild sunflower species in the genus Helianthus to examine the role of 

TEs in generating genome size variation and whether variation in genome size influences aspects 

of plant growth and development across multiple organizational levels.  The genus Helianthus 

provides an excellent system for studying these questions given four-fold variation in nuclear 

DNA content among diploid species and well-resolved phylogenetic relationships. The primary 
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motivation for this work is to provide meaningful comparisons of TE content and abundances 

across species and explore if the existing genome size variation impacts plant growth and 

development.  

   

 Genome size variation is attributable to transposable elements among 

Helianthus species 

Differential abundance and proliferation of TEs in flowering plants is identified as a 

significant contributor to genome size variation among plants, with LTR retrotransposons 

documented as the most abundant. In chapter 2, I explore the contribution of LTR 

retrotransposons to genome size variation among eight diploid Helianthus species and an 

outgroup species, Phoebanthus tenuifolius.  Genome sizes were estimated using flow cytometry 

and show the species under investigation consist of approximately 4-fold variation. By utilizing 

genomic short read sequence data combined with sequence information from a panel of full 

length gypsy and copia LTR retrotransposons from H. annuus in a de novo graph based 

clustering approach, I show the contribution of LTR retrotransposons to genome size variation 

among species in this study.  There is a strong positive correlation between genome size and 

repetitive fraction, concluding that repetitive DNA plays an important role in the underlying 

genome size variation in this group. Among these Helianthus species, gypsy is at greater 

abundance than copia elements, reinforcing previous sunflower work that the LTR 

retrotransposon superfamily gypsy is at greater abundance than copia among other sunflower 

species (Kawakami et al. 2010; Staton et al. 2012; Ungerer and Kawakami 2013).  The observed 

overall stability in abundance for sublineages within each superfamily across Helianthus species 

suggest shared ancestry of gypsy and copia sublineages. Interestingly, species with larger 
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genomes, H. agrestis and P. tenuifolius, have signatures of higher read densities for a small 

number of sublineages, which likely reflects lineage specific amplifications contributing to 

genome size expansion.  This pattern of a small number of LTR retrotransposon lineages 

underlying genome size differences is observed in other plant genera, i.e. cotton and rice 

(Hawkins et al. 2006; Piegu et al. 2006).  

 

This study is informative on how TEs contribute to genome size variation and dynamics 

of these elements in the genomes of Helianthus but warrants further research regarding the 

mechanisms that allow particular sublineages to proliferate. It also remains unclear what 

processes are most important in the pattern of genome size variation among Helianthus species, 

i.e., genome size reduction from processes such as illegitimate recombination and or unequal 

intrastrand homologous recombination (Devos et al. 2002; Vitte and Panaud 2003). Therefore, 

further research on the mechanisms underlying genome size variation would increase our 

understanding on how TEs contribute to genome evolution in plants, whether it is genome 

downsizing (DNA loss), or if it is truly genome expansion through recent proliferation events as 

suggested here.   

 

  Biological consequence of genome size variation among Helianthus species 

  With approximately 2400-fold variation in nuclear DNA content among plants (Leitch 

and Leitch 2013) an interest for plant evolutionary biologists is the biological consequence of 

genome size.  There is strong evidence supporting genome size effect on cell level traits i.e., cell 

size and cell division rates, where larger genomes have larger cells and longer durations of cell 

division (Bennett 1971; Bennett 1972; Bennett 1977; Francis et al.. 2008). In this dissertation, I 
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assessed whether genome size has an effect on phenotypic traits at multiple levels, cell (cell 

production rate), organ (leaf expansion rate) and whole-plant (growth rate and biomass 

accumulation) among diploid perennial and annual sunflowers with a four-fold difference in 

genome size (Chapter 3).  

  

I found that genome size has a greater effect on cell production rate (cell level) but not at 

the organ or whole-plant level of development. Genome size among sunflower species is 

strongly negatively correlated with cell production rate, which is consistent with observations in 

other studies. There was not a distinct relationship, however, between genome size and growth at 

higher organizational levels (organ and whole plant). Chapter 3 results suggest that at a certain 

level genome size does not affect growth. Although life cycle (perennial and annual) has a 

phylogenetic signal within Helianthus, I assessed how the measured traits compared between life 

cycle and found that there is a trend for life cycle being an important factor on traits at the organ 

and whole plant level. This study begins to address the impact genome size has on growth and 

development but warrants further work in deciphering other factors associated with genome size 

among Helianthus species. For example, some studies predict that plants with larger genomes 

reside in temperate environments with a narrow range (reviewed in Greilhuber and Leitch 2012). 

