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Transcriptomics and gene expression profiling enables the elucidation of the genetic 

response of an organism to various environmental cues. Transcriptomics enables the 

deciphering of differences between two closely related organisms to the same 

environment and in contrast, enables the elucidation of genetic responses of the 

same organism to different environmental cues. Two major methods are utilized for 

the study of transcriptomes, high-throughput sequencing and microarray analysis. 

High-throughput sequencing technologies such as the Illumina platform are relatively 

new and protocols must be developed for the analyses of transcriptomes (RNA-

sequencing). A RNA-seq protocol was developed and refined for the Illumina 

sequencing platform. This protocol was then utilized for the de novo sequencing of 

the steelhead salmon transcriptome. Hatchery steelhead exhibit a reduced fitness 

compared to wild steelhead that has been shown to be genetically based. 

Consequently, the steelhead transcriptome was assembled, annotated, and used to 



 

 

identify gene expression differences between hatchery and wild fish. We uncovered 

many differentially expressed genes involved in metabolic processes and growth and 

development. This work has created a better understanding of the genetic differences 

between hatchery and wild steelhead salmon.  

Brachypodium distachyon is a monocot grass important as a model for cereal crops 

and potential biofuels feedstocks. To better understand the genetic response of this 

plant to different environmental cues, a comprehensive assessment of the 

transcriptomic response was conducted under a variety of conditions including 

diurnal/circadian light/dark/temperature environments and different abiotic stress 

conditions. Using a whole-genome tiling DNA microarray, we identified that the 

majority of transcripts in Brachypodium exhibit a daily rhythm in their abundance that 

is conserved between rice and Brachypodium. We also identified numerous cis-

regulatory elements dictating these rhythmic expression patterns. We also identified 

the genetic response to abiotic stresses such as salinity, drought, cold, heat, and high 

light. We uncovered a core set of genes which responds to all stresses, indicating a 

core stress response. A large number of transcription factors were uncovered as 

potential nodes for regulating the abiotic stress response in Brachypodium. Moreover, 

promoter elements that drive specific responses to discrete abiotic stresses were 

uncovered. Altogether, the transcriptome analyses in this work furthers our 

understandings of how particular organisms respond to environmental cues and 

better elucidates the relationship between genes and the environment. 



 

 

 

 

 

 

 

 

 

©Copyright by Samuel E. Fox 

August 25, 2011 

All Rights Reserved 



 

 

Transcriptomic analysis using high-throughput sequencing and DNA microarrays 

by 

Samuel E. Fox 

 

 

A DISSERTATION 

 

submitted to 

 

Oregon State University 

 

 

in partial fulfillment of 

the requirements for the 

degree of 

 

Doctor of Philosophy 

 

 

Presented August 25, 2011 

Commencement June, 2012 



 

 

Doctor of Philosophy dissertation of Samuel E. Fox presented on August 25, 

2011. 

 

APPROVED: 

 

 

Major Professor, representing Molecular and Cellular Biology 

 

 

Director of the Molecular and Cellular Biology Program 

 

 

Dean of the Graduate School 

 

 

I understand that my dissertation will become part of the permanent collection of 

Oregon State University libraries. My signature below authorizes release of my 

dissertation to any reader upon request. 

 

 

Samuel E. Fox, Author 



 

 

ACKNOWLEDGEMENTS 

I would like to express my sincere thanks to the following people: the members of my 

graduate committee including Gitali Indra, Michael Freitag, and especially Jeff Chang 

and Barbara Taylor. I’d like to thank all my friends, particularly Todd Castoe and Jeff 

Kimbrel for interesting scientific discussions and input, and Jason Cumbie for helping 

me with computational aspects of my work. I’d also like to thank my family especially 

my father Ron and my mother-in-law, Terry. Finally, special thanks to my lovely wife 

Erin, mother of my two great kids, Sam and Ashlyn. 

 



 

 

CONTRIBUTION OF AUTHORS 

Chapter 1: Samuel E. Fox wrote the manuscript. 

 

Chapter 2: Samuel E. Fox and Sergei A. Filichkin developed the methodologies and 

performed the research. Samuel E. Fox, Sergei A. Filichkin and Todd C. Mockler 

wrote the manuscript. 

 

Chapter 3: Samuel E. Fox and Melanie Marine performed the experiments. Samuel 

E. Fox, Mark R. Christie, Henry D. Priest and Doug W. Bryant analyzed the data. 

Samuel E. Fox, Mark R. Christie and Michael S. Blouin wrote the manuscript. 

  

Chapter 4: Samuel E. Fox, Jessica R. Murray and Sergie Filichkin performed 

experiments. Henry D. Priest, Samuel E. Fox and Todd C. Mockler sequenced the 

Brachypodium transcriptome and developed the microarray. Samuel E. Fox, Henry D. 

Priest and Jessica R. Murray performed the analysis. Samuel E. Fox wrote the 

manuscript. 

 

Chapter 5: Samuel E. Fox and Jessica R. Murray performed experiments. Samuel E. 

Fox, Henry D. Priest and Jessica R. Murray performed the analysis. Samuel E. Fox 

wrote the manuscript. 

 

Chapter 6: Samuel E. Fox wrote the manuscript 



 

 

TABLE OF CONTENTS 

 Page 

Introduction: transcriptome analyses in plants and animals ........................................1 

  SUMMARY ...............................................................................................................2 

Uses and choices of model systems .......................................................................2 

Resources for the development of a model system.................................................5 

Technologies used for transcriptome analyses........................................................6 

Using high-throuput technologies to investigate biological questions ......................8 

Applications of high-throughput sequencing and the development of an Illumina RNA-
seq protocol ..............................................................................................................10 

  SUMMARY .............................................................................................................11 

  BACKGROUND......................................................................................................12 

Impact of high-throughput sequencing (HTS) on the genomics era .......................12 

Sanger/dideoxy sequencing ..................................................................................13 

HTS platforms .......................................................................................................14 

Roche/454 Genome Sequencer 20 and FLX systems...........................................16 

Illumina Genome Analyzer ....................................................................................17 

Applied Biosystems SOLiD ...................................................................................18 

HTS technologies in genome studies ....................................................................19 

Identification of polymorphisms by HTS ................................................................21 

HTS for discovery of small RNAs ..........................................................................22 

ChIP-sequence for identification of DNA-protein interactions ................................23 

RIP-sequence for identification of RNA-protein interactions ..................................24 

HTS has a wide range of applications ...................................................................25 

HTS analysis of transcriptomes.............................................................................25 

Considerations for sample preparation and design of HTS experiments ...............28 

Determining which HTS platform to use for sequencing ........................................29 

Computational considerations ...............................................................................31 

Brief summary of computational tools for analyzing HTS data...............................32 

Conclusions and perspectives...............................................................................35 

  METHODS..............................................................................................................35 



 

 

TABLE OF CONTENTS (Continued) 

 Page 

Materials ...............................................................................................................35 

Precautions and Stock Solutions...........................................................................36 

RNA purification ....................................................................................................37 

cDNA synthesis using SMART protocol and DSN library normalization.................38 

SMART/DSN cDNA preparation for Solexa/Illumina sequencing...........................38 

cDNA synthesis using random priming protocol ....................................................39 

Sequencing using Solexa/Illumina 1G Genome Analyzer......................................39 

Total RNA isolation ...............................................................................................40 

RNA clean-up........................................................................................................41 

Purification of poly(A) RNA....................................................................................41 

Construction of cDNA libraries ..............................................................................43 

Construction of the SMART prepared full length enriched cDNA libraries .............45 

Library normalization by DSN treatment................................................................46 

Generation of random hexamer primed libraries ...................................................48 

Preparation of cDNA for Solexa/Illumina sequencing ............................................49 

  NOTES ...................................................................................................................52 

  ACKNOWLEDGEMENTS .......................................................................................54 

Sequencing and characterization of the anadromous steelhead (Oncorhynchus 
mykiss) transcriptome and its application for expression analyses in hatchery and wild 
fish............................................................................................................................59 

  SUMMARY .............................................................................................................60 

Background...........................................................................................................60 

Results..................................................................................................................60 

Conclusions ..........................................................................................................61 

  BACKGROUND......................................................................................................62 

  RESULTS AND DISCUSSION................................................................................65 

Illumina sequencing and assembly........................................................................65 

Functional annotation of assembled transcript scaffolds .......................................66 



 

 

TABLE OF CONTENTS (Continued) 

 Page 

Comparison with fish species................................................................................68 

Comparison with rainbow trout transcriptome........................................................69 

SNP discovery in hatchery and wild steelhead ......................................................70 

Expression analyses between hatchery and wild steelhead trout ..........................71 

O. mykiss web resources ......................................................................................72 

  CONCLUSIONS .....................................................................................................72 

  MATERIALS AND METHODS ................................................................................74 

Salmon samples, growth conditions, collection and genotyping ............................74 

Sample preparation and Illumina sequencing........................................................74 

Random Primed cDNA libraries ............................................................................75 

Preparation of cDNA for Illumina Genome Analyzer..............................................75 

Transcriptome assembly .......................................................................................77 

Functional annotation............................................................................................77 

SNP analysis ........................................................................................................78 

Expression analysis ..............................................................................................78 

  ACKNOWLEDGEMENTS .......................................................................................79 

  FUNDING ...............................................................................................................80 

  SUPPLEMENTAL DATA.........................................................................................87 

Characterization of diurnal and circadian gene expression in Brachypodium 
distachyon ................................................................................................................88 

  SUMMARY .............................................................................................................89 

Background...........................................................................................................89 

Results..................................................................................................................89 

Conclusions ..........................................................................................................90 

  INTRODUCTION ....................................................................................................91 

  RESULTS...............................................................................................................93 

Brachypodium distachyon microarray design ........................................................93 



 

 

TABLE OF CONTENTS (Continued) 

 Page 

Diurnal gene expression in Brachypodium distachyon is driven by photocycles and 

thermocycles.........................................................................................................95 

Phasing of gene expression in Rice and Brachypodium ........................................96 

Many genes involved in cell wall biosynthesis exhibit cycling gene expression 

patterns.................................................................................................................97 

Transcription factors exhibit rhythmic expression patterns ....................................98 

Web resources......................................................................................................99 

  CONCLUSIONS .....................................................................................................99 

Brachypodium distachyon microarray platform......................................................99 

Diurnal gene expression in Brachypodium distachyon ........................................100 

  MATERIALS AND METHODS ..............................................................................101 

Microarray design ...............................................................................................101 

Plant growth conditions and timecourse sampling...............................................101 

RNA preparation, labeled cDNA synthesis, and microarray hybridization............102 

Microarray data analysis and the identification of cycling transcripts ...................103 

Detection of conserved cis-regulatory motifs in promoter sequences ..................104 

Protein comparisons, ortholog predictions...........................................................105 

  ACKNOWLEDGEMENTS .....................................................................................105 

Analysis of global gene expression in Brachypodium distachyon in response to abiotic 
stress......................................................................................................................113 

  SUMMARY ...........................................................................................................114 

  BACKGROUND....................................................................................................116 

Brachypodium as a model...................................................................................116 

Abiotic stresses and plant responses ..................................................................116 

Salt Stress ..........................................................................................................118 

Cold stress ..........................................................................................................119 

Drought stress.....................................................................................................120 

Heat stress..........................................................................................................120 



 

 

TABLE OF CONTENTS (Continued) 

 Page 

Global analysis of Brachypodium response to abiotic stress ...............................121 

  RESULTS.............................................................................................................121 

Overall gene expression response to abiotic stress ............................................121 

Crosstalk network that exists between abiotic stress responses .........................123 

Hierarchical clustering.........................................................................................125 

Timecourse expression genes in response to various stress conditions..............127 

Transcription factors highly responsive to abiotic stress......................................127 

Web resources....................................................................................................128 

  CONCLUSIONS ...................................................................................................129 

  MATERIALS AND METHODS ..............................................................................130 

Experimental growth conditions and tissue sampling. .........................................130 

RNA preparation, labeled cDNA synthesis, and microarray hybridization............130 

Microarray Data Analysis ....................................................................................132 

Hierarchical clustering and tree visualization.......................................................134 

Analysis of temporal aspects of gene expression................................................134 

  ACKNOWLEDGEMENTS .....................................................................................134 

General conclusions: transcriptomic analyses in eukaryotes ..................................143 

  SUMMARY ...........................................................................................................144 

Steelhead transcriptome sequencing and expression analysis............................144 

Brachypodium distachyon gene expression analyses .........................................145 

Future directions .................................................................................................146 

Significance – add insights into difficulties and solutions regarding the generation, 

manupulation, and analysis of numerous large data sets ....................................147 

  BIBLIOGRAPHY...................................................................................................148 

 



 

 

LIST OF FIGURES 

Figure                   Page 

Figure 2.1. Illumina sequencing of the Brachypodium transcriptome.........................55 

Figure 2.2. Bioanalyzer analysis of polyadenylated mRNA fractions. ........................56 

Figure 2.3. Optimization of PCR cycling for a SMART cDNA library..........................57 

Figure 2.4. cDNA libraries normalized by DSN treatment..........................................57 

Figure 2.5. Gel fractionation of hexamer-primed cDNA libraries................................58 

Figure 3.1: Steelhead trout transcriptome assembly pipeline. ...................................82 

Figure 3.2: Summary of steelhead trout transcriptome assembly. .............................83 

Figure 3.3: Summary of GO annotation of categories. ..............................................84 

Figure 3.4: Comparison of steelhead to other fish species. .......................................85 

Figure 3.5: Summary of up and down-regulated genes in wild steelhead compared to 
hatchery steelhead............................................................................................86 

Figure 4.1. The Brachypodium array design contains 6.5 million features in selected 
in a biased manner to optimize genic coverage and hybridization efficiency. ..107 

Figure 4.2. Sizable proportions of Brachypodium and rice transcriptomes display daily 
oscillations. .....................................................................................................108 

Figure 4.3. Oscillating transcripts overlap under various driven conditions..............109 

Figure 4.4. Cycing transcripts encompass all phases of the day peaking at light/dark 
transition periods (dawn and dusk)..................................................................110 

Figure 4.5. Figure shows conservation of cycling among Brachypodium and rice 
genes involved in cell wall biosynthesis...........................................................111 

Figure 4.6. Figure shows conservation of cycling among Brachypodium and rice 
transcription factors. ........................................................................................112 

Figure 5.1. Numbers of genes differentially expressed during abiotic stress 
treatments. ......................................................................................................136 

Figure 5.2. Overlap of up-regulated genes in response to 24 hours of salt, cold, and 
drought treatment and the functional characterization of the central overlapping 
157 genes. ......................................................................................................137 

Figure 5.3. Hierarchical clustering and gene expression heatmap of abiotic stress 
responsive genes in Brachypodium.................................................................138 



 

 

LIST OF FIGURES (Continued) 

Figure                    Page 

Figure 5.4. Stress-responsive genes fall into clusters by their expression profiles over 
the time course. ..............................................................................................139 

Figure 5.5. Late responsive genes after cold (4°C) stress treatment and promoter 
analysis. ..........................................................................................................140 

Figure 5.6 Transcription factors exhibit distinct expression profiles in response to salt 
stress. .............................................................................................................141 

Figure 5.7. Gbrowse shot of showing differential gene expression..........................142 



 

 

LIST OF TABLES 

Table                    Page 

Table 3.1: Summary of the Illumina RNA sequencing of O. mykiss...........................81 



 

 

LIST OF APPENDICES 

Page 
Appendix I:  Advances in sequencing technologies and assembly tools for high-

throughput sequencing experiments ...............................................................162 