Helianthus species have an expansive range in North America, with species residing in different 

climates and ranges. Further work on habitat and genome size could present interesting patterns 

on genome size distribution. Another element to consider, with habitat playing a key role in plant 

growth and development, is a study that excludes the environmental factor by examining plant 

traits and genome size within a region. 
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Published work on plant genomics has significantly increased with the advances in 

sequencing technology with most attention on economically important species such as maize, 

banana, tomato, barley and rice (Michael and Jackson 2013). Crop species tend to have some of 

the largest plant genomes and contain pronounced amounts of TEs, for example >85% of the 

maize genome and barley are composed of TEs (Tenallion et al. 2010). Identification and 

annotation of TE content in these crop species is of interest as TEs are important sources of 

functional variation in gene regulation (Sturder et al. 2011) and cause major chromosomal 

rearrangements (Lisch 2013). Work in this dissertation provides insight into the mechanisms 

contributing to genome size evolution in plants, specifically among Helianthus species, but the 

methods and concepts can be applied to other plant groups to gain a better understanding of 

genome evolution. Genome expansion in wild sunflowers is influenced largely by amplification 

of a small number of TEs and not necessarily by a greater diversity of TEs at low abundance 

(Chapter 2). Phentype traits for both growth and development eventually determine plant 

performance in terms of biomass and yield (Tsukaya 2003). By measuring aspects of growth and 

development at cell-, organ- and whole plant-levels I show how genome size impacts phenotypes 

at these different levels of organization. Briefly, genome size is negatively correlated with cell 

production rate (cell-level) but this relationship weakens for phenotypes at higher organizational 

levels, such as that of organ and whole-plant (Chapter 3). An integration of basic knowledge on 

how genome size impacts growth and development can enhance our ability to improve crop 

plants for our benefit.   
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Appendix A - Supplemental Information for Chapter 2 

 

Figure A.5.1 Positive control RT-PCR assays of Actin in leaf (L) and bud (B) tissue. Minus 

signs in parentheses indicate lanes with negative control reactions. Species abbreviations are as 

in Table 1. Red = annual, blue = perennial, teal = perennial outgroup 
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Figure A.5.2 Comparison of graph-based clustering (A) and mapping-based (B) approaches for 

identifying sequences derived from gypsy and copia elements across species using an LTR 

retrotransposon reference panel derived from H. annuus. The x-axis depicts genetic distance 

from H. annuus for species under investigation, using 15 (randomly selected) of 170 loci used to 

evaluate phylogenetic relationships among diploid species of Helianthus (Stephens et al. 2015). 

H. anomalus was not used in these analyses because of lack of inclusion in Stephens et al. 

(2015).  For panel (A), reads were identified as gypsy or copia sequences based on methods 

outlined in main text. For panel (B), 6.7 million reads from each species were mapped to the 

integrase (INT) domains of 52 full-length LTR retrotransposons using BWA v0.7.6. Species 

abbreviations are as in Table 1. For panel (A): Red = annual, blue = perennial, teal = perennial 

outgroup; For panel (B): blue = 4 mismatches allowed, pink = 10 mismatches allowed, green = 

20 mismatches allowed 
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Table A.5.1 Mean number of reads sampled and mean number of reads identified as belonging to different sublineages of gypsy (A) 

and copia (B) LTR retrotransposons based on five graph-based clustering analysis runs per dataset 

 

A 

 B 

Species Reads sampled 1 2 3 4 5 6 7 Total reads (%) 

PRA 3,000,000 60,003 16,976 100,322 734 58 16,778 34,890 229,761 (7.7) 

ANN 3,000,000 60,431 12,255 98,265 768 127 12,516 33,388 217,750 (7.3) 

ANO 3,000,000 51,646 15,197 104,123 847 52 14,938 56,279 243,082 (8.1) 

AGR 2,368,072 89,155 15,598 34,831 62 8 5,523 37,631 182,808 (7.7) 

CUS 3,000,000 29,298 6,796 95,225 773 30 18,568 72,026 222,716 (7.4) 

DIV 2,542,761 32,090 8,074 95,154 666 68 15,191 53,978 205,221 (8.1) 

HET 3,000,000 55,516 11,669 75,266 889 57 14,136 52,686 210,219 (7.0) 

ANG 3,000,000 45,092 12,680 141,930 340 49 9,260 44,310 253,661 (8.5) 

PHO 2,954,112 81,920 13,673 74,526 320 2 12,634 54,640 237,715 (8.0) 

          2,002,933 (7.7) 

Species Reads sampled A B C X1 X2 E' W Y1 Y2 Z1 Z2 Total reads (%) 

PRA 3,000,000 183,666 97,911 195,123 175,936 123,372 6,630 19 104,742 16,169 84,280 13,038 1,000,886 (33.4) 

ANN 3,000,000 196,424 115,854 193,471 149,330 119,033 13,130 13 84,352 19,193 118,365 12,245 1,021,410 (34.0) 

ANO 3,000,000 266,677 107,696 167,265 176,321 174,587 35,573 12 81,569 22,902 92,417 10,187 1,135,206 (37.8) 

AGR 2,368,072 265,678 96,277 317,877 175,457 72,563 14,629 1 13,164 7,951 17,342 1,445 982,383 (41.5) 

CUS 3,000,000 89,677 140,613 203,565 226,226 134,301 21,219 16 53,608 20,719 30,887 6,297 927,128 (30.9) 

DIV 2,542,761 99,317 98,812 175,048 181,348 93,304 15,724 6 67,856 11,148 43,100 8,686 794,349 (31.2) 

HET 3,000,000 65,433 152,037 236,482 237,938 143,884 20,590 7 53,147 20,482 55,798 6,506 992,304 (33.1)  

ANG 3,000,000 111,205 158,886 243,769 159,213 129,122 13,282 11 56,587 16,277 58,418 7,843 954,613 (31.8) 

PHO 2,954,112 102,775 90,264 179,378 374,050 151,686 23,661 3 61,673 21,394 46,052 4,066 1,055,002 (35.7) 

             8,863,281 (34.3) 
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Table A.5.2 Primers utilized in RT-PCR assays 

Region Forward (5'→3')   Reverse (5'→3') 

gypsy sublineage A GRTGCTTTTCCCAGCYGTTG TCGACTCACCAAGTCTGCAC  

gypsy sublineage C AAGTCAGCKCATTTYYTACCC TTCCARAAATGWGACGTRTATCTTAGT 

copia sublineage 1 TCTCAGAACCTCGGCAATCT GGCGAGCAAAAGAGAAAATG 

actin AGATTCCGTTGCCCTGAGGT CTCTCTGGAGGWGCAACCAC 
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Table A.5.3 Average amino acid divergence of RT domains within and between sublineages of 

gypsy (A) and copia (B) elements depicted in Figure 2.2. 

A 

. 

 A B C X1 X2 E' W Y1 Y2 Z1 Z2 

A 0.046           

B 0.118 na          

C 0.152 0.169 0.045         

X1 0.150 0.108 0.169 0.056        

X2 0.188 0.147 0.204 0.146 0.132       

E' 0.223 0.212 0.191 0.217 0.200 na      

W 0.478 0.470 0.444 0.472 0.477 0.470 na     

Y1 0.619 0.614 0.627 0.634 0.629 0.621 0.561 na    

Y2 0.627 0.621 0.628 0.636 0.621 0.614 0.568 0.235 na   

Z1 0.655 0.667 0.653 0.659 0.663 0.660 0.614 0.557 0.606 0.015  

Z2 0.647 0.622 0.638 0.619 0.648 0.629 0.633 0.561 0.572 0.445 0.045 

 

B 

 1 2 3 4 5 6 7 

1 0.027       

2 0.318 n.a.      

3 0.382 0.325 0.100     

4 0.622 0.615 0.609 n.a.    

5 0.641 0.644 0.609 0.552 n.a.   

6 0.628 0.632 0.617 0.619 0.636 n.a.  

7 0.620 0.611 0.615 0.569 0.607 0.531 n.a. 

 

  



110 

 

File S1 Reference panel of full-length gypsy and copia LTR retrotransposons derived from H.annuus 

genome. Fasta file link is below. 

http://www.g3journal.org/content/suppl/2016/05/25/g3.116.029082.DC1/FileS1.zip 

 

File S2 Amino acid sequences for the reverse-transcriptase (RT) domain of 52 (40 gypsy + 12 copia) full 

length LTR retrotransposon elements used for phylogenetic analysis in Figure 2. 

http://www.g3journal.org/content/suppl/2016/05/25/g3.116.029082.DC1/FileS2.zip 

 

 

  

http://www.g3journal.org/content/suppl/2016/05/25/g3.116.029082.DC1/FileS1.zip
http://www.g3journal.org/content/suppl/2016/05/25/g3.116.029082.DC1/FileS2.zip
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Appendix B - Supplemental data for Chapter 3 

Table B.1 Data for growth rate (cm/day), root : shoot biomass (g), total biomass (g) and leaf 

expansion rate(cm2/day) collected from plants grown in the greenhouse. 