Appendix II:  Genome-wide mapping of alternative splicing in Arabidopsis thaliana.
........................................................................................................................170 

Appendix III: Utility of Next-Generation Sequencing for Analysis of Horticultural Crop 
Transcriptomes ...............................................................................................216 

Appendix IV: Discovery of SNP markers in expressed genes of hazelnut. ..............229 

Appendix V: Genome sequencing and analysis of the model grass Brachypodium 
distachyon.......................................................................................................242 

Appendix VI: The genome of woodland strawberry (Fragaria vesca) ......................266 

Appendix VII: Expression, splicing, and evolution of the myosin gene family in plants
........................................................................................................................295 

Appendix IX: A multi-organ transcriptome resource for the Burmese Python (Python 
molurus bivittatus) ...........................................................................................383 

Appendix X: Discovery of highly divergent repeat landscapes in snake genomes 
using high throughput sequencing...................................................................405 

 

 

 



 

 

LIST OF APPENDIX FIGURES 

Figure                                                                                                                      Page 

Appendix II: Figure 1. Flow of experiments and data analysis.................................201 

Appendix II: Figure 2. Transcription profile of the A. thaliana genome.....................202 

Appendix II: Figure 3. Depth and coverage of annotated gene features. .................203 

Appendix II: Figure. 4. Survey of constitutive and alternative splicing in Arabidopsis.
.......................................................................................................................204 

Appendix II: Figure 5. Identification of stress-associated alternative splicing...........205 

Appendix II: Figure 6. Intron retention and novel splice junction events in the CCA1 
locus. ..............................................................................................................207 

Appendix II: Figure 7. Stress-regulated alternative splicing of Arabidopsis splicing 
modulator SR30. .............................................................................................209 

Appendix III: Figure 1. Detection of annotated plant transcripts by Illumina RNA-seq 
data.................................................................................................................227 

Appendix III: Figure 2. Coverage over the lengths of annotated plant transcripts by 
Illumina RNA-seq data. ...................................................................................227 

Appendix IV: Figure 1. Alignment of RNA-seq reads to a portion of a Velvet-
assembled Hazelnut EST contig and inferred SNP. ........................................239 

Appendix IV: Figure 2. Classes of single nucleotide polymorphism detected in 
hazelnut. .........................................................................................................240 

Appendix V: Figure 1. Chromosomal distribution of the main Brachypodium genome 
features...........................................................................................................255 

Appendix V: Figure 2. Transcript and gene identification and distribution among three 
grass subfamilies. ...........................................................................................257 

Appendix V: Figure 3. Brachypodium genome evolution and synteny between grass 
subfamilies. .....................................................................................................259 

Appendix V: Figure 4. A recurring pattern of nested chromosome fusions in grasses.
.......................................................................................................................261 

Appendix VI: Figure 1. Anchoring the F. vesca genome to the diploid Fragaria 
reference map, FV×FN....................................................................................286 

Appendix VI: Figure 2. F. vesca linkage map. .........................................................287 

Appendix VI: Figure 3. Over-represented gene ontology categories in fruit (a) and root 
(b) expressed genes. ......................................................................................288 



 

 

LIST OF APPENDIX FIGURES (Continued) 

Figure                                                                                                                      Page 

Appendix VI: Figure 4. Venn diagram showing unique and shared gene families 
between, and among, rice, grape, Arabidopsis and strawberry. ......................289 

Appendix VI: Figure 5. Maximum likelihood phylogeny relating Fragaria to seven 
other eudicot genomes with two monocot outgroups.......................................290 

Appendix VII: Figure 1. Phylogenetic tree of the motor domains of plant myosins...328 

Appendix VII: Figure 2. Transcript evidence and gene models for Arabidopsis and 
Brachypodium myosins. ..................................................................................329 

Appendix VII: Figure 3. Splicing variants of the Arabidopsis myosin XI-K gene 
transcripts and of the Brachypodium XI-K ortholog: experimental validation (A 
and B) and protein domain structures (C and D). ............................................330 

Appendix VII: Figure 4. Development- and anatomy-specific expression profiles of 
Arabidopsis myosins. ......................................................................................331 

Appendix VII: Figure 5. Relative expression levels of Arabidopsis and Brachypodium 
myosins in whole plants. .................................................................................332 

Appendix VII: Figure 6. Cyclical regulation of the transcript abundance for the 
Arabidopsis myosin XI-K gene and its putative ortholog in rice (locus identifier 
Loc_Os03g48140). .........................................................................................333 

Appendix VII: Figure 7. Expression, evolution, and regulation of the HDK-like genes in 
Arabidopsis and Brachypodium.......................................................................334 

Appendix VIII: Figure 1. Sizable proportions of poplar and rice transcriptomes display 
daily oscillations in RNA abundance with peak expression encompassing all 
phases of the day............................................................................................367 

Appendix VIII: Figure 2. Overlap of oscillating transcripts under various driven 
conditions........................................................................................................368 

Appendix VIII: Figure 3. Rhythmic rice and poplar transcripts encompass all phases 
of the day peaking a few hours before light/dark transitions. ...........................369 

Appendix VIII: Figure 4. Comparison of phasing among Arabidopsis, rice, and poplar 
orthologs. ........................................................................................................370 

Appendix VIII: Figure 5. The diurnal expression profiles of the core circadian clock 
and clock-associated genes are conserved among rice, poplar and Arabidopsis. ...372 

Appendix VIII: Figure 6. Several Arabidopsis, rice, poplar and Brachypodium 
orthologs are phased to similar times of day. ..................................................373 

 



 

 

LIST OF APPENDIX FIGURES (Continued) 

Figure                                                                                                                      Page 

Appendix VIII: Figure 7. All major steps of auxin biosynthesis and response pathways 
in rice, poplar, and Arabidopsis include at least one cycling ortholog. .............374 

Appendix VIII: Figure 8. Gene ontology categories overrepresented among rice (ssp. 
Japonica) cycling genes under photoperiods (LDHH)......................................375 

Appendix VIII: Figure 9. Rhythmic expression of poplar and rice transcription factor 
transcripts. ......................................................................................................376 

Appendix VIII: Figure 10. Identification of conserved cis-elements in promoters of 
Arabidopsis, rice and poplar genes cycling in the LDHH condition. .................378 

Appendix IX: Figure 1. Contig length versus reads per contig (A) and contig coverage 
depth (B). ........................................................................................................398 

Appendix IX: Figure 2. Contig length distributions for various contig sets. ..............399 

Appendix IX: Figure 3. Comparison of protein divergence between the python, 
chicken and lizard, and the evolutionary context of the python. .......................400 

Appendix IX: Figure 4. Gene ontology (GO) categories of the transcriptome set. ...401 

Appendix X: Figure 1. Comparison of repeat analyses............................................434 

Appendix X: Figure 2. Comparison of the transposable element and simple repeat 
content in copperhead (Agkistrodon) and python (Python) genomes. .............435 

Appendix X: Figure 3. Sequence divergence of selected transposable elements....436 

Appendix X: Figure 4. Depth of sequence coverage. ..............................................437 

Appendix X: Figure 5. Sequence divergence between SPIN DNA transposon (MITE) 
sequences in the copperhead genome............................................................438 

Appendix X: Figure 6. Expansion of specific SSR motifs in the copperhead genome.
.......................................................................................................................439 

Appendix X: Figure 7. Relative frequencies of transposable elements in liver cDNA 
transcripts. ......................................................................................................440 

 



 

 

LIST OF APPENDIX TABLES 

Table                                                                                                                       Page 

Appendix III: Table 1. Description of the randomly sampled RNA-seq data used for 
the transcript discovery and coverage analysis presented in Appendix III: Figures 
1 and 2............................................................................................................226 

Appendix IV: Table 1. Description of the RNA-seq data and EST contigs used for 
single nucleotide polymorphism detection. ......................................................238 

Appendix IV: Table 2. Summary statistics for Velvet output contigs. .......................238 

Appendix VII: Table I. Nomenclature of the Arabidopsis class XI and class VIII 
myosins...........................................................................................................326 

Appendix VII: Table 2. Cyclical accumulation of the myosin gene transcripts under 
diurnal conditions in Arabidopsis and rice. ......................................................327 

Appendix IX: Table 1. Summary of the number of reads and base pairs (bp) collected 
for tissues and conditions................................................................................402 

 



 

 

DEDICATION 

 

This thesis is dedicated in memory of my mother, Carol Avis Fox.



Introduction: transcriptome analyses in plants and animals 
 

 

Samuel E. Fox 

 



 2 

 

SUMMARY 

This thesis and associated appendices (II-X) detail global genomic and 

transcriptomic studies in various eukaryotic organisms. The transcriptome is 

the set of all RNA molecules produced in one or a population of cells. 

Genomics and transcriptomic studies aim to understand the complexities of 

DNA, RNA and the interplay between genetics and the environment. Through 

these studies described in this thesis, we increase our knowledge in the areas 

of evolutionary and comparative biology, functional and structural aspects of 

genomes and transcriptomes, and gene expression. Additionally, the high-

througput methodologies used to interrogate genomes and transcriptomes 

allows researchers to study both non-model and model organism.  

Transcriptome analyses are of great importance for the elucidation of 

the way in which an organism responds to its environment. Transcriptomics 

and especially gene expression profiling enables the exhaustive investigation 

of differences and similarities of gene expression on a global scale. 

Furthermore, technological advances now enable the scientific investigation 

into non-model organisms as well as model organisms. 

Uses and choices of model systems 

 Basic and applied science is conducted in a wide variety of organisms. 

Basic science studies often use generalized models that possess various 

attributes making them suitable for laboratory research. These attributes 
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include, but are not limited to, a small genome, small stature and ease of 

growth and care within a laboratory setting, diploid genome, ability to cross 

and conduct genetic studies, have the ability to genetically manipulate (i.e. 

knock-out gene function), and have a sequenced and well annotated genome 

and transcriptome. Using model organisms for basic science research allows 

scientists to conduct studies using a controlled system in a controlled 

environment in order to lay down a foundation for applied science to follow.  

In this thesis, we utilized Arabidopsis thaliana, a model dicot plant to 

study alternative splicing and conduct comparative diurnal gene expression 

analyses with rice (a model monocot) and poplar (a model dicot tree; 

Appendix II and VIII). Additionally, this thesis reports the genome and 

transcriptome sequencing of Brachypodium distachyon, a model monocot 

grass and Fragaria vesca, the woodland strawberry, a model for the Rosaceae 

plant family (Appendix V and VI). Moreover, Brachypodium was used to 

conduct studies to elucidate the genetic reponse to diurnal/circadian and 

abiotic stress conditions (Chapter 4, 5). Brachypodium and Arabidopsis were 

also used as comparative models for a study of myosin gene families 

(Appendix VII).  

 Non-model systems are more suited for applied science and with the 

advent of new high-throuput sequencing technologies, enable researchers to 

address biological questions directly in the organism (non-model) of interest. 

Non-model organisms are organisms that typically lack genomic resources 

(discussed below) necessary for elucidating genetic/environmental 
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interactions. Non-model organisms also often lack other attributes that would 

make them suitable for laboratory studies. For example, the Burmese python 

(Python molurus bivittatus), lacks many attributes of a model organism (i.e. no 

genomic resources, slow reproduction time, large body size and not easy to 

rear in a laboratory, however, using high-throughput sequencing methods, we 

used the snake to conduct genomic and transcriptomic studies interrogating 

repeat content and functionally characterizing its transcriptome (Appendix IX 

and X). Another example of coducting global molecular studies in a non-model 

organism is detailed in chapter 3). We report the transcriptome sequencing 

and gene expression analyses of hatchery and wild steelhead (Oncorhynchus 

mykiss). In this study, we characterize the steelhead transcriptome (a non-

model organism) and uncover key genes involved in growth, metabolism, and 

transcription that are differentially expressed in the hatchery steelhead. 

High-throughput sequencing technologies enable the application of 

global molecular approaches to biological questions and problems in 

horticultural crops. We assessed the utility of high-throughput transcriptome 

sequencing to study horticultural (non-model) crops for the interrogation of 

biological questions of direct interest to the agricultural community (Appendix 

III). Furthermore, we also used high-throughput sequencing to identify global 

molecular markers (single nucleotide polymorphisms) in the agriculturally 

important Europeon hazelnut (Corylus avellana; Appendix IV). In these studies 

we bypass the use of a model organism and address biological questions 

directly in the organism of interest. 
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Resources for the development of a model system 

 For an organism to be truly useful to gain knowledge about the 

molecular mechanism guiding various developmental aspects of its growth 

and response to its environment, genomic and transcriptomic sequence 

resources must be available. As a basic research necessity, a quality genome 

or at least a transcriptome sequence that is well annotated is needed to 

interrogate the biological complexities of the interaction between an organisms 

genes and the environment. For a true model system to be useful, additional 

resources may be suitable. These include mutant lines, SNP and other 

molecular markers, cDNA libraries, genomic web resources and databases, 

and even standardized laboratory protocols (i.e. growth conditions, 

transformation protocols). In contrast, non-model systems lack the genomic 

resources to investigate biological questions directly, therefore, model 

systems are often utilized to elucidate various mechanisms and extend this 

knowledge to the non-model system. For example, research in Arabidopsis 

identified a vacuolar H+-pyrophosphatase (AVP1) involved in salt stress 

tolerance (Gaxiola, 2001). This knowledge was then applied to cotton and 

scientists were able to increase the salt tolerance of cotton by overexpressing 

the Arabidopsis AVP1 gene in the cotton (Pasapula et al. 2011). 

 This thesis reports efforts to develop these genomic and transcriptomic 

resources for a wide variety of organisms (see Chapter 3 and Appendix IV, V, 

VI, IX, and X). These organisms include, salmon, hazelnut, Brachypodium, 

strawberry, and python. Each of these studies has a slightly different goal. The 
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Brachypodium and strawberry genome sequencing projects had the main goal 

of creating a genomics resource and establishing model systems for use by 

the scientific community. The python transcriptome was sequenced in order to 

establish a resource to conduct future metabolic studies while the salmon 

transcriptome was sequenced to interrogate gene expression differences 

between hatchery and wild salmon. The hazelnut transcriptome sequencing 

and SNP identification was conducted to create a set of useful SNP markers 

and provide a resource for genetic mapping of important agronomic traits. 

Technologies used for transcriptome analyses 

Presently, two major platforms used to conduct global transcriptomics 

analyses are microarrays and RNA-sequencing (RNA-seq). Next-generation 

sequencing and microarrays both involve extracting RNA from an organism in 

order to assay gene expression (reviewed in Malone et al. 2011). Microarrays 

typically utilize oligonucleotide hybridization and subsequent signal intensities 

to assess gene expression levels. In contrast, the typical methodologies 

currently used for RNA-seq is the purification of RNA and preparation and 

sequencing of cDNA on one of several sequencing platforms (reviewed in 

Chapter 2, Wang et al. 2009). DNA microarray technologies are a well 

established, easy to use, and relatively inexpensive platform to assay gene 

expression (Mockler, 2005). Additionally, compared to RNA-seq the smaller 

amount of data and many available software packages available make data 

analyses more amenable to a wider range of laboratories and researchers. In 
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contrast, the great amount of data produced by high-throughput sequencing 

technologies offers greater resolution due to the greater coverage especially 

over lowly expressed genes. However, the great depth of sequencing 

generated by RNA-seq also provides the advantage of de novo transcriptome 

assembly (Paszkiewicz, 2010). This is important because with this technology, 

we can now sequence, assemble and characterize novel/non-reference 

transcriptomes. The significance of this cannot be understated in that we are 

now able to answer scientific questions much more easily in non-reference 

plants and animals. Therefore, where previously, there was no genetic 

sequence to assess gene expression, we are now able to sequence the non-

model transcriptome and use this reference to assess gene expression. In 

chapter 2, we describe the uses for next-generation sequencing and report the 

development of a protocol for conducting RNA-seq using the Illumina 

sequencing platform. In chapter 3, we use the RNA-seq methodology and the 

Illumina sequencing platform to sequence, assemble, and characterize the 

steelhead transcriptome. This transcriptome was then used to assess gene 

expression differences to elucidate genetic differences potentially causing 

differences in fitness in hatchery and wild steelhead. 