Species Life cycle Individual 
Growth rate 

(cm/day) 
Root : shoot 
biomass (g) 

Total 
biomass (g) 

Leaf expansion 
rate (cm2/day) 

H.agrestis annual 1 0.18 0.19 0.40 0.68 

H.agrestis annual 2 0.18 0.19 0.40 1.37 

H.agrestis annual 3 0.58 0.12 2.07 3.07 

H.agrestis annual 4 0.10 0.07 0.10 0.10 

H.agrestis annual 5 0.58 0.12 2.72 1.91 

H.agrestis annual 6 0.29 0.15 0.65 1.47 

H.agrestis annual 7 0.34 0.21 0.80 NA 

H.agrestis annual 8 0.04 0.08 0.02 NA 

H.angustifolius perennial 1 0.06 0.30 0.47 0.81 

H.angustifolius perennial 2 0.07 0.11 0.32 0.53 

H.angustifolius perennial 3 0.12 0.29 0.90 1.10 

H.angustifolius perennial 4 0.10 0.21 0.50 0.83 

H.angustifolius perennial 5 0.05 0.17 0.35 0.70 

H.angustifolius perennial 6 0.07 0.16 0.22 0.60 

H.angustifolius perennial 7 0.05 0.22 0.20 0.60 

H.angustifolius perennial 8 0.04 0.29 0.41 0.80 

H.angustifolius perennial 9 0.03 0.61 0.23 NA 

H.angustifolius perennial 10 0.05 0.18 0.52 NA 

H.angustifolius perennial 11 0.06 0.19 0.23 NA 

H.angustifolius perennial 12 0.04 0.31 0.36 NA 

H.angustifolius perennial 13 0.02 0.14 0.11 NA 

H.angustifolius perennial 14 0.08 0.16 0.30 NA 

H.angustifolius perennial 15 0.05 0.15 0.27 NA 

H.annuus annual 1 0.35 0.30 2.04 2.92 

H.annuus annual 2 0.30 0.18 2.86 4.17 

H.annuus annual 3 0.45 0.18 3.01 4.30 

H.annuus annual 4 0.47 0.20 5.68 6.09 

H.annuus annual 5 0.39 0.19 2.66 4.08 

H.annuus annual 6 0.38 0.23 3.06 3.54 

H.annuus annual 7 0.49 0.20 1.39 2.32 

H.annuus annual 8 0.32 0.19 1.33 2.58 

H.annuus annual 9 0.62 0.25 2.45 3.14 

H.annuus annual 10 0.38 0.19 2.50 NA 

H.annuus annual 11 0.53 0.20 3.65 NA 

H.annuus annual 12 0.40 0.31 3.09 NA 

H.annuus annual 13 0.40 0.25 2.24 NA 

H.annuus annual 14 0.49 0.20 3.45 NA 

H.annuus annual 15 0.51 0.17 3.97 NA 
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H.annuus annual 16 0.79 0.27 4.98 NA 

H.annuus annual 17 0.41 0.27 4.66 NA 

H.annuus annual 18 0.43 0.27 4.50 NA 

H.annuus annual 19 0.31 0.23 1.81 NA 

H.annuus annual 20 0.49 0.18 2.81 NA 

H.annuus annual 21 0.46 0.23 2.43 NA 

H.argophyllus annual 1 0.32 0.07 1.51 2.87 

H.argophyllus annual 2 0.59 0.14 4.01 4.64 

H.argophyllus annual 3 0.63 0.17 3.88 3.87 

H.argophyllus annual 4 0.74 0.25 6.38 5.69 

H.argophyllus annual 5 0.48 0.19 2.07 2.18 

H.argophyllus annual 6 0.52 0.16 2.28 2.91 

H.argophyllus annual 7 0.56 0.19 2.72 3.06 

H.argophyllus annual 8 0.33 0.17 1.73 2.02 

H.argophyllus annual 9 0.80 0.10 5.08 NA 

H.argophyllus annual 10 0.57 0.14 2.22 NA 

H.argophyllus annual 11 0.44 0.20 4.02 NA 

H.argophyllus annual 12 0.37 0.24 3.23 NA 

H.argophyllus annual 13 0.36 0.11 1.88 NA 

H.argophyllus annual 14 0.61 0.13 3.19 NA 

H.argophyllus annual 15 0.76 0.15 5.10 NA 

H.argophyllus annual 16 0.64 0.19 4.43 NA 

H.argophyllus annual 17 0.23 0.16 1.42 NA 

H.argophyllus annual 18 0.54 0.23 2.61 NA 

H.argophyllus annual 19 0.55 0.18 2.69 NA 

H.arizonensis perennial 1 0.43 0.11 0.13 0.26 

H.arizonensis perennial 2 0.36 0.11 0.11 0.27 

H.arizonensis perennial 3 0.48 0.06 0.23 0.37 

H.arizonensis perennial 4 0.36 0.07 0.13 0.08 

H.arizonensis perennial 5 0.35 0.06 0.14 0.21 

H.arizonensis perennial 6 0.52 0.07 0.36 0.44 

H.arizonensis perennial 7 0.34 0.05 0.25 0.42 

H.arizonensis perennial 8 0.27 0.10 0.16 0.17 

H.arizonensis perennial 9 0.15 0.05 0.02 NA 

H.arizonensis perennial 10 0.60 0.06 0.65 NA 

H.arizonensis perennial 11 0.46 0.17 0.37 NA 

H.arizonensis perennial 12 0.11 0.09 0.01 NA 

H.arizonensis perennial 13 0.37 0.10 0.49 NA 

H.arizonensis perennial 14 0.36 0.13 0.22 NA 

H.arizonensis perennial 15 0.32 0.15 0.14 NA 

H.arizonensis perennial 16 0.16 0.05 0.05 NA 

H.arizonensis perennial 17 0.24 0.05 0.07 NA 

H.arizonensis perennial 18 0.25 0.12 0.11 NA 

H.arizonensis perennial 19 0.24 0.09 0.07 NA 

H.atrorubens perennial 1 0.04 0.10 0.41 1.31 
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H.atrorubens perennial 2 0.03 0.11 0.73 1.94 

H.atrorubens perennial 3 0.10 0.14 1.59 3.24 

H.atrorubens perennial 4 0.04 0.15 0.59 1.42 

H.atrorubens perennial 5 0.09 0.14 0.85 1.71 

H.atrorubens perennial 6 0.04 0.04 0.38 0.90 

H.atrorubens perennial 7 0.01 0.11 0.61 1.97 

H.atrorubens perennial 8 0.05 0.05 0.39 1.08 

H.atrorubens perennial 9 0.03 0.09 0.29 NA 

H.atrorubens perennial 10 0.05 0.10 0.70 NA 

H.atrorubens perennial 11 0.02 0.02 0.03 NA 

H.atrorubens perennial 12 0.03 0.06 0.63 NA 

H.atrorubens perennial 13 0.06 0.15 1.43 NA 

H.atrorubens perennial 14 0.03 0.14 0.44 NA 

H.atrorubens perennial 15 0.04 0.14 0.57 NA 

H.atrorubens perennial 16 0.05 0.10 0.57 NA 

H.atrorubens perennial 17 0.09 0.11 1.85 NA 

H.atrorubens perennial 18 0.01 0.06 0.36 NA 

H.atrorubens perennial 19 0.04 0.10 0.42 NA 

H.atrorubens perennial 20 0.04 0.14 0.25 NA 

H.carnosus perennial 1 0.02 0.09 0.21 0.52 

H.carnosus perennial 2 0.03 0.19 0.08 0.05 

H.carnosus perennial 3 0.02 0.17 0.25 0.27 

H.carnosus perennial 4 0.03 0.02 0.03 0.03 

H.carnosus perennial 5 0.02 0.11 0.07 0.09 

H.carnosus perennial 6 0.01 0.22 0.06 NA 

H.carnosus perennial 7 0.03 0.13 0.03 NA 

H.carnosus perennial 8 0.00 0.10 0.01 NA 

H.carnosus perennial 9 0.04 0.18 0.19 NA 

H.carnosus perennial 10 0.01 0.11 0.06 NA 

H.carnosus perennial 11 0.03 0.06 0.08 NA 

H.carnosus perennial 12 0.05 0.02 0.03 NA 

H.cusickii perennial 1 0.28 0.04 0.54 0.72 

H.cusickii perennial 2 0.24 0.11 0.32 0.52 

H.cusickii perennial 3 0.42 0.10 0.58 0.79 

H.cusickii perennial 4 0.30 0.06 0.54 0.72 

H.cusickii perennial 5 0.23 0.05 0.27 0.45 

H.cusickii perennial 6 0.34 0.06 0.23 0.32 

H.cusickii perennial 7 0.32 0.07 0.41 0.60 

H.cusickii perennial 8 0.27 0.04 0.13 0.17 

H.cusickii perennial 9 0.02 0.03 0.05 NA 

H.cusickii perennial 10 0.22 0.12 0.33 NA 

H.cusickii perennial 11 0.29 0.20 0.49 NA 

H.cusickii perennial 12 0.52 0.07 0.37 NA 

H.cusickii perennial 13 0.48 0.04 0.31 NA 

H.cusickii perennial 14 0.25 0.06 0.49 NA 
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H.cusickii perennial 15 0.23 0.13 0.30 NA 