Microarray technology, however, with its low cost, simple experimental 

procedures and comparatively easy analyses, remains a useful platform for 

assaying gene expression (Hurd, 2009). The development of a whole genome 

microarray for Brachypodium distachyon (Chapter 4) enabled us to assess 

differential gene expression under diurnal/circadian conditions (Chapter 4) and 
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various abiotic stress conditions (Chapter 5). Brachypodium distachyon is a 

reference organism for moncot grasses including cereal crops and potential 

biofuels feedstocks (Brkljacic et al. 2011). Unfortunately, for reasons further 

described in chapter 4, non-model grasses are not well suited for scientific 

research (e.g. large genomes, difficult to grow in laboratory). We therefore, 

assessed gene expression in Brachypodium under various conditions to better 

understand how Brachypodium responds to various environmental cues. 

These cues can be a transition from night to day or abiotic stress. The 

knowledge gained from these studies will be a valuable resource for the 

research community and potentially, will be extended to other non-model 

plants such as switchgrass or wheat. 

Using high-throuput technologies to investigate biological questions 

 High-throughput technologies are used to conduct global analyses and 

interpret the ways in which genes and gene networks repond to environmental 

cues. One example is the study of circadian rhythms, which although self-

sustained, are adjusted or entrained by external environmental cues such as 

light and temperature. In chapter 4, we investigate the ways in which 

Brachypodium distachyon diurnal/circadian cycling genes are influenced by 

light and temperature cues. We conducted a large-scale global analysis of 

gene expression to identify genes exhibiting an oscillating gene expression 

pattern. Through this work we were able to show conservation of cycling gene 

expression among dicots and monocots and identify conserved cis-regulatory 
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elements and transcription factors. Furthermore, in chapter 5, we report the 

ways in which Brachypodium distachyon responds to various abiotic stress 

conditions including heat, cold, drought, and salt stress. We were able to 

uncover various gene families that were induced in response to stress and 

identified transcription factors and cis regulatory elements involved in stress 

responsive gene networks.  

Overall, the studies reported in this thesis are significant because they 

represent not only the development of genomic/transcriptomic resources for 

model and non-model organisms but also, increase our knowledge about 

transcriptomes of a wide variety of organisms and address diverse biological 

questions. 
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SUMMARY 

The genomics era has enabled scientists to more readily pose truly 

global questions regarding mutation, evolution, gene and genome structure, 

function and regulation. Just as Sanger sequencing ushered in a paradigm 

shift that enabled the molecular basis of biological questions to be directly 

addressed, to an even greater degree, high-throughput DNA sequencing is 

poised to dramatically change the nature of biological research (see Appendix 

I for update on recent sequencing and computational advances). This chapter 

reviews recently developed high-throughput technologies and reports the 

development of methods for RNA-sequencing using the Illumina sequencing 

platform.  

New sequencing technologies have opened the door for novel 

questions to be to addressed at the level of the entire genome in the areas of 

comparative genomics, systems biology, metagenomics and genome biology. 

These new sequencing technologies provide a tremendous amount of DNA 

sequence data to be collected at an astounding pace, with reduced costs, 

effort, and time as compared to Sanger sequencing. Applications of high-

throughput sequencing (HTS) are essentially limited only by the imaginations 

of researchers, and include: genome sequencing/resequencing, small RNA 

discovery, deep SNP discovery, chromatin immunoprecipitation (ChIP) and 

RNA immunoprecipitation (RIP) coupled with sequence identification, 

transcriptome analysis including empirical annotation, discovery and 

characterization of alternative splicing, and gene expression profiling. This 
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technology is having a profound impact on plant breeding, biotechnology, and 

our fundamental understanding of plant evolution, development and 

environmental responses. In this chapter, we provide an overview of HTS 

approaches and their applications. We also describe a protocol we have 

developed for deep sequencing of plant transcriptomes using the 

Illumina/Solexa sequencing platform. 

BACKGROUND 

Impact of high-throughput sequencing (HTS) on the genomics era 

Over the past few decades, Sanger DNA sequencing has dramatically 

changed the nature of biological research and ushered in the era of functional 

genomics. To an even greater extent, high-throughput sequencing is 

redefining the genome and the ways in which genomes are studied. Recent 

technological developments in HTS platforms have reduced the time, cost, 

complexity, and effort involved in sequencing projects, while providing an 

unprecedented amount of sequence information. HTS has numerous 

applications such as in genome and targeted resequencing, metagenomics, 

deep SNP discovery, whole genome de novo sequencing, gene expression 

profiling, ChIP/RIP studies and transcriptome analysis (Schuster 2008; Wold 

and Myers 2008). Furthermore, the massive amount of sequence data 

generated by HTS is already having a major impact on the field of 

bioinformatics through the development of new assembly algorithms and new 

concepts in data storage. With the newfound ability to conduct genomic 
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studies on a truly global scale, our knowledge of genomes, gene structure, 

function and regulation will advance markedly.  

In the post genomic era we are now able to more thoroughly analyze 

and characterize gene regulation, structure and function in a global and high-

throughput manner. HTS provides the experimental tool that will make it 

possible to study all aspects of the genome as interconnected parts of the 

whole. For example, HTS approaches fundamentally alter the ways in which 

biologists analyze the gene expression networks guiding plant development 

and environmental responses from many directions including transcriptional 

regulation and post-transcriptional RNA processing. High-throughput 

sequencing of the direct DNA and RNA targets of transcription factors and 

RNA binding proteins, respectively, are crucial to the elucidation of complex 

gene regulatory networks. Transcriptome analysis is of particular importance 

in the elucidation of the role of gene regulation in plant development. With 

HTS, we are now able empirically annotate transcription units in a plant 

genome and then interrogate their spatial and temporal expression patterns 

with unprecedented resolution and dynamic range. 

Sanger/dideoxy sequencing  

Sanger/dideoxy sequencing technology revolutionized biology and 

launched the genomics era and remains the gold standard in DNA 

sequencing. Sanger sequencing has many disadvantages, most of which 

revolve around the requirement to target, isolate, and amplify a single target 
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gene or region, via PCR or bacterial cloning. It is a time consuming and work 

intensive process, requiring the cloning and bacterial propagation of clones to 

be sequenced rendering the method particularly inefficient for generation of 

genome-size datasets. In comparison to the new HTS approaches, Sanger 

sequencing is relatively expensive and less efficient. However, Sanger 

sequencing reads are longer (700-1000 bp) and of higher quality (fewer 

errors) than those generated by the HTS technologies and are therefore better 

for resolving repeat sequence structures. To date, most genome and 

transcriptome sequencing projects have utilized Sanger sequencing.  

HTS platforms 

The key to transforming genome sequencing was to maximize the 

throughput while minimizing costs and maintaining the high accuracy of 

sequence reads. Several platforms have recently made great strides in this 

area, with many other technologies proposed or underway. A large number of 

recent studies have utilized HTS for many aspects of genome analysis. HTS 

platforms can be broken down into different classes. These technologies 

include massively parallel sequencing-by-synthesis approaches such as 

Roche/454 pyrosequencing (http://www.454.com/) and the recent approaches 

of Illumina’s (http://illumina.com/) “Clonal Single Molecule Array” technology, 

and ABI’s sequencing-by-ligation (ABI SOLiD: 

http://www.appliedbiosystems.com). A key benefit of all three HTS approaches 

over Sanger sequencing is that there is no need to clone and propagate the 
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DNA in bacteria. The clone free approach has multiple benefits such as 

reduced bias in sequence representation and decreased time and cost for 

library construction. The 454 pyrosequencing system generates reads of up to 

200-300 bp, but is presently more expensive per base than Illumina or SOLiD 

technologies. Due to the relatively longer read lengths of the 454 system, it is 

currently the best of the three platforms for de novo genome sequencing 

especially for genomes of low complexity and smaller size. 

The Illumina and SOLiD systems currently generate approximately 

100-150 and ~50 bp reads, respectively, and are best suited for resequencing 

or applications in which a reference genome is known or for applications such 

as gene profiling where the length of the read is not a concern. Sequencing 

technologies are presently used for transcriptome analysis, ChIP-seq, 

chromatin methylation studies, microRNA and expression profiling 

experiments. In general, the 454 system generates an order of magnitude less 

sequence, around 100 megabases (MB) per run, compared to the Illumina and 

SOLiD platforms which are capable of delivering one to several gigabases 

(Adams, Celniker et al. 2000) of sequence per run. The 454 platform requires 

as little as eight hours for a single run, whereas three or more days are 

required for the Illumina and SOLiD sequencing platforms, and the material 

cost per run is similar across all three platforms at about $5K-$15K per run.  

In addition to the sequencing platforms of 454, Illumina and SOLiD; 

other high-throughput sequencing systems are being developed by Helicos 

Biosciences, VisiGen Biotechnologies, Pacific Biosciences, and Genovoxx. 
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These platforms exhibit increased sequencing depth and also allow for direct 

RNA sequencing and Helicos and Pacific Bioschences technologies detailed 

in appendix I. 

Roche/454 Genome Sequencer 20 and FLX systems 

The 454 sequencing platform performs sequencing-by-synthesis 

through pyrosequencing (Ronaghi, Karamohamed et al. 1996) on a 

PicoTiterPlate within which hundreds of thousands of emulsion-based PCR 

reactions amplify DNA strands attached to beads (Margulies, Egholm et al. 

2005). Following amplification, these beads are separated and microscopic 

wells on the PicoTiterPlate are loaded with a single bead. To accomplish 

pyrosequencing, a single dNTP (e.g., dTTP) is added to the plate per 

polymerase cycle. If this nucleotide is incorporated, the pyrophosphate 

released is recorded as a luminescent signal due to a luciferase-based 

reaction, and if multiple repeated bases are incorporated (e.g., three dTTP in 

sequence), a proportionally higher amount of light is released and recorded. 

The light generated during each nucleotide addition cycle is recorded and 

displayed in a pyrogram. Current generation 454 GSFLX sequencers, which 

are rapidly replacing the first generation 454 GS20 platforms, produce 

approximately 100 MB of sequence per 8 hour run at a cost of approximately 

$5-6k/run. This cost is >10-fold less expensive than Sanger sequencing and 

potentially generates 5-10 fold more sequence per day. Presently, the GSFLX 

can provide 200-300 bp reads with a projected read length of 500 bp in the 
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near future. However, the 454 sequencing system has limitations including 

difficulties in sequencing through homopolymers (Metzker 2005). Ultimately, 

the 454 FLX is best suited for applications that require longer sequence reads, 

such as de novo genome sequencing. 

Illumina Genome Analyzer  

Illumina (formerly Solexa) sequencing is based on solid phase 

amplification followed by sequencing-by-synthesis of randomly fragmented 

DNA. The technology involves attachment of a short DNA fragment to a solid 

surface called a flow cell. The attached DNA fragments are PCR amplified to 

create clusters at a very high density (>10 million DNA clusters per lane) on 

the surface of the transparent sequencing flow cell. Amplified fragments 

representing a cluster are then sequenced and imaged with each reaction 

step. The system uses dNTPs conjugated to fluorescently labeled 3’ reversible 

terminators, each emitting a different fluorescence signal. As the sequencing 

reaction occurs, all four dNTPs with their corresponding fluorescently labeled 

reversible terminator are added to the reaction, imaged, and the 3’ terminator 

is removed to allow for the next sequencing step. This sequencing process is 

repeated for multiple cycles. The Illumina platform generates a much greater 

amount of sequence (~1500 MB/run) at a similar cost (~$4k-$6k) to 454. This 

represents an approximately 10-fold increase in sequence information over 

454 per run. However, the key disadvantages of the Illumina platform are 

shorter read lengths (100-150 bp) and a longer run time (3-4 days) than with 
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the 454. Illumina’s sequencing-by-synthesis approach provides high accuracy 

(<1.5% error per base). While the 454 platform generates longer reads (~300 

bp), the key advantage of the Illumina platform is that it is capable of 

generating 10-fold more sequence data, and nearly 500-fold more 

independent reads for approximately the same cost per run. Although the 

Illumina platform generates relatively short reads (100-150 bp) compared to 

the 454 platform, the tremendous amount of sequence generated per run 

makes the Illumina technology a great choice for applications that benefit from 

deep sampling and in studies where the shorter read length is not detrimental. 

Therefore, the Illumina genome analyzer is ideally suited for resequencing 

applications, such as RIP-seq, ChIP-seq, transcriptome resequencing, small 

RNA discovery and expression profiling.  

Applied Biosystems SOLiD  

Applied Biosystems’ Sequencing by Oligonucleotide Ligation and 

Detection (SOLiD) technology is based on a sequencing-by-ligation chemistry. 

Like the 454 platform, emulsion PCR is used to amplify DNA fragments on 

beads. However, the beads are then attached to a slide and the DNA 

fragments are interrogated through ligation by interactions of labeled 

oligonucleotide probes. Each oligonucleotide probe interrogates two bases at 

a time, and the base-pair combination is recorded as a color. The resulting 

DNA sequence is encoded in two-base-pair colorspace depending upon the 

oligonucleotide primer probe. After the color has been recorded, the probe is 
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cleaved, releasing the label. The process is repeated for multiple cycles with 

oligonucleotides that anneal offset by one base in each cycle. This means that 

each base is interrogated twice, allowing increased accuracy (a claimed 0.2% 

error rate), and provides added power in deep SNP detection for such 

applications as rare allele testing. The SOLiD platform has a sequence output 

comparable to that observed in Illumina sequencing, and supports sequencing 

from both DNA fragment libraries (35 bp) and mate-paired libraries (variable 

region between the paired ends). A single DNA fragment library sample can 

be sequenced on two slides to generate ~3 GB of 35 bp reads in 7 days at a 

cost of ~$6K, or a mate-paired library can be sequenced to generate ~4.5 GB 

of paired 25 bp (50 bp) reads in about 10 days at a cost of ~$8K. Currently, 1-

16 samples can be run at a time, with multiplexing enabling the differentiation 

of up to 256 mixed samples per run, thus providing the ability to test many 

samples simultaneously, which makes this technology competitive in terms of 

cost with microarrays for detecting transcript abundance.  

HTS technologies in genome studies 

Although there are significant obstacles in making HTS technologies 

useful for de novo sequencing of complex genomes because of the difficulties 

in assembling the reads, assembly of small microbial genomes has proven 

manageable (Margulies, Egholm et al. 2005; Chaisson 2007; Dohm, Lottaz et 

al. 2007). Additionally, all three commercial HTS platforms are making use of 

the power of paired end reads (mate-pairs), where the ends of a larger DNA 



 20 

 

fragment are sequenced. Mate-pair sequencing was a key innovation that 

allowed shotgun sequencing of large complex genomes such as human and 

drosophila (Adams, Celniker et al. 2000; Venter, Adams et al. 2001). Mate-pair 

technology holds the promise of improving the utility of HTS for de novo 

genome assembly (see Appendix I). Additionally, the utility of a 454/Sanger 

hybrid approach was investigated in several studies including the sequencing 

of a grape genome (Velasco, Zharkikh et al. 2007) and in the sequencing of 

marine microbes (Goldberg, Johnson et al. 2006). The combination of the two 

technologies is highly amenable to the sequencing of small genomes with a 

low repeat content and as the lengths of HTS reads increases, the utility of 

these approaches for de novo assembly will likely improve.  