H.cusickii perennial 16 0.29 0.04 0.44 NA 

H.debilis annual 1 0.26 0.11 0.68 1.33 

H.debilis annual 2 0.44 0.18 1.78 1.45 

H.debilis annual 3 0.39 0.15 1.37 1.09 

H.debilis annual 4 0.30 0.10 0.95 1.46 

H.debilis annual 5 0.35 0.19 1.07 1.20 

H.debilis annual 6 0.28 0.12 0.56 0.77 

H.debilis annual 7 0.23 0.10 0.45 0.84 

H.debilis annual 8 0.18 0.07 0.36 NA 

H.debilis annual 9 0.15 0.12 0.49 NA 

H.debilis annual 10 0.19 0.05 0.10 NA 

H.divaricatus perennial 1 0.46 0.19 1.77 2.57 

H.divaricatus perennial 2 0.54 0.10 1.28 1.75 

H.divaricatus perennial 3 0.68 0.12 1.74 2.38 

H.divaricatus perennial 4 0.45 0.13 0.55 0.56 

H.divaricatus perennial 5 0.59 0.11 1.22 1.61 

H.divaricatus perennial 6 0.61 0.19 1.54 NA 

H.divaricatus perennial 7 0.32 0.18 0.46 NA 

H.divaricatus perennial 8 0.49 0.19 1.02 NA 

H.divaricatus perennial 9 0.23 0.15 0.38 NA 

H.divaricatus perennial 10 0.79 0.13 2.28 NA 

H.divaricatus perennial 11 0.26 0.06 0.37 NA 

H.divaricatus perennial 12 0.49 0.12 1.66 NA 

H.divaricatus perennial 13 0.34 0.09 0.51 NA 

H.divaricatus perennial 14 0.12 0.22 0.17 NA 

H.divaricatus perennial 15 0.45 0.12 0.55 NA 

H.divaricatus perennial 16 0.24 0.15 0.25 NA 

H.giganteus perennial 1 0.43 0.23 0.95 0.97 

H.giganteus perennial 2 0.54 0.15 1.69 2.09 

H.giganteus perennial 3 0.44 0.16 2.00 2.15 

H.giganteus perennial 4 0.59 0.18 1.84 1.83 

H.giganteus perennial 5 0.74 0.25 3.71 4.78 

H.giganteus perennial 6 0.66 0.26 2.24 1.85 

H.giganteus perennial 7 0.35 0.18 0.52 0.61 

H.giganteus perennial 8 0.40 0.14 0.43 0.61 

H.giganteus perennial 9 0.32 0.30 1.07 NA 

H.giganteus perennial 10 0.31 0.21 1.18 NA 

H.giganteus perennial 11 0.37 1.23 1.24 NA 

H.giganteus perennial 12 0.35 0.25 1.53 NA 

H.giganteus perennial 13 0.47 0.18 1.60 NA 

H.giganteus perennial 14 0.25 0.19 0.30 NA 

H.giganteus perennial 15 0.32 0.17 0.79 NA 

H.giganteus perennial 16 0.28 0.10 0.42 NA 

H.heterophyllus perennial 1 0.05 0.09 0.13 0.07 
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H.heterophyllus perennial 2 0.04 0.04 0.12 0.12 

H.heterophyllus perennial 3 0.04 0.04 0.10 0.11 

H.heterophyllus perennial 4 0.03 0.03 0.11 0.27 

H.heterophyllus perennial 5 0.03 0.13 0.09 0.24 

H.heterophyllus perennial 20 0.03 0.07 0.09 NA 

H.heterophyllus perennial 21 0.01 0.09 0.05 NA 

H.heterophyllus perennial 22 0.05 0.05 0.09 NA 

H.heterophyllus perennial 23 0.04 0.10 0.13 NA 

H.maximilliani perennial 1 0.31 0.27 0.40 0.56 

H.maximilliani perennial 2 0.44 0.25 0.71 0.83 

H.maximilliani perennial 3 0.51 0.14 0.87 1.06 

H.maximilliani perennial 4 0.62 0.23 0.78 0.95 

H.maximilliani perennial 5 0.36 0.22 0.93 1.33 

H.maximilliani perennial 6 0.65 0.20 1.12 0.66 

H.maximilliani perennial 7 0.51 0.16 0.66 0.64 

H.maximilliani perennial 8 0.37 0.14 0.33 0.40 

H.maximilliani perennial 9 0.55 0.16 0.36 0.47 

H.maximilliani perennial 10 0.44 0.20 0.88 NA 

H.maximilliani perennial 11 0.45 0.28 0.39 NA 

H.maximilliani perennial 12 0.49 0.26 1.13 NA 

H.maximilliani perennial 13 0.31 0.17 0.33 NA 

H.maximilliani perennial 14 0.42 0.19 0.40 NA 

H.maximilliani perennial 15 0.46 0.14 0.33 NA 

H.maximilliani perennial 16 0.31 0.11 0.26 NA 

H.maximilliani perennial 17 0.62 0.21 0.82 NA 

H.maximilliani perennial 18 0.51 0.16 0.66 NA 

H.maximilliani perennial 19 0.61 0.17 0.57 NA 

H.microcephalus perennial 1 0.50 0.21 1.10 2.34 

H.microcephalus perennial 2 0.40 0.13 0.71 2.00 

H.microcephalus perennial 3 0.91 0.17 3.08 5.39 

H.microcephalus perennial 4 0.66 0.12 1.79 3.74 

H.microcephalus perennial 5 0.66 0.12 1.79 5.31 

H.microcephalus perennial 6 0.87 0.19 2.73 4.49 

H.microcephalus perennial 7 0.49 0.18 1.36 2.20 

H.microcephalus perennial 8 0.62 0.17 1.43 1.98 

H.microcephalus perennial 9 0.27 0.14 0.53 1.49 

H.microcephalus perennial 10 0.55 0.16 1.39 2.04 

H.microcephalus perennial 11 1.03 0.15 2.41 NA 

H.microcephalus perennial 12 0.37 0.16 1.09 NA 

H.microcephalus perennial 13 0.61 0.30 2.44 NA 

H.microcephalus perennial 14 0.54 0.17 0.96 NA 

H.microcephalus perennial 15 0.93 0.19 2.72 NA 

H.microcephalus perennial 16 0.80 0.15 2.19 NA 

H.microcephalus perennial 17 0.58 0.16 1.57 NA 

H.microcephalus perennial 18 1.03 0.17 0.42 NA 



116 

 

H.microcephalus perennial 19 0.55 0.19 1.17 NA 

H.microcephalus perennial 20 0.28 0.22 0.66 NA 

H.microcephalus perennial 21 0.57 0.22 1.12 NA 

H.microcephalus perennial 22 0.51 0.17 1.10 NA 

H.microcephalus perennial 23 0.61 0.16 1.42 NA 

H.nuttalli perennial 1 0.45 0.35 1.03 1.82 

H.nuttalli perennial 2 0.76 0.25 3.31 2.66 

H.nuttalli perennial 3 0.53 0.18 1.27 1.82 

H.nuttalli perennial 4 0.72 0.21 1.86 1.81 

H.nuttalli perennial 5 0.50 0.20 1.52 1.68 

H.nuttalli perennial 6 0.31 0.17 0.70 0.58 

H.nuttalli perennial 7 0.53 0.14 1.15 1.19 

H.nuttalli perennial 8 0.65 0.20 0.93 0.73 

H.nuttalli perennial 9 0.31 0.14 0.15 0.24 

H.nuttalli perennial 10 0.14 0.05 0.05 NA 

H.nuttalli perennial 11 0.20 0.07 0.09 NA 

H.nuttalli perennial 12 0.16 0.13 0.27 NA 

H.nuttalli perennial 13 0.42 0.26 1.99 NA 

H.nuttalli perennial 14 0.63 0.26 2.03 NA 

H.nuttalli perennial 15 0.86 0.20 2.47 NA 

H.nuttalli perennial 16 0.69 0.19 1.69 NA 

H.nuttalli perennial 17 0.37 0.22 0.50 NA 

H.nuttalli perennial 18 0.44 0.22 0.35 NA 

H.nuttalli perennial 19 0.55 0.19 0.94 NA 

H.nuttalli perennial 20 0.47 0.22 0.70 NA 

H.nuttalli perennial 21 0.24 0.03 0.14 NA 

H.nuttalli perennial 22 0.32 0.18 0.34 NA 

H.occidentalis perennial 1 0.04 0.10 0.28 0.11 

H.occidentalis perennial 2 0.03 0.17 0.11 0.32 

H.occidentalis perennial 3 0.02 0.10 0.13 0.09 

H.occidentalis perennial 4 0.06 0.12 0.63 1.16 

H.occidentalis perennial 5 0.05 0.14 0.59 1.00 

H.occidentalis perennial 6 0.02 0.06 0.35 0.83 

H.occidentalis perennial 7 0.03 0.10 0.20 0.55 

H.occidentalis perennial 8 0.04 0.10 0.18 0.24 

H.occidentalis perennial 9 0.02 0.12 0.19 0.44 

H.occidentalis perennial 10 0.04 0.18 0.26 NA 

H.occidentalis perennial 11 0.03 0.11 0.37 NA 

H.occidentalis perennial 12 0.05 0.21 0.50 NA 

H.occidentalis perennial 13 0.00 0.09 0.09 NA 

H.occidentalis perennial 14 0.03 0.05 0.11 NA 

H.occidentalis perennial 15 0.03 0.09 0.12 NA 

H.occidentalis perennial 16 0.05 0.16 0.12 NA 

H.occidentalis perennial 17 0.01 0.07 0.02 NA 

H.petiolaris annual 1 0.13 0.01 0.24 0.68 
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H.petiolaris annual 2 0.57 0.13 1.08 1.66 