The feasibility of applying 454 pyrosequencing technology to 

sequencing complex plant genomes was investigated in many recent studies. 

In one study, 454 pyrosequencing was used for the determination of repeat 

sequences in the soybean genome (Swaminathan, Varala et al. 2007). A 

second study used 454 reads to characterize families of repeat sequences in 

pea, demonstrating that 454-based HTS proves useful for certain aspects of 

complex genome analysis (Macas, Neumann et al. 2007). Another study used 

the technology to sequence four barley BAC clones (Wicker, Schlagenhauf et 

al. 2006). This proved to be an efficient approach for the gene rich regions, but 

encountered difficulties in sequencing over repeats. It was concluded that 454 

sequencing could be used with a BAC-by-BAC approach to sequencing of 

complex plant genomes, especially if the technology was to be used in 
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combination with Sanger sequencing. A third study used the 454 GS20 to 

sequence the plastid genomes of two angiosperms Nandina domestica and 

Platanus occidentalis at greater than 99% coverage (Moore, Dhingra et al. 

2006). Thus, it is clear that HTS has utility for de novo sequencing of small 

genomes and that it can also be useful for certain applications in eukaryotic 

genome sequencing. However, with the present read length limitations, even 

in the case of the 454, the technology remains best suited for resequencing 

applications in plants or de novo genome sequencing of species in which a 

completed reference genome is available. 

Identification of polymorphisms by HTS 

Single nucleotide polymorphisms are useful for as genetic markers in 

population genetics studies and for mapping of mutations in the laboratory. 

HTS has been used for the detection of SNPs and mutations (Thomas, 

Nickerson et al. 2006; Barbazuk, Emrich et al. 2007; van Orsouw, Hogers et 

al. 2007). In one study, the transcriptomes of two inbred maize lines were 

sequenced using 454 and the resulting sequences were used to identify 

>4900 putative SNPs (Barbazuk, Emrich et al. 2007). Another group has 

developed a novel SNP discovery approach termed complexity reduction of 

polymorphic sequences (CRoPS; (van Orsouw, Hogers et al. 2007)). In the 

CRoPS approach, tagged complexity-reduced libraries of two genetically 

distinct maize samples were prepared by amplified fragment length 

polymorphism and sequenced on a 454 FLX genome sequencer. This enabled 
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the identification of SNPs in maize with applications among other plant 

species. Additionally, mutation detection can also be accomplished using 

HTS. For example, 454 sequencing was used to detect sequence variations in 

lung adenocarcinoma samples (Thomas, Nickerson et al. 2006) in which 

previously known mutations were verified and additional mutations previously 

defined as wildtype by Sanger sequencing were identified. Thus, even the 

error prone pyrosequencing technology is useful for detecting rare SNPs due 

to the massive amount of sequence that can be generated. 

HTS for discovery of small RNAs 

HTS is particularly well suited for the detection, quantification, and 

characterization of small RNAs (sRNA). Small RNAs play an important role in 

plant defense and development and regulate the expression of a diverse array 

of genes. Identification of small RNAs is important for the elucidation of gene 

regulatory networks guiding plant development. Previously, tag-based 

methods such as serial analysis of gene expression (SAGE; (Velculescu, 

Zhang et al. 1995)), and massively parallel signature sequencing (MPSS; 

(Brenner, Johnson et al. 2000)) have been used to identify small RNAs (Lu, 

Tej et al. 2005; Ge, Wu et al. 2006). One sRNA study used both 454-based 

HTS and MPSS to discover and characterize small RNAs in an Arabidopsis 

RNA-dependent RNA polymerase 2 mutant (Lu, Kulkarni et al. 2006). Other 

studies have further utilized the 454 sequencing platform to catalog and 

characterize small RNAs in Arabidopsis (Henderson, Zhang et al. 2006; 
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Rajagopalan, Vaucheret et al. 2006; Fahlgren, Howell et al. 2007; Kasschau, 

Fahlgren et al. 2007), Populus trichocarpa (Barakat, Wall et al. 2007), 

California poppy (Barakat, Wall et al. 2007), and wheat (Yao and Ni 2007). 

Due to sufficient read lengths, the large number of reads, and the ability to 

bar-code/multiplex samples, HTS is ideally suited for the discovery and 

characterization of small RNAs in plants. 

ChIP-sequence for identification of DNA-protein interactions 

Gene expression is regulated directly by transcription factor binding 

and indirectly influenced by chromatin packaging. Presently, microarrays 

remain the dominant method for analyzing DNA sequences interacting with 

proteins such as transcription factors in vivo. In such microarray studies, 

typically called ChIP-chip ((Mockler, Chan et al. 2005); also see chapter by 

Morohashi, Xie and Grotewold in this volume), a transcription factor is isolated 

by immunoprecipitation along with the DNA fragment to which it is bound. The 

co-immunoprecipitated DNA is labeled, hybridized to a DNA microarray, and 

the resulting hybridization signal data is analyzed. HTS technologies offer an 

alternative to microarray hybridization – namely, direct sequencing of the DNA 

bound to the immunoprecipitated transcription factor protein (ChIP-seq). ChIP-

seq offers several important advantages over microarrays including increased 

sequence information, sensitivity and the need for less starting material 

(Mardis 2007). A handful of studies have recently implemented the use of 

ChIP-seq to identify DNA sequences bound by immunoprecipitated proteins. 
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The procedure involves the immunoprecipitation of proteins followed by the 

isolation and sequencing of the physically interacting or bound DNA 

fragments. Using the Illumina sequencing platform, two groups have recently 

created genome-wide profiles of binding sites for the transcription factors 

NRSF and STAT1 in Jurkat and HeLa cell culture systems, respectively 

(Johnson, Mortazavi et al. 2007; Robertson, Hirst et al. 2007). The ChIP-seq 

method has also been used in chromatin mapping (Mikkelsen, Ku et al. 2007), 

a nucleosome positioning study (Albert, Mavrich et al. 2007) and methylation 

studies (Barski, Cuddapah et al. 2007; Taylor, Kramer et al. 2007). HTS 

should broaden our ability to study sites of transcription factor binding, 

enabling the deciphering of networks of interactions and transcriptional 

regulatory cascades guiding plant development, and the genome-wide 

responses to environmental conditions. With the current cost, sensitivity, and 

sequencing capabilities per day of the Illumina and SOLiD platforms, ChIP-seq 

will likely replace array-based ChIP assays.  

RIP-sequence for identification of RNA-protein interactions  

On another level of gene regulation, RNA binding proteins (RBPs) 

participate in all facets of RNA metabolism. RBPs guide processes including 

the synthesis, splicing, transport, localization, translation, and degradation of 

RNA molecules. In an approach analogous to ChIP-seq, HTS can be used to 

identify the RNA molecules bound by specific RBPs in vivo. Antibodies against 

specific RBPs or tagged versions of RBPs are used to immunoprecipitate the 
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proteins and the interacting RNA is isolated, converted to cDNA and 

sequenced. The RIP-seq technique has not yet been described in published 

studies, but is anticipated to elucidate the networks of RNA-protein 

interactions underlying post-transcriptional regulation of gene expression and 

transcript processing in plants. 

HTS has a wide range of applications 

The diversity of applications of HTS cannot be overstated. For 

example, 454 sequencing has been used in a several 

metagenomics/biodiversity studies (Angly, Felts et al. 2006; Sogin, Morrison et 

al. 2006; Cox-Foster, Conlan et al. 2007). Additionally, the immense depth of 

sequencing is particularly well suited to sequencing of damaged ancient DNA 

(aDNA). HTS technologies were recently implemented in studies involving the 

sequencing of wooly mammoth aDNA (Poinar, Schwarz et al. 2006; Gilbert, 

Binladen et al. 2007) and DNA extracted from fossils of Neanderthals (Green, 

Krause et al. 2006; Noonan, Coop et al. 2006). Finally, DNA microarray 

technologies were adapted and used in HTS to enrich for and selectively 

sequence a specific subset of an entire genome (Hodges, Xuan et al. 2007; 

Porreca, Zhang et al. 2007).  

HTS analysis of transcriptomes 

HTS can be used both for gene expression profiling and transcriptome 

sequencing. Previously, expression profiling was conducted with microarrays 
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or tagging approaches such as SAGE or MPSS. SAGE was developed to 

quantitatively assess transcript expression and uses restriction enzymes to 

create short cDNA tags that are quantified by sequencing (Velculescu, Zhang 

et al. 1995). However, a disadvantage of SAGE is that many sequences 

cannot be unambiguously mapped onto a genome due to their short lengths 

(Hene, Sreenu et al. 2007). Also, SAGE is labor and time intensive protocol 

and some transcripts may not contain the restriction enzyme site required for 

tagging and sequencing the transcript. MPSS similarly utilizes a restriction 

endonuclease cleavage step, but sequence determination is accomplished 

with repeated steps in which the ligation of an adapter is followed by the 

hybridization of a labeled decoder probe (Brenner, Johnson et al. 2000). 

Perhaps the greatest limitation of tagging approaches is the entire sequence 

of the target is not determined. Microarray based approaches have the 

disadvantages of associated high cost, being labor intensive, and requiring a 

larger amount of starting material (Mardis 2007). Therefore, several recent 

studies have utilized HTS for gene expression and EST sequencing 

applications. 

A laser capture microscopy–454 sequencing technique was used to 

analyze the transcriptome of maize stem apical meristem (Emrich, Barbazuk 

et al. 2007). A novel strategy to profile gene expression was conducted in 

maize ovaries which harnessed the specificity of the 3’ UTR enabling the 

resolution of transcripts possessing similar sequences (Eveland, McCarty et 

al. 2007). In another maize study, a technique called ‘robust analysis of 5’-
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transcript ends’ (5’-RATE) in which 5’ oligocapping followed by restriction 

enzyme tagging and sequencing was used to profile gene expression (Gowda, 

Li et al. 2006). Finally, another group conducted gene expression profiling 

using ‘polony multiplex analysis of gene expression’ (PMAGE) in which they 

sequenced millions of cDNA molecules through polony sequencing-by-ligation 

(Shendure, Porreca et al. 2005; Kim, Porreca et al. 2007). 

Several recent studies have used HTS to analyze transcriptomes from 

a variety of organisms and conditions. For example, transcriptome sequencing 

of a prostate cancer cell line LNCaP (Bainbridge, Warren et al. 2006) and 

gene expression profiling in Drosophila were both accomplished using the 454 

platform (Torres, Metta et al. 2007). Analysis of the wasp transcriptome, an 

organism for which the genome has yet to be sequenced, was also conducted 

using 454, generating nearly 400,000 brain cDNA sequence reads (Toth, 

Varala et al. 2007). HTS-based plant transcriptome analysis has also been 

conducted in Arabidopsis (Weber, Weber et al. 2007) and Medicago trunculata 

(Cheung, Haas et al. 2006) and deep 454-based sequencing of ESTs from 

two inbred maize lines was used to identify SNPs (Barbazuk, Emrich et al. 

2007).  

Additionally, high-throughput sequencing of transcriptomes is a 

powerful approach for the empirical annotation of exon structures and splice 

junctions in plant genomes. For example, we have used Illumina sequencing 

to validate and/or improve computationally predicted gene models in the 

model grass species Brachypodium distachyon (Figure 2.1) and to empirically 
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define transcription units otherwise overlooked by gene prediction algorithms. 

In addition to the deciphering of exon structures, we are able to determine 

alternative splice variants with unprecedented power.  

In conclusion, HTS is more efficient than classical Sanger sequencing 

for transcriptome discovery and validation, and provides a much higher signal-

to-noise ratio than other approaches such as whole-genome tiling microarrays. 

Considerations for sample preparation and design of HTS experiments 

There are many points to consider when designing HTS experiments 

that will vary depending upon the biological questions being asked. Different 

studies such as the analysis of transcription binding sites, transcriptome 

analysis, or gene profiling require different sample collection and preparation 

procedures. Plant growth conditions and tissue collection are sampling 

aspects that need to be addressed in the design of the experiments. For 

example, since the abundance of most, if not all transcripts fluctuates over the 

day in plants (Michael, Mockler et al. 2007), periodic sampling over the entire 

day and night may be necessary to maximize cDNA library diversity in a 

transcriptome sequencing experiment. For transcriptome analysis, the type of 

cDNA library prepared depends upon the amount of RNA available and the 

results desired. In general, cells contain both extremely abundant mRNAs and 

rare transcripts that occur at levels of only a few copies per cell. Such a range 

in expression levels can make it extremely difficult to discover and sequence 

rare transcripts. Thus, to obtain a full representation of all transcribed genes, it 
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may be necessary to normalize cDNA libraries. However, cDNA library 

normalization would not be applicable for gene expression profiling, and it may 

not be feasible to normalize a cDNA library when RNA quantities are 

particularly limited. We discuss a cDNA normalization technique in detail 

below.  

Other considerations to address are whether or not to multiplex (i.e. 

“barcode”) the samples so that several distinct samples can be analyzed in a 

single run or whether paired end reads may be necessary if sequencing larger 

DNA fragments. In designing experiments, proper controls may need to be 

sequenced in parallel. Additionally, methods for the validation of discoveries, 

especially regarding SNPs, ChIP peaks, RIP peaks, and alternative splicing 

variants need to be considered. Finally, the importance of a well-planned 

computational infrastructure and experimental design cannot be understated 

for HTS experiments (some of these are discussed in the section 1.6 below). 

Ideally, a computational pipeline should be implemented prior to beginning the 

sequencing experiments, and simulated sequence datasets can be used to 

test and develop computational tools prior to sequencing efforts. 

Determining which HTS platform to use for sequencing 

Different HTS approaches possess unique strengths and shortcomings 

for particular applications. The key performance differences are throughput, 

read lengths, the number of independent reads, total nucleotides sequenced, 

and cost. Higher throughput may be more desirable than read length for some 
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applications such as genome re-sequencing or transcriptome analysis, but 

longer read lengths and/or paired-end reads are beneficial for de novo 

genome assembly. Ultimately, Illumina and SOLiD approaches are less 

efficient for most de novo sequencing applications, particularly when 

sequence repeats are an issue (e.g., eukaryotic genomes). In contrast, these 

sequencing platforms are superior for resequencing, when the size and 

frequency of repeats is low, or when the number of reads is the key 

determinant of experimental success (e.g., transcript analysis or profiling). 

Given a high-quality reference genome, it is possible to use 

bioinformatics approaches to empirically determine, beforehand, the unique 

single-copy K-mers in a genome; thus, the probability of being able to correctly 

map a sequence of a particular length of HTS output, can be predetermined. 

For example, it may be acceptable in a re-sequencing application for 85% of 

all 32mers in a genome to occur as unique single copy sequences because 

simply aligning reads to the reference genome will unambiguously cover most 

of the genome. It is also notable that some computational analyses can be 

significant due to the larger number of shorter sequences that need to be 

aligned to a reference sequence. 

While individual platforms offer a tremendous amount of information, 

an attractive alternative may be a hybrid approach applying a combination of 

sequencing methods. For example, a Sanger/pyrosequencing hybrid approach 

was utilized for the genome sequencing of marine microbes (Goldberg, 

Johnson et al. 2006) and the complex grape genome (Velasco, Zharkikh et al. 
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2007). The hybrid approach was found to be a very good and highly cost 

effective method for draft genome assembly. Furthermore, a combination of 

454 and Illumina platforms should allow researchers to benefit from the 

synergy of the large collection of Illumina reads and the increased ability to 

assemble sequences with the longer reads of the 454 platform. Additionally, 

mate-pairs can also increase the ability to assembly large genomes. We are 

currently pursuing this HTS hybrid approach for de novo sequencing of cDNA 

libraries from non-model species of vertebrates. 

Computational considerations 

HTS can generate hundreds of millions of sequence reads per run. 

This enormous amount of information must be stored and manipulated in an 

efficient and cost-effective manner. Therefore, a well-designed computational 

pipeline is necessary to analyze large HTS datasets. Thus, high-throughput 

sequence data has created a need for new sequence analysis algorithms and 

greater computational power and storage capacity. Computational analysis 

begins with preprocessing which may include error detection/correction. If a 

quality (Q) value is available, it can be used to detect and discard low quality 

sequence reads. One significant problem is the issue of sequence accuracy. 

Sequencing errors are problematic in that they may be either incorporated into 

the contigs during de novo assembly or possibly create alignment errors in re-

sequencing applications. Many assembly algorithms are available for the 

assembly of larger (~500 bp) Sanger sequences, including PHRAP (Ewing 
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and Green 1998), the Celera and TIGR assemblers (Sutton, White et al. 1995; 

Myers, Sutton et al. 2000), and ARACHNE (Jaffe, Butler et al. 2003) among 

others. These long-read assembly algorithms are not suited to handling 

millions of sequences and typically do not run at all on shorter read data (<50 

bp). There have been many recent algorithmic and software tool 

developments for use in analyzing the high-throughput sequencing data, 

including several sequence assemblers with error-handling capabilities. Below 

we briefly outline several of the computational tools recently developed for 

analyzing HTS data: 

Brief summary of computational tools for analyzing HTS data 

In addition to the software tools provided by the sequencing platform 

vendors, several tools useful for analyzing HTS datasets have been 

developed by the community. 

BLAT: The Blast-Like Alignment Tool (BLAT) scans an index of all non-

overlapping K-mers in sequence database for short matches and extends 

these into high-scoring pairs. BLAT is different from BLAST, in that it builds an 

index of Kmers in the database in memory and scans through the query 

sequence for the matches. BLAT then combines matches into longer 

alignments (Kent 2002). 

Velvet: Velvet is a de novo assembler that uses a de Bruijn graphs approach. 

Developed by Daniel Zerbino and Ewan Birney at the European Bioinformatics 
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Institute (EMBL-EBI), Velvet is specifically designed for HTS technologies 

(http://www.ebi.ac.uk/~zerbino/velvet/). 

SSAKE: SSAKE cycles through reads stored in a hash table and searches a 

prefix tree for the longest possible match between any two sequences, 

extending matches to build a contig (Warren, Sutton et al. 2007). 

VCAKE: The Verified Consensus Assembly by K-mer Extension (VCAKE) 

uses a K-mer extension approach very similar to that applied in the SSAKE 

assembler. However, compared to SSAKE, VCAKE has an improved ability to 

handle the sequencing errors observed in HTS reads. VCAKE extends the 

seed sequence one base at a time relying upon the most commonly observed 

base from all matching reads (Jeck, Reinhardt et al. 2007).  

SHARCGS: The Shortread Assembler based on Robust Contig extension for 

Genome Sequencing (SHARCGS) is another assembler able to handle 

millions of reads and the erroneous base-calls in HTS datasets. SHARCGS 

was demonstrated by assembling Illumina 36mer reads from the genome of 

Helicobacter acinonychis, yielding 937 contigs covering 98% of the genome 

(Dohm, Lottaz et al. 2007). 

MUMmerGPU: MUMmerGPU is an open-source high-throughput parallel 

pairwise local sequence alignment program that runs on Graphics Processing 

Units (GPUs) in common workstations. MUMmerGPU uses the nVidia 

Compute Unified Device Architecture (CUDA) to align multiple query 

sequences against a single reference sequence stored as a suffix tree. 
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MUMmerGPU dramatically outperforms (10-fold faster) a serial CPU version 

of the MUMmer sequence alignment kernel (Schatz and Trapnell 2007). 

EULER-SR: The Eulerian assembler was used for the analysis of 454 data 

from two bacterial genomes and Illumina sequence data from a human BAC. 

Using the proprietary 454 Newbler software for comparison, the Eulerian 

assembler was shown to assemble nearly optimal assemblies (Chaisson 

2007). 

HashMatch: HashMatch rapidly aligns perfect matching reads against a 

reference sequence. HashMatch is optimized for fixed length reads (e.g., 

25mers, 32mers, etc.) and exact matching and rapidly mines Illumina data to 

identify reads that hit a genome or any annotated feature within a genome. 

These features can include splice junctions, exons, introns, UTRs and 

intergenic regions (Shen and Mockler, manuscript in preparation). 

SUPERSPLAT: SUPERSPLAT (Spliced Alignment Tool) exhaustively aligns 

reads against a reference sequence assuming a gapped alignment, which 

allows a read to span an intron. SPLAT predicts unannotated or novel splice 

junction reads taking into consideration intron characteristics including intron 

length and sequence context and filters out reads with low complexity 

sequences, or reads that match the genome over their entire length (Bryant et 

al. 2010). 

QSRA: A Quality-value guided Short Read Assembler (QSRA) assembles 

reads through a progressive K-mer search of sequence data organized in a 

prefix tree and stored in a hash, similar to SSAKE AND VCAKE. Contigs are 
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created and grown from the reads taking into consideration the quality values 

associated with each base in the read and read multiplicity to resolve 

ambiguities table (Bryant et al. 2009). 

Conclusions and perspectives 

After 20 years and the sequencing of the first complex genomes, 

Sanger sequencing has changed the way we study biology. HTS holds the 

promise of ushering us into the next era of functional genomics where DNA 

sequence is not just a catalog, but a guide to the extraordinary biology 

encoded in an organism’s genome. The speed, cost and depth of sequencing 

provided by HTS changes the types of questions that biologists can ask, and 

potentially changes how we define a genome sequence. Soon, the DNA 

sequence alone may not be sufficient to describe the nuclear genome. A 

description of nucleosome positions, chromatin modifications, methylation 

events, coding and non-coding RNAs, alternative splicing, and natural 

antisense transcripts will be commonplace and essential for describing the 

functional genome of an organism. 

METHODS 

Materials 

During plant development, genes may be differentially expressed or 

alternatively spliced depending upon the tissue type and temporal and 

environmental cues. Transcriptome analyses are necessary to fully 
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characterize gene structure including the identification of alternative splicing. 

These analyses are also important for the elucidation of gene expression in 

different cell types under different developmental conditions to better 

understand gene regulatory networks guiding plant development. The method 

below describes the preparation of a plant cDNA library for high-throughput 

sequencing on the Illumina platform. Although alternative methodologies have 

arisen including strand specific and direct RNA sequencing protocols (see 

Appendix I), this protocol is remains useful method for use in transcriptomics 

studies. 

Precautions and Stock Solutions 

Special precautions should be taken to minimize RNA degradation by 

ribonucleases and to obtain libraries with high proportion of full-length cDNAs. 

To minimize RNase contamination, the workspace, centrifuge rotor, pipettors, 

and other equipment should be treated with RNase decontamination agents 

such as RNaseZap (Ambion). Plastic ware such as pipette tips and 

microcentrifuge tubes should be RNase-free grade. All RNA manipulations at 

room temperature should be performed in the shortest possible time. Frozen 

tissue powder should be placed directly into the ice-cold Concert reagent 

(Invitrogen), and the RNA solution should be treated with RNAsecure reagent 

(Ambion) before the clean up step. All stock solutions should be prepared 

using RNase-free deionized water. Handling of the Concert reagent, phenol, 

chloroform, diethylpyrocarbonate (DEPC) and β-mercaptoethanol should be 
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done in a fume hood. All RNA manipulations should be performed at 4˚C, 

except when indicated otherwise. 

Stock solutions 

1. 80% Ethanol 

2. 2-Propanol 

3. 3 M Sodium acetate, pH 5.5 

4. 1 M Tris-HCl, pH 8.0 

5. 5 M NaCl 

6. RNase-free deionized water treated with diethylpyrocarbonate 

7. 10% SDS 

RNA purification  

Reagents  

1. RNaseZap (Ambion, cat. # AM9780) 

2. RNase-free DNase I (Ambion, cat. # AM2238) 

3. Concert Plant RNA Reagent (Invitrogen cat. # 12322-012) 

4. RNase-free DNase I (Ambion, cat. # AM2238) 

5. RNAsecure reagent (Ambion, cat. # AM7005) 

6. RNeasy plant mini RNA kit (Qiagen, cat. # 74904) 

7. Poly(A) Purist kit (Ambion, cat. # 1919) 

 

Equipment  

1. Microcentrifuge  

2. Vortex mixer, rotating platform 

3. Heating block or PCR thermal cycler 

4. Spectrophotometer (NanoDrop Technologies) 

5. Bioanalyzer (Agilent Technologies) 
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cDNA synthesis using SMART protocol and DSN library normalization  

Reagents  

1. BD SMART cDNA Library Construction kit (BD Biosciences Clontech, cat. # 

634901) 

2. TRIMMERDIRECT cDNA Normalization kit (Evrogen, cat. # NK002) 

3. Phenol:chloroform:isoamyl alcohol (25:24:1) mixture  

4. TE buffer (10 mM Tris-Cl, pH 7.5, 1 mM EDTA) 

5. Qiagen PCR Purification kit (Qiagen, cat. # 28106)  

 

Equipment  

1. Microcentrifuge  

2. PCR thermal cycler 

3. Spectrophotometer (NanoDrop Technologies) 

4. Horizontal agarose gel electrophoresis 

SMART/DSN cDNA preparation for Solexa/Illumina sequencing 

Reagents 

1. DNA Polymerase I, Large (Klenow) Fragment (NEB, cat. # M0210S) 

2. T4 DNA Polymerase (Invitrogen, cat. # 18005-025)  

3. T4 Polynucleotide Kinase (NEB, cat. # M0201S) 

4. Klenow Fragment (3´-5´ exo-) (NEB, cat. # M0212S) 

5. Adenosine 5´-Triphosphate (ATP) (NEB, cat. # P0756S) 

6. 100 mM dNTPs (Invitrogen, cat. # 10297-018) 

7. Phusion Hot Start High-Fidelity DNA Polymerase (NEB, cat. # F-540S) 

8. T4 DNA Ligase (Invitrogen, cat. # 15224-017) 

9. NuSieve GTG Agarose (Lonza, cat. # 50081) 
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10. Qiagen kits: PCR Purification (Cat. # 28106); MinElute PCR Purification 

(cat. #28004); MinElute Reaction Clean-up (cat. # 28204); and MinElute Gel 

Extraction (cat. #28604)  

11. Genomic DNA Sample Prep Oligo Only kit (Solexa/Illumina cat. # FC-102-

1003/1002579). 

 

Equipment  

1. Microcentrifuge  

2. PCR thermal cycler 

3. Spectrophotometer (NanoDrop Technologies) 

4. Nebulizers (Invitrogen, cat. # K7025-05) 

5. Tank with compressed nitrogen 

6. Horizontal agarose gel electrophoresis system  

cDNA synthesis using random priming protocol 

Reagents  

1. Superscript III First Strand Synthesis kit (Invitrogen, cat. # 11904-018) 

2. 100 mM dNTPs (Invitrogen, cat. # 10297-018) 

3. DNA Polymerase I, Large (Klenow) Fragment (NEB, cat. # M0210S) 

Sequencing using Solexa/Illumina 1G Genome Analyzer 

Reagents 

Illumina Standard Cluster Generation kit (cat. # FC-103-1001/0801-0304) 

36 Cycle Solexa/Illumina Sequencing kit (cat. # FC-104-1003 /1001461)  

 

Equipment  

Illumina Cluster Station (cat. # SY-301-2001/0100-0004)  

Illumina Genome Analyzer (cat. # SY-301-1001/0100-0005)  
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Total RNA isolation 

This protocol has been used successfully for Arabidopsis, rice, poplar, and 

Brachypodium and yields high quality intact RNA suitable for a synthesis of 

cDNA libraries enriched with full length cDNAs. Approximately 200 mg of 

ground tissue yields up to 60-100 µg of total RNA. To prevent contamination 

with genomic DNA, RNA should be digested with DNase I followed by a clean 

up on Qiagen mini-column. The procedure can be scaled up without changing 

tissue/reagents ratio if higher amounts of the total RNA are desired. 

1. Grind flash-frozen tissues in liquid nitrogen using mortar and pestle or in 

stainless steel jars using Mixer Mill MM 301 (Retsch, cat. # 20.741.0001).  

2. Transfer approximately 200 mg of frozen tissue powder directly into 1 mL of 

ice-cold Concert Plant RNA Reagent, immediately vortex for ~20 seconds and 

shake for 5 min. at room temperature (RT).  

3. Centrifuge at ~21,000 x g for 2 min and transfer the supernatant to a new 

tube on ice. 

4. Add 200 µL of cold 5M NaCl and centrifuge at ~21,000g for 2 min. 

5. Transfer the supernatant to new tube, add 500 µL of chloroform and mix by 

inverting. Centrifuge at ~21,000 x g for 2 min. and transfer the aqueous/top 

layer to a pre-chilled 2 mL tube. Repeat the chloroform extractions 2-3 times 

until the aqueous phase is clear.  

6. After the final chloroform extraction step, transfer the aqueous layer to a 

pre-chilled tube and add 0.8 volumes of 2-propanol. Precipitate the RNA for 10 

min. at RT.  
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7. Centrifuge at ~21,000 x g for 10 min., remove supernatant and wash RNA 

pellet with cold 80% ethanol.  

8. Air dry the pellet for approximately 5 min. and re-suspend RNA in 178 µL of 

1 x RNAsecure reagent. To inactivate RNases, incubate for 10 min at 65°C. 

9. Add 20 µL of 10 x Turbo-DNase buffer, 2 µL of Turbo-DNase and digest the 

DNA at 37°C for 10 min.  

RNA clean-up. 

1. Add 700 µL of RLT buffer from RNeasy plant mini RNA kit to the digestion 

reaction.  

2. Mix with 500 µL of 95% ethanol and proceed with RNA clean up according 

to the manufacture’s protocol.  

3. Retain 2 µL for quantification by NanoDrop spectrophotometer and 100-500 

ng in 2 µL of water to check RNA integrity using Agilent 2100 Bioanalyzer 

(Figure 2.2; see Note 1). 

Purification of poly(A) RNA 

In order to obtain high quality mRNA essentially free of other cellular 

RNAs, two cycles of oligo(dT) purification using Ambion’s Poly(A) Purification 

kit are recommended. 

1. Bring the sample volume to 250 µL with nuclease-free water, add 250 µL of 

2x binding solution and mix thoroughly.  
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2. Add each sample to the oligo(dT) cellulose tube, mix well and incubate the 

at 72°C for 5 min. Then incubate the sample on a rocker for 60 min. at RT with 

periodic ‘flick-mixing’.  