H.petiolaris annual 3 0.15 0.10 0.36 0.69 

H.petiolaris annual 4 0.42 0.13 0.57 0.66 

H.petiolaris annual 5 0.39 0.16 0.90 1.22 

H.petiolaris annual 6 0.50 0.08 0.45 0.60 

H.petiolaris annual 7 0.37 0.13 1.25 1.34 

H.petiolaris annual 8 0.21 0.11 0.23 NA 

H.petiolaris annual 9 0.23 0.11 0.73 NA 

H.petiolaris annual 10 0.41 0.13 1.20 NA 

H.petiolaris annual 11 0.33 0.10 0.48 NA 

H.petiolaris annual 12 0.13 0.12 0.21 NA 

H.petiolaris annual 13 0.09 0.11 0.06 NA 

H.petiolaris annual 14 0.27 0.17 0.58 NA 

H.porteri annual 1 0.69 0.29 1.07 0.49 

H.porteri annual 2 0.69 0.26 1.53 0.80 

H.porteri annual 3 0.75 0.18 0.98 0.44 

H.porteri annual 4 0.52 0.25 0.86 0.64 

H.porteri annual 5 0.52 0.25 0.86 0.51 

H.porteri annual 6 0.74 0.23 1.63 0.57 

H.porteri annual 7 0.40 0.02 0.26 0.31 

H.porteri annual 8 0.33 0.12 0.36 0.33 

H.porteri annual 9 0.53 0.21 1.04 NA 

H.porteri annual 10 0.64 0.25 0.97 NA 

H.porteri annual 11 0.40 0.31 0.29 NA 

H.porteri annual 12 0.71 0.19 1.06 NA 

H.porteri annual 13 0.77 0.25 1.26 NA 

H.porteri annual 14 0.49 0.15 0.72 NA 

H.porteri annual 15 0.78 0.19 1.15 NA 

H.porteri annual 16 0.53 0.17 0.38 NA 

H.porteri annual 17 0.22 0.20 0.18 NA 

H.porteri annual 18 0.44 0.16 0.30 NA 

H.praecox annual 1 0.22 0.12 1.08 2.00 

H.praecox annual 2 0.31 0.17 2.72 2.70 

H.praecox annual 3 0.48 0.21 3.19 3.26 

H.praecox annual 4 0.59 0.16 3.54 2.96 

H.praecox annual 5 0.46 0.16 2.99 2.28 

H.praecox annual 6 0.33 0.21 2.44 2.12 

H.praecox annual 7 0.59 0.17 2.30 2.31 

H.praecox annual 8 0.45 0.16 2.49 NA 

H.praecox annual 9 0.23 0.16 1.64 NA 

H.praecox annual 10 0.41 0.15 3.46 NA 

H.praecox annual 11 0.38 0.20 2.63 NA 

H.praecox annual 12 0.43 0.20 3.65 NA 

H.praecox annual 13 0.26 0.19 1.66 NA 

H.praecox annual 14 0.54 0.16 2.83 NA 
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H.praecox annual 15 0.51 0.20 1.28 NA 

H.praecox annual 16 0.32 0.14 0.71 NA 

H.praecox annual 17 0.37 0.17 1.71 NA 

H.praecox annual 18 0.15 0.13 1.27 NA 

H.praecox annual 19 0.37 0.16 1.07 NA 

H.salicifolius perennial 1 0.54 0.09 0.52 0.26 

H.salicifolius perennial 2 0.41 0.23 0.96 0.35 

H.salicifolius perennial 3 0.32 0.14 0.26 0.25 

H.salicifolius perennial 4 0.49 0.16 0.41 0.13 

H.salicifolius perennial 5 0.39 0.07 0.42 0.24 

H.salicifolius perennial 6 0.43 0.03 0.31 0.13 

H.salicifolius perennial 7 0.39 0.03 0.14 0.10 

H.salicifolius perennial 8 0.39 0.03 0.14 0.14 

H.salicifolius perennial 9 0.30 0.09 0.26 NA 

H.salicifolius perennial 10 0.56 0.14 0.70 NA 

H.salicifolius perennial 11 0.28 0.14 0.13 NA 

H.salicifolius perennial 12 0.46 0.15 1.20 NA 
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Appendix C - Copyright 

 

Figure 5.3 Copyrights for Chapter 4 