3. Centrifuge the sample at 4000 x g at room temperature for 3 min. and 

remove the supernatant. Add 500 µL of Wash Solution I to the RNA-oligo(dT) 

cellulose, mix by vortexing and transfer to the column in provided tube.  

4. Centrifuge the sample/column at 4000 x g at RT for 3 min., discard the 

supernatant and repeat the process with Wash Solution I. 

5. Add 500 µL of Wash Solution II to the column, vortex briefly, and centrifuge 

at 4000 x g at RT for 3 min., discard the supernatant and repeat the process 

with another 500 µL of Wash Solution II.  

6. Place the spin column into new collection tube, add 100 µL of preheated 

RNA Storage Solution (to 72°C). Vortex briefly and centrifuge at 5,000 x g at 

RT for 2 min.  

7. Add a second 100 µL volume of RNA Storage Solution to column and 

repeat the RNA elution. 

8. Transfer the sample to 1.5 mL microcentrifuge tube. Add 20 µL of 5M 

ammonium acetate, 1 µL of 5 mg/mL glycogen and 550 µL of 100% ethanol to 

the eluted mRNA. Mix by inverting and precipitate at -80°C for at least 1 hr.  

9. Centrifuge at maximum speed for 30 min. at 4°C. Carefully remove 

supernatant, add 1 mL of 80% cold ethanol, vortex briefly and centrifuge for 10 

min. at 4°C. Discard the supernatant and centrifuge for 2 min. to remove all 

traces of ethanol.  
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10. Allow the pellet to air dry for no longer than 5 min. Dissolve pellet in ~15-

50 µL of preheated RNA Storage Solution. 

11. Check the RNA quantity and integrity using NanoDrop spectrophotometer 

and Agilent 2100 Bioanalyzer. 

12. Pool approximately 4 µg of 1X purified poly(A) RNA, bring sample volume 

to 250 µL with water and repeat described above cycle of purification using 

single oligo(dT) column. 

13. Retain the flow through fraction for the Bioanalyzer analysis (Figure 2.2). 

Typically, the second cycle of oligo(dT) purification starting from 4 µg of 1X 

purified poly(A) RNA yields about 1 µg of mRNA essentially free of other 

cellular RNAs when starting from ~4 µg of 1X purified poly(A) RNA. 

Construction of cDNA libraries 

To obtain cDNA libraries suitable for Illumina sequencing, we have 

used two different approaches. The first method is based on amplification of 

the full-length enriched cDNA libraries using the SMART technology (BD 

Biosciences Clontech, (Zhu, Machleder et al. 2001). The second approach is 

to generate cDNA libraries from highly enriched poly(A) mRNA using random 

hexamer priming. The advantages of the SMART protocol include: a small 

amount of staring RNA is required, which is essential when the amount of 

tissue or RNA available is a limiting factor, an ability to generate full length 

cDNAs both from total or poly(A) RNA, and the ability to couple the procedure 

with library normalization using Duplex Specific Nuclease (DSN) treatment 
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(Zhulidov, Bogdanova et al. 2004). The DSN normalization corrects for the 

bias in rare transcript coverage observed in non-normalized cDNA libraries. 

Potential pitfalls of the SMART cDNA preparation for Illumina sequencing may 

be over-amplification of the most abundant transcripts or preferential 

amplification of the shorter molecules and/or under-representation of the 5’ 

UTRs. In addition, reads obtained from SMART libraries should be filtered for 

the sequences of SMART primers that flank both the 5’ and the 3’ cDNA ends. 

Some target mRNAs containing strong transcriptional pauses may also be 

under-represented or lost during the synthesis of the first strand of the full 

length cDNA. 

Randomly primed cDNA libraries have the advantage of unbiased 

representation of the 5’ cDNA ends including 5’ untranslated regions (UTRs). 

The average first cDNA strand fragment length can also be controlled by 

amount and/or by length (i.e., hexa-, hepta-, octamers, or their mixtures) of 

random primers. Therefore, the nebulization step can be omitted from the 

Illumina cDNA preparation. Random priming is indispensable for RIP-

sequencing applications. The disadvantages of random priming include a 

requirement for the high purity of poly(A) RNA (to avoid contamination with 

non-polyadenylated cellular RNAs) and a requirement for larger starting 

amounts of tissues to obtain highly purified mRNA in microgram quantities.  
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Construction of the SMART prepared full length enriched cDNA libraries 

This protocol is a modification of BD Clontech SMART cDNA Library 

Construction method and utilizes SMART adapter primers (Zhu, Machleder et 

al. 2001).  

1. In a PCR tube, add 1 µL of each primer (CDS III/3’ PCR primer to capture 

the poly(A) tail and 5’ SMART IV Oligonucleotide). Add 250-500 ng of poly(A) 

RNA sample and bring volume to total of 5 µL with nuclease-free water.  

2. Incubate at 72°C and place on ice for 2 min.  

3. Add 2 µL of 5X First-Strand Synthesis Buffer (Clontech kit) and 1 µL of 20 

mM dithiothreitol (DTT) and 1 µL of 10 mM dNTPs and 1 µL of moloney 

murine leukemia virus reverse transcriptase (M-MLV RT).  

4. Incubate at 42°C for 1 hr. in the thermal cycler and proceed to the 

amplification step or store at -20°C. 

5. Prepare a PCR reaction with the following reagents: 80 µL sterile water, 10 

µL of 10X Advantage 2 PCR Buffer, 2 µL of 50X dNTPs (10 mM each), 4 µL of 

5’ PCR primer II A, 2 µL of 50X Advantage 2 PCR Polymerase Mix, and 2 µL 

of the control first-strand cDNA (provided with BD Biosciences Clontech kit).  

6. PCR amplify in a thermocycler: [95°C for 5 min., (95°C for 20 sec., 65°C for 

30 sec., 68°C for 6 min.) x 15 cycles, 68°C for 7 min.].  

7. Remove 5 µL aliquots at cycles 7, 9, 11, and 13 for gel electrophoresis (see 

Note 2). 

8. Separate PCR products on a 1% agarose gel to determine optimal cycle 

number for library amplification (Figure 2.3).  
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9. Amplify the experimental cDNA library using the optimized cycling 

conditions (determined in step 7) and verify the PCR amplified products quality 

on a 1% agarose gel. 

10. Purify the PCR products using QIAquick PCR Purification kit.  

Library normalization by DSN treatment 

This normalization method uses a modified protocol for double strand cDNA 

removal by treatment with duplex-specific nuclease (DSN) isolated from the 

Kamchatka crab (Evrogen). DSN exhibits a strong preference for cleaving 

dsDNA in either DNA-DNA or DNA-RNA hybrids, thereby making it useful for 

the removal of highly abundant transcripts. (Zhulidov, Bogdanova et al. 2004). 

In this normalization procedure, the dsDNA is first denatured, then re-

annealed for a brief period of time allowing the high copy molecules to re-

associate. Then DSN is added to digest the high copy dsDNAs that have re-

annealed. Through this process, the relative abundances of high and low copy 

transcripts are normalized, making cDNAs representing rare transcripts more 

likely to be sequenced. The key to the DSN treatment is optimization. We 

have worked out precise methods with several modifications for the 

optimization of this normalization procedure (discussed below). Note: The two 

most important factors to consider when performing this technique are the 

time allowed for DNA renaturation and the concentration of the DSN enzyme. 

The different lots provided by the company may have varying enzyme activity, 

thereby requiring an optimization of the DSN dilutions for each lot purchased. 
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We have found that several key factors play a role in the optimization of the 

DSN procedure. The annealing time is a critical parameter. We allow 1.5, 2, 3, 

and 4 hours for cDNA re-association before nuclease treatment. Additional 

optimization can be achieved by increasing dilutions of the DSN enzyme. We 

suggest using 1/4, 1/8, 1/16, and 1/64 dilutions of the enzyme to optimize DSN 

treatment (see Note 3).  

1. Combine 1100-1200 ng of cDNA in a total volume of 12 µL (bring to volume 

with water if necessary) and add 4 µL of 4 x hybridization buffer (200 mM 

HEPES, pH 7.5, 2 M NaCl). Divide each sample into 2, 8 µL aliquots in PCR 

tubes (treatment and control).  

2. Incubate the tubes at 98°C for 2 min., then at 68°C for 1.5, 2, 3, and 4 hrs to 

optimize re-association conditions.  

3. While the cDNA is incubating, prepare the DSN dilutions using 50 mM Tris-

HCl, pH8.0, and pre-heat the 2 x DSN master buffer (100 mM Tris-HCl, pH 

8.0, 10 mM MgCl2, 2 mM DTT) at 68°C.  

4. Following the incubation (re-annealing time), add 10 µL preheated master 

buffer and incubate at 68°C for 10 min.  

5. Quickly add 2 µL of the diluted DSN enzyme to the sample tube and 

incubate at 68°C for 25 min.  

6. Stop the reaction by adding 20 µL of 5 mM EDTA and bring the final volume 

to 100 µL with 60 µL of sterile water. 
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7. Extract the normalized cDNA with an equal volume of phenol:chloroform 

and precipitate the DNA by adding 1/10th volume of 3 M sodium acetate, and 

2.5 volumes of 100% ethanol. 

8. Re-suspend DNA pellet in 12 µL of sterile water. Purify the DSN products 

using QIAquick PCR Purification kit and use 2 µL to determine DNA quantity. 

9. Amplify the normalized cDNA with the Advantage 2 Polymerase mix. Add 

the following reagents to a PCR tube: 39 µL of sterile water, 5 µL 10X 

Advantage 2 PCR Buffer, 1 µL of 50X dNTPs (10 mM each), 2 µL of 5’ PCR 

primer II A (provided in Clontech SMART cDNA Synthesis Kit), 1 µL of 

Advantage 2 Polymerase Mix and 2 µL of template.  

10. Run 7 cycles with the SMART cDNA synthesis thermal cycler program and 

repeat the PCR optimization procedure described above. 

11. Cycle the non-normalized (No DSN treatment) samples by increasing 2 

additional cycles for a total of 7, 9, 11, and 13 cycles and determine the 

optimum number of PCR cycles on a gel (Figure 2.3). 

12. Cycle the experimental (DSN treated) samples to the optimized number of 

cycles. Normalized samples usually require 2 additional cycles as compared 

to the non-normalized sample (Figure 2.4). 

Generation of random hexamer primed libraries  

1. Combine 1 µg of mRNA (see Note 4) in 4 µL of water and add 6 µL of 

random hexamers (50 mg/mL).  

2 Heat the mixture at 75oC for 5 min. and place on ice for 5 min.  
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3. Add the following components: 4µL of 5X Superscript III Buffer, 0.5 µL of 

RNAse inhibitor (40U/ml), 2 µL of 10 mM dNTPs, and 1 µL of Superscript III 

RT.  

4. Incubate at 25oC for 10 min and then 42oC for 1 hour. Inactivate the reverse 

transcriptase by incubating at 70oC for 10 min.  

5. Combine the following: 20 µL of the first strand reaction, 8 µL of 10X Klenow 

Buffer, 1 unit of RNase H, 68.8 µL of water and 3 µL of DNA Polymerase I 

(Klenow fragment).  

6. Incubate at 15oC for 90 min. and stop the reaction by adding 5 µL of 0.5 M 

EDTA, pH 8.0.  

7. Purify cDNA using Qiaquick PCR purification kit. Elute the sample into 30 

µL of EB buffer.  

Preparation of cDNA for Solexa/Illumina sequencing 

We adapted a general procedure developed by Solexa/Illumina for 

genomic DNA preparation (Illumina Sample Preparation Protocol Version 2.3) 

with modifications described below. 

1. Transfer the cDNA sample (~5 µg recommended) in a 50 µL volume to a 

nebulizer and add 750 µL of Illumina nebulization buffer (see Note 5).  

2. Fragment the DNA using compressed nitrogen at 32-35 psi for 7 min. and 

centrifuge the nebulizers at 450 x g for 2 min. to collect the sample from the 

walls.  
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3. Purify the sheared DNA using a QIAquick PCR Purification Kit and elute 

into 32 µL of EB.  

4. Mix the following in a PCR tube (see Note 6): 30 µL of hexamer/SMART 

cDNA, 10 µL of 5X T4 DNA ligase buffer with 10 mM ATP (Invitrogen), 4 µL of 

10 mM dNTP mix, 2.5 µL of T4 DNA polymerase (3 U/µL), 1 µL of Klenow 

DNA polymerase (5 U/µL) and 2.5 µL of T4 polynucleotide kinase (10 U/µL).  

5. Incubate for 30 min at 20ºC. Purify the sample using the QIAquick PCR 

Purification kit and elute in 32 µL of EB.  

6. To the 32 µL DNA from above, add 5 µL of 10X Klenow buffer, 10 µL of 1 

mM dATP, and 3 µL of Klenow exo- (3’ to 5’ exo minus) polymerase (5 U/µL). 

Incubate for 30 min at 37oC (see Note 7).  

7. Purify the DNA using a QIAquick MinElute Reaction Clean-up kit and elute 

into 12 µL of EB.  

8. Prepare the following reaction mix (see Note 8): 10 µL of cDNA from above, 

5 µL of 5X T4 DNA ligase buffer, 6 µL of adapter oligo mix (provided by 

Illumina), 4 µL of T4 DNA ligase.  

9. Incubate for 15 min at room temperature.  

10. Purify with a QIAquick MinElute PCR Purification Kit eluting in 10 µL of 

EB. 

11. Prepare 3.5% (w/v) NuSieve agarose in 1X TBE buffer (see Note 9).  

12. Run the gel electrophoresis at 5 V/cm and stain the gel in 1 µg/mL of 

ethidium bromide in water in the dark for 10 min. 
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13. Excise the area in the range of 120-200 bp quickly to limit the exposure to 

UV light to 30 or less seconds to minimize DNA damage.  

14. Purify the DNA from the gel slice using QIAquick Gel Purification Kit and 

elute in 32 µL of EB buffer. 

15. Prepare the following PCR reaction mix (see Note 10): 2 µL of DNA from 

above, 1 µL of PCR primer 1.1 (Illumina), 1 µL of PCR primer 2.1 (provided by 

Illumina), 1 µL of 10 mM dNTPs, 44 µL of water, and 1 µL of Phusion DNA 

polymerase.  

16. Amplify using the following PCR protocol: 30 sec at 98oC, then [10 sec at 

98oC, 30 sec at 65oC, 30 sec at 72oC] for 18 cycles, followed by 10 min. at 

72oC.  

17. Purify using the QIAquick PCR Purification Kit, elute in 30 µL of EB and 

run 5 uL of product on a 2% agarose gel (Figure 2.5). 

18. Measure the concentration of cDNA using a Nanodrop spectrophotometer.  

19. Dilute the cDNA to 10 nM final concentration by approximating the 

average MW of the fragments to ~160 bp (an average size of cDNA extracted 

from gel).  

20. At this point, the cDNA may be used directly for Ilumina cluster generation 

or stored at -20oC. 
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NOTES 

1. A maximum of 100 µg of RNA can be bound to the Qiagen mini column. 

Therefore, multiple columns may be needed if the amount of RNA exceeds 

this limit. A 260:280 nm wavelength ratio for the RNA obtained by this method 

should be 2.0 or higher. Store RNA at -80°C. 

2. During the cDNA PCR amplification, overcycling of the cDNA results in 

highly undesirable nonspecific PCR amplification. Therefore, it is necessary to 

optimize the number of cycles necessary to amplify a quality cDNA library. 

3. Other important points to consider for optimal DSN normalization: start with 

a consistent 1100-1200 ng of cDNA; add all reagents/enzyme simultaneously 

via multi-channel pipette; treat the cDNA with the DSN enzyme for precisely 

25 minutes; perform a phenol/chloroform extraction followed by ethanol 

precipitation and Qiagen column purification of DSN-treated cDNA library to 

entirely eliminate the enzyme and salts. 

4. The random hexamer approach requires the isolation of poly(A) mRNA that is 

of high purity and essentially free of other cellular RNAs. This is achieved with an 

additional round of poly(A) mRNA purification on oligo(dT) cellulose. To 

decrease an average size of fragments, the first cDNA strand is synthesized using 

a high ratio of hexamer primers (300 ng per each µg of poly(A) mRNA).  

5. The SMART prepared cDNA must be sheared using a nebulizer in order to 

generate fragments less than 800 base pairs. The cDNA prepared by hexamer 
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priming contains a significant population of double-stranded fragments in the 

range 120-220 bp and therefore, does not require an additional fragmentation via 

nebulization. 

6. The nebulization/fragmentation process creates 5’ and 3’ overhangs. This 

step is implemented to convert the overhangs to blunt ends with 

phosphorylated 5’ termini. 

7. A single ‘dA’ nucleotide must be added to the 3’ blunt end of the templates 

to accommodate the ligation of the adapters which have a single ‘T’ base 

overhang at their 3’ ends. A single ‘dA’ is added to the ends of double-

stranded cDNA molecules by employing the polymerase activity of exo minus 

(3’ to 5’) Klenow fragment. 

8. The ligation reaction requires adapters supplied by Solexa/Illumina. The 

molar ratio of adapter to double strand cDNA fragments should be maintained 

approximately 10:1. 

9. The gel purification step ensures proper size selection of cDNA fragments 

and removal of the excess of free adapters prior to Illumina sequencing. 

10. This step allows for the selective enrichment and PCR amplification of 

cDNA fragments with adapter molecules attached to both ends. The PCR is 

performed with two primers provided by Illumina that anneal to the ends of the 

adapters. To avoid any skewing in the library representation PCR is limited to 

18 cycles. 
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Figure 2.1. Illumina sequencing of the Brachypodium transcriptome. 
A Gbrowse screenshot depicting empirical read validation of a FGENESH 
predicted gene. 32mer Illumina reads (arrowheads) aligned to the 
Brachypodium genome define the exon structure and splice junctions, 
including inferred alternative splicing events (http://www.brachybase.org). 



 56 

 

 
 

 

Figure 2.2. Bioanalyzer analysis of polyadenylated mRNA fractions.  
The second lane, pA1x, is poly(A) RNA purified one time using(dT) oligo(dT) 
cellulose (Ambion RNA Purist kit). The third lane, pA2x, is poly(A) RNA 
purified two times using oligo(dT) column. Note the nearly complete lack of 
bands (ribosomal RNA) in the pA2x poly(A) sample. Thus, the pA2x poly(A) 
sample is suitable for random primed cDNA synthesis protocol for the Illumina 
sequencing. Lane four, pAFT, is the flow through fraction of the pA1x sample 
through oligo(dT) column. RNA markers (M) are shown along with their 
relative RNA sizes [s]. RNA was analyzed using Agilent 2100 Bioanalyzer. 
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Figure 2.3. Optimization of PCR cycling for a SMART cDNA library.  
The cDNA library was amplified for 7, 9, 11, and 13 cycles (see text for 
thermal cycler conditions). After each set of cycling, 5 µL aliquots were set 
aside for a gel and the remaining PCR reaction was repeatedly run for two 
additional cycles. The 5 µL of PCR product from each cycling point was run on 
a 1% agarose gel along with a 100 bp DNA marker. 
 
 

 

Figure 2.4. cDNA libraries normalized by DSN treatment.  
This gel depicts two normalized libraries alongside their non-normalized 
counterparts. 5 µL of non-normalized control (-) and 5 µL normalized (+) cDNA 
libraries were separated on a 1% agarose gel. Note the lack of the abundant 
transcripts (intense bands in the non-normalized (-)) in the normalized libraries 
(+). A 100 bp DNA ladder is used for size comparison. 
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Figure 2.5. Gel fractionation of hexamer-primed cDNA libraries.  
Lanes Bd1 and Bd2 are PCR enriched Brachypodium cDNA libraries of 
average sizes 160bp and 220 bp, respectively. Lanes Bd3 and Bd4 are cDNA 
libraries before gel fractionation and PCR enrichement. M = 100 bp DNA 
ladder markers (sizes in bp are indicated on left). 
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SUMMARY  

Background 

Steelhead trout are the anadromous (ocean-going) form of 

Oncorhynchus mykiss, and their populations have been steadily declining. The 

massive population declines have led to the design and implementation of 

salmon hatchery programs that either enhance fishery production or 

supplement endangered runs. However, it has recently been found that even 

first-generation hatchery salmon exhibit much lower fitness in the wild than 

their wild-born counterparts. Furthermore, the differences in fitness have been 

demonstrated to be genetically based (i.e., heritable), apparently the result of 

inadvertent domestication selection. Thus, identifying the traits under selection 

and the loci that respond could be of tremendous value for improving hatchery 

management. Salmonids are the focus of a vast amount of genetics research 

due to their immense economic, ecological and cultural importance. However 

much needed genomic resources are lacking.  

Results 

In this study, we sequenced, assembled and characterized the 

anadromous steelhead transcriptome using Illumina high-throughput 

sequencing. We also use the transcriptome to demonstrate its utility in gene 

expression studies. Using the Illumina sequencing platform, we sequenced 

nearly 41 million 76-mer reads representing 3.1 Gbp of steelhead 
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transcriptome data. Upon final assembly, this sequence data yielded 86,402 

transcript scaffolds, of which, 66,530 (77%) displayed homology to proteins of 

the non-redundant NCBI database. Additionally, with an E-value of 10-5, 

24,624 unique transcript sequences (~28% of the total transcript scaffolds) 

were identified with the BLASTx alignment algorithm. Gene descriptions and 

gene ontology terms were used to annotate the transcriptome resulting in 

4030 unique GO annotations attributed to the assembled sequences. We next 

conducted a comparative analysis that identified homologous genes within 

four other fish species including: 9,346 orthologous genes in zebra fish (Danio 

rerio) and 9,489 orthologous genes in stickleback (Gasterosteus aculeatus). 

We also compared our transcriptome to the recently released rainbow trout 

transcriptome. Moreover, The utility of the transcriptome for conducting gene 

expression analyses was demonstrated by comparing gene expression in lab-

reared juvenile fish whose parents were either wild adults or first-generation 

hatchery adults. We identified down-regulated genes and up-regulated genes 

in hatchery fish compared to wild fish.  

Conclusions 

These results show that Illumina sequencing is a powerful platform for 

the de novo assembly of a large eukaryotic transcriptome, and demonstrate its 

usefulness for quantifying differential gene expression. These sequence data 

and web tools provide a useful set of resources for salmonid researchers and 

other scientists (available at http://salmon.cgrb.oregonstate.edu). 
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BACKGROUND 

Salmonids are of substantial economic, cultural, and ecosystem-wide 

importance and recently, salmonids have become an important model for 

scientific research (Grimholt et al. 2009; Nikolic et al. 2009; Nordgreen et al. 

2009). There is strong interest in the genetic differences between hatchery 

and wild salmon. It is estimated that more than 5 billion hatchery salmonids 

are released into the Pacific Ocean annually (Naish et al. 2008). Therefore, it 

is important to understand the effects of hatchery fish on wild populations. 

Recently, it has been documented that hatchery fish have substantially lower 

fitness (often less than half) in the wild than their wild-born counterparts (Araki, 

Cooper et al. 2009; Williamson et al. 2010; Berntson et al. 2011; Araki et al. 

2009; Giger et al. 2008). Furthermore, these differences in fitness can be 

genetically based (Araki et al. 2007; Araki et al. 2009), which suggests that 

hatcheries may be selecting for traits that are beneficial in captivity, but 

severely maladaptive in the wild (Araki et al. 2008; Ford et al. 2008). Thus, it is 

vital for captive breeding programs to identify the traits under selection in the 

hatchery. With such information in hand, hatchery managers may be able to 

change the hatchery conditions in order to create fish that better meet their 

stated goals. One approach to identifying those traits under selection is to 

identify the loci that responded to selection. The development of cutting-edge 

genomic resources is essential for this research program. 

Despite the global economic and environmental importance of 

steelhead trout, there is a lack of adequate genomic resources for the study of 
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hatchery and wild steelhead. In fact, to date, there are no completed genomes 

for any salmon species. In order to thoroughly investigate gene expression 

differences between hatchery and wild steelhead, a reference transcriptome is 

needed to precisely align and map gene sequences. Over the last several 

years, next generation sequencing has emerged as a low-cost, fast, and 

accurate approach for genome and transcriptome sequencing, assembly and 

characterization (Everett et al. 2011; Fox et al. 2009). The use of next-

generation platforms for de novo sequencing of transcriptomes has been 

repeatedly demonstrated to be suitable for marker and gene discovery, 

comparative analysis, and gene expression analysis. For example, high 

throughput sequencing has been used for transcriptome assembly and 

annotation in several eukaryotic organisms including guppy, horseweed, 

ginseng, lodgepole pine, Atlantic cod, and rainbow trout (Zhou et al. 2010; 

Fraser et al. 2011; Johansen et al. 2011; Parchman et al. 2010; Peng et al. 

2010; Salem et al. 2010). A 454-based transcriptome analysis was recently 

published for rainbow trout. Rainbow trout are the same species as steelhead 

(Oncorhynchus mykiss), but are a very different life history form (non-

anadromous), and so presumably have very different patterns of gene 

expression. Therefore, assembling a transcriptome for steelhead should 

complement the data from trout and provide an interesting comparison 

between the two life history types. 

  Although Illumina sequencing technology produces shorter reads 

compared to 454 sequencing technology, the Illumina platform has the benefit 
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of tremendous throughput and depth of sequencing coverage. Consequently, 

Illumina is applicable for both reference-guided and de novo transcriptome 

sequencing (Sun et al. 2010; Filichkin et al. 2010; Rosenkranz et al. 2008). 

Moreover, combining Illumina sequencing with longer EST sequences creates 

high quality assemblies while the enormous number of sequence reads 

creates long, contiguous transcript scaffolds that allow for rigorous gene 

expression analyses to be conducted (Wang et al. 2010; Angeloni et al. 2011). 

The major aim of this study was to assemble, annotate, and analyze a high 

quality reference transcriptome that will enable researchers to assess gene 

expression levels, conduct comparative analyses, and identify and utilize 

SNPs in the anadromous O. mykiss steelhead trout. This process required a 

robust sampling of the O. mykiss transcriptome as well as an accurately 

assembled and annotated transcriptome. We sequenced greater than 3.11 

Gbp of steelhead transcriptome and assembled the sequences into 86,402 

transcript scaffolds with an average length of 899 bp. Using BLASTx 

homology searching against the NCBI nr database, we identified 24,624 

unique sequences (~28% of the total transcript scaffolds), and identified 4,030 

unique GO annotations assigned to the assembled sequences. We also 

conducted a comparative analysis examining homology among steelhead 

assembly contigs and other fishes. Finally, we conducted gene expression 

analyses to examine gene expression differences between hatchery and wild 

steelhead. Moreover, this transcriptome resource will be useful on a broader 
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scale as a greatly needed resource for other salmon or other fish geneticists 

or physiological studies. 

RESULTS AND DISCUSSION 

Illumina sequencing and assembly 

The goal of this study was to assemble and annotate a quality, 

comprehensive reference transcriptome of the anadromous steelhead trout 

transcriptome in order to enhance future studies investigating differences 

between hatchery and wild fish. Genes expressed at extremely low levels 

create difficulties in identifying every gene in an organism. Consequently, in 

order to generate the most comprehensive set of O. mykiss steelhead genes 

possible, we sequenced distinct whole-body juvenile steelhead that included 

all tissues and organs. These representative fish included juvenile male and 

female fish created using hatchery (H) parents (hereafter “HxH fish”), and 

juvenile male and female fish created using wild (W) parents (hereafter “WxW 

fish”). All fish were spawned in the lab and raised in a common environment. 

We sequenced greater than 41 million 76 bp paired-end reads with a fragment 

size of ~325 bp. The reads from each fish were barcoded for use in 

preliminary expression analyses and represented between 7.8 and 12.6 

million reads per fish (Table 3.1). Overall, a total of 3.11 gigabases of 76 bp 

paired end sequence were used to assemble the steelhead reference 

transcriptome. The raw sequence files are available for download at 

http://salmon.cgrb.oregonstate.edu/. In the first pass of our two-step assembly 
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process, we filtered, trimmed and assembled Illumina reads and available O. 

mykiss ESTs using both ABySS and Velvet short-read assembly algorithms 

(Figure 3.1; (Hiremath et al. 2011; Simpson et al. 2009; Zerbino et al. 2008)). 

This pass generated more than 150,000 contigs, but with an average size of 

only ~400 bp. The second pass using the Mira assembler resulted in an 

assembly with longer, and presumably, more complete transcript scaffolds. 

The final assembly contained 86,402 transcript scaffolds of 80 bp or larger 

with an average size of 899 bp and a median of 807 bp (Figure 3.2.A; 

Supplementary file 1). A total of 86,157 transcript scaffolds were greater than 

100 bp with an average length of 902 bp. We assembled 27,095 transcript 

scaffolds longer than 1 kb averaging 1,509 bp. We examined the frequency 

distribution of transcript scaffold sizes and found the majority of the lengths 

near the median of ~809 bp and the largest contig size of 7,928 bp (Figure 

3.2.B).  

Functional annotation of assembled transcript scaffolds 

One objective of this work was to assign a putative protein sequence 

and function to each assembled cDNA sequence. This was done using BLAST 

homology searches and Gene Ontology (GO) assignments. We conducted 

BLASTx homology searches against the non-redundant (nr) (Suarez et al. 

2005) protein database from NCBI. BLASTx was done using three different E-

value thresholds; 10-2, 10-5, and 10-10 (Figure 3.3.A; (Altschul et al. 1990)). 

As expected the less stringent 10-2 E-value cutoff generated a greater number 
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of genes with homology between the steelhead transcript scaffolds and the 

NCBI nr protein database. Of the 86,402 transcript scaffolds, 49,149 

homologous genes were identified using E-value cutoff of 10-5. Moreover, of 

the 49,149 sequences that shared homology to nr sequences, 24,624 were 

unique gene sequences. We assigned gene ontology terms to each sequence 

using the Blast2GO tools (Supplementary file 2; (Gotz et al. 2008)). The Gene 

Ontology project provides defined terms representing putative protein 

attributes and functions. The ontology includes three major definitions to which 

the predicted gene product can be categorized: cellular component, molecular 

function, and biological process (Barrell et al. 2009). A total of 4,030 gene 

ontology definitions were identified among the group of 24,624 transcript 

scaffolds (Figure 3.2.C). The biological processes class was the most highly 

represented (68.3%), followed by molecular function (22.2%) and cellular 

component (9.5% (Figure 3.2.D)). GO Slim terms are higher-order gene 

ontology categories providing a more general gene description. The 

percentages of annotated steelhead contigs assigned to various GO Slim 

categories are shown in figure 3.3. In each of the three major categories 

(biological process, cellular component and molecular function), ‘metabolism’, 

‘cell part’ and ‘binding’ were the most common GO descriptions. The top 

BLASTx hits included four fish species, Zebrafish (Danio rerio), followed by 

Atlantic salmon (Salmo salar), Pufferfish (Tetraodon nigrovirdis) and rainbow 

trout (Oncorhynchus mykiss; Figure 3.4.A). There were also significant 

matches to other fish including sockeye salmon (Oncorhynchus nerka), 
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Chinook salmon, (Oncorhynchus tshawytscha), the Japanese pufferfish 

(Takifugu rubripes), and stickleback (Gasterosteus aculeatus).  

Comparison with fish species 

We compared the steelhead assembled transcripts to only four fish 

species, all of which have comprehensive structurally and functionally 

annotated transcriptomes; zebrafish, stickleback, Takifugu, and Tetraodon. 

When searching for homologous genes in the four related fish using BLASTx 

best match, approximately 44,816/86,402 (51.9%) assembled transcript 

scaffolds matched one of the fish using an E-value cutoff of 10-5. We found 

that the majority of best matches were between steelhead and either zebrafish 

or stickleback. Nearly 70% of the best matches were to the stickleback and 

zebrafish, while only ~30% matched the two pufferfish (Figure 3.4.B). We also 

conducted a BLASTp analysis using predicted steelhead protein sequences to 

identify potential orthologous genes between zebrafish and steelhead and 

between stickleback and steelhead. Putative steelhead open reading frames 

(ORFs) and translated protein sequences were predicted from the reference 

assembly using the ORF-Predictor tool (Min et al. 2005). Reciprocal BLASTp 

was used to compare predicted steelhead protein sequences against 

zebrafish or stickleback protein sequences. This analysis resulted in 9,346 

steelhead/zebrafish orthologs and 9,483 steelhead/stickleback orthologs. 

Additionally, there was significant overlap between the orthologous groups 

with 7,583 orthologous genes overlapping between the two comparisons. 
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Comparison with rainbow trout transcriptome 

The steelhead trout transcriptome assembly yields comparative results 

to the Roche 454 transcriptome assembly of the non-anadromous rainbow 

trout (Salem et al. 2010). Our assembly using Illumina sequencing yielded a 

greater overall average transcript scaffold length of approximately 899 bp than 

observed in the rainbow trout data (728 bp average length of combination 

assemblies). We compared the steelhead trout transcript scaffolds to the 

rainbow trout scaffolds using BLASTn and an E-value of 10-10 and found 

considerable overlap between the two transcriptome assemblies. Nearly 

79,000 transcript scaffolds of the steelhead trout had homology to a rainbow 

trout contig. Additionally, ~290,000 of rainbow trout assembly sequences 

(nearly 68%) shared homology to a steelhead trout transcript scaffold 

indicating a high amount of redundancy in the rainbow trout assembly. While 

exhibiting similar results overall, the steelhead and rainbow trout GO 

annotations gave some interesting differences. The majority of steelhead GO 

annotations belonged to biological processes (~68%), followed by cellular 

components (10%) molecular function (22.2%), and the rainbow trout GO 

annotations included 39% biological processes, 36% cellular components, and 

25% molecular function.  

We also investigated nucleotide-level comparisons by aligning 

steelhead RNA-seq reads (from 8 male fish not used in the assembly) to the 

steelhead and rainbow trout reference transcriptomes. We discovered that 

8.1% more steelhead reads aligned unambiguously to the steelhead 
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reference, compared to when we aligned the steelhead reads to the rainbow 

trout reference. Also, 21% more steelhead reads aligned to 2 or more contigs 

(i.e., multiple matches) in the rainbow trout transcriptome. Therefore, while 

exhibiting similarities on a broad scale, we found significant differences 

between steelhead and rainbow trout at the nucleotide level. Consequently, as 

RNA-seq expression analyses are conducted using unambiguous alignments 

of reads to the reference, these results emphasize the need for a reference 

transcriptome specific to ocean-going fish (Giger et al. 2008). 

SNP discovery in hatchery and wild steelhead 

 We constructed reference transcriptomes for hatchery and wild fish 

using SOAPsnp to assign the best base to each reference. We then compared 

each base of hatchery and wild references to determine putative bi-allelic 

SNPs. We identified 74,059 contigs with at least one SNP and an average 

number of 6.5 SNPs per contig with an average separation of ~161 bps. 1,573 

contigs had >20 SNPs and 14,956 contigs had 10 or more SNPs. There are 

477,915 putative SNPs between the hatchery and wild fish with 207,203 

transitions with 113,914 A<>G and 93,289 C<>T. 250,518 transversions were 

detected with 74,582 A<>C, 59,082 A<>T, 43,592 C<>G, and 73,262 G<>T. 

An additional 20,194 differences could not be accurately called in one or both 

of the references. The most common SNP was A<>G (23.9%) and the least 

common was C<>G (9.1%).  
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Expression analyses between hatchery and wild steelhead trout 

As a proof of principle, we tested the utility of our reference 

transcriptome for expression analyses. We compared gene expression 

between male HxH and WxW fish, and between female HxH and WxW fish 

(Figure 3.5). Relative to expression in male WxW fish, in HxH males we 

identified only 6 down-regulated genes, whereas we identified 117 up-

regulated genes. In contrast to the number of up and down regulated genes 

observed in males, HxH females showed more similar numbers of up- and 

down-regulated genes (32 and 32 respectively). Notably, there was no overlap 

among the male and female up- and down-regulated genes. However, 

functional analysis indicates similarities in differentially expressed genes 

among male and female hatchery fish. We identified a similar distribution of 

GO classifications for the differentially expressed genes (Figure 3.5.B and 

3.5.C). We conducted BLASTx homology searching and assessed the GO 

terms enriched in each set of up and down regulated genes (Figure 3.5.D). It 

is interesting that there is such diversity among GO term enrichment. In the 

up-regulated gene set, we identified an over-representation of genes involved 

in metabolic activity, gene regulation and interestingly, fin development. In the 

down-regulated gene set, genes involved in transcription and organ 

development were identified. A more general analysis was performed by 

examining the gene Ids that had a 10 fold change or higher. The three most 

commonly identified GO term functions (each of which was observed 10 or 

more times) were (1) intracellular membrane bound organelles, (2) binding, 
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and (3) structural molecule activity. Primary metabolic processes were 

identified for more than 5 independent occasions. This preliminary expression 

analysis showed the utility of our transcriptome assembly, and was informative 

about the nature of extent of gene expression differences we might see 

between wild and hatchery fish. Of course, more detailed analyses on more 

individuals must be conducted to fully characterize genetic differences 

between hatchery and wild fish. 

O. mykiss web resources 

The O. mykiss sequence information generated in this study is 

available along with a searchable BLAST database to facilitate research using 

steelhead trout (http://salmon.cgrb.oregonstate.edu/). All transcriptome 

reference contigs and predicted ORFs are available, as are associated GO 

terms. Additionally, we have created a BLAST database for use by the 

scientific community. All sequence and other information are available via FTP 

on the website (http://salmon.cgrb.oregonstate.edu/FTP.html). 

CONCLUSIONS  

Captive breeding is widely used to supplement native fish populations 

despite recent studies documenting that hatchery fish exhibit reduced fitness 

in the wild environment. Yet, to date we have no data on what differs 

genetically between hatchery and wild fish. As a first step toward 

understanding differences in gene expression between hatchery and wild fish, 
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we sequenced and characterized the reference transcriptome of juvenile 

anadromous steelhead trout. We assembled and characterized more than 

3.11 Gbp of Illumina RNA-seq data into a high quality reference transcriptome, 

demonstrating the utility of high throughput sequencing technology for de novo 

transcriptome assembly. We identified ~24,624 genes through homology 

searching and comparative analyses with known proteins. We also determined 

putative protein sequence through ORF prediction and assessed putative 

function through the assignment of gene ontology terms. We identified 

interesting potential differences between the transcriptomes of trout and 

steelhead, information that may eventually help understand the evolution and 

maintenance of their interesting life history difference (anadromy versus 

residency). Finally, we demonstrate the utility of the steelhead trout reference 

transcriptome for use in gene expression analyses. A major hurdle for 

understanding differences in fitness between hatchery and wild salmon has 

been the lack of genomic resources. A good reference transcriptome not only 

makes possible the search for genes that respond to selection in hatchery, but 

makes it possible to study many aspects of how this non-model species 

interacts with its environment. This reference transcriptome will also be useful 

to scientists studying other fish species and to the genomics community as a 

whole.  
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MATERIALS AND METHODS 

Salmon samples, growth conditions, collection and genotyping 

The steelhead for this study were originated from the Hood River, 

Oregon. During the winter-runs of 2008 and 2010, Oregon Department of Fish 

and Wildlife (ODFW) personnel collected wild-born (W) and first-generation 

hatchery-born (H) steelhead at the Powerdale Dam, which is situated near the 

mouth of the Hood River. W x W and H x H crosses were made by ODFW 

personnel at Parkdale Hatchery, OR, and the fertilized eggs were raised using 

standard hatchery protocol at Oak Springs Hatchery, OR. As soon as yolk 

sack absorption was complete, the fry were frozen in liquid nitrogen and 

stored at -80ºC. DNA was extracted using a standard protocol for the DNeasy 

Blood & Tissue Kit (Qiagen). The gender of the fry was established by 

genotyping all fish with a sex-specific marker (OmyY1 primer at an annealing 

temperature of 60ºC (Brunelli et al. 2008)).  

Sample preparation and Illumina sequencing 

Total RNA was isolated using a modified protocol described elsewhere 

(Fox et al. 2009). RNA was extracted using Trizol Reagent (Invitrogen). Total 

RNA was treated for 10 minutes at 65°C with RNAsecure reagent (Ambion). 

To eliminate genomic DNA amplification, all RNA preparations were treated 

for 15 minutes at 37°C with RNase-free Turbo DNase (Ambion). Total RNA 

was further purified using RNAeasy Mini RNA kit (Qiagen) according to the 
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manufacturer’s RNA clean up protocol. Isolation of mRNA essentially free of 

ribosomal and other non-polyadenylated RNAs was critical for generation of 

non-biased randomly primed (RP) libraries. For the RP libraries the poly(A) 

mRNA was isolated by two consecutive purification cycles on oligo d(T) 

cellulose using a Micro-PolyA-Purist kit (Ambion). Concentration, integrity and 

extent of contamination by ribosomal RNA were assessed using ND-1000 

spectrophotometer (Thermo Fisher Scientific) and Bioanalyzer 2100 (Agilent 

Technologies).  

Random Primed cDNA libraries 

For randomly primed cDNA libraries, first strand cDNA was 

synthesized using 1 µg of poly(A) mRNA free of most rRNA. Random 

hexamer primers (300 ng per µg of RNA), and Superscript III reverse 

transcriptase (Invitrogen) were added to the reaction and incubated at 75ºC 

for 5 minutes. Second strand cDNA was synthesized by combining 20 µL of 

the 1st strand reaction, 8 µL of 10X Klenow Buffer (NEB), 1 unit of RNase H 

(Invitrogen), 68.8 µL of water and 30 units of DNA polymerase I/Klenow 

fragment (NEB). The reaction was incubated for 90 minutes at 15ºC and 

cDNA was purified using a QIAquick MinElute PCR Purification Kit (Qiagen).  

Preparation of cDNA for Illumina Genome Analyzer 

RP cDNA (30 µL) was combined with 10 µL of 10 mM ATP in 5X T4 

DNA ligase buffer (Invitrogen), 4 µL of 10 mM dNTPs mix, 2.5 µL of T4 DNA 
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polymerase (3 U/µL), 1 µL of Klenow DNA Pol (5 U/µL) and 2.5 µL of T4 

polynucleotide kinase (10 U/µL, NEB). After incubation for 30 minutes at 20ºC 

the DNA was purified using QIAquick PCR Purification kit. To add dA to the 

termini, 32 µL DNA from the prior step was mixed with 5 µL of 10X Klenow 

buffer, 10 µL of 1 mM dATP, and 3 µl of Klenow exo-polymerase (3’ to 5’ exo 

minus, 5 U/µL, NEB) and incubated for 30 minutes at 37ºC. DNA was purified 

using a QIAquick MinElute Reaction Clean-up (Qiagen) kit and eluted into 12 

µL of water. To ligate Illumina adapters, 10 µL of cDNA from the prior step 

was mixed with 5 µL of 5X T4 DNA ligase buffer, 6 µL of adapter oligo mix, 4 

µL of T4 DNA ligase (NEB) and incubated for 15 minutes at 25ºC. 

Adapter sequences used for Illumina sequencing (multiplexing barcode in bold 

font): 

Hatchery male: 5’ ACACTCTTTCCCTACACGACGCTCTTCCGATCTACGT 3’ 

Hatchery Female: 5’ ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAT 

3’ 

Wild male: 5’ ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTT 3’ 

Wild Female: 5’ ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACT 3’ 

DNA was purified using a QIAquick MinElute PCR Purification Kit. cDNA was 

size-fractionated (typically with average fragment length of 325 base pairs) on 

3.5% (w/v) “NuSieve GTG” agarose. The fractionated libraries were PCR 

amplified using “Phusion Hot Start High-Fidelity” DNA polymerase (NEB) and 

the following PCR protocol: 30 seconds at 98ºC, then 10 seconds at 98ºC, 30 

seconds at 65ºC, and 30 seconds at 72ºC for 18 cycles, followed by a 10-
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minute extension step at 72ºC. Prior to cluster generation, DNA was diluted to 

a final concentration of 12 to 16 pM to generate >150,000 clusters per tile of 

the flow cell.  

Transcriptome assembly 

The 68,445,070 raw Illumina reads were processed by removing N’s, 

adaptor sequences and parsed for barcode sequences. A total of 27,470,570 

reads were removed and the remaining 40,974,500 high-quality reads were 

used for assembling the reference transcriptome. The reads were further 

trimmed to various lengths of 40, 50, 60, and 70 bp. An additional 322,920 O. 

mykiss ESTs and 90,019 transcript consensus units were obtained from the O. 

mykiss TGI database located at Dana-Farber Cancer Institute 

(http://compbio.dfci.harvard.edu/tgi/). First-pass assembly was performed with 

Velvet and ABySS to assembly short contigs using both our Illumina reads 

and available ESTs (Hiremath et al. 2011; Simpson et al. 2009; Zerbino et al. 

2008). Second-pass assembly was completed with the MIRA assembler to 

combine Velvet and ABySS contigs, Illumina reads, and tentative consensus 

units into longer transcript scaffolds (Figure 3.1; (Chevreux et al. 1999)).  

Functional annotation 

We used our scaffolds as queries in BLASTx in order to search against 

the NCBI non-redundant protein database. Multiple E-value cutoffs were used 

and compared (10-2, 10-5, and 10-10) (Altschul et al. 1990). Gene ontology 
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annotations were identified with the Blast2GO bioinformatics suite by utilizing 

the homology search feature on our BLASTx output (Conesa et al. 2008). 

Open reading frames (ORFs) were predicted from the reference transcriptome 

assembly using the ORFpredictor tool ((Min et al. 2005); 

http://proteomics.ysu.edu/tools/OrfPredictor.html). ORFs were used to identify 

orthologous genes and conduct transcriptome comparisons with other fish 

species using the reciprocal best-match BLASTp approaches. The Danio rerio 

(zebrafish), Gasterosteus aculeatus (stickleback), Takifugu rubripes 

(Japanese pufferfish), and Tetraodon nigroviridis (pufferfish) peptide 

sequences were obtained from Ensembl (www.ensembl.org/).  

SNP analysis 

We mapped 79,029,431, trimmed 70 bp reads to the 86,402 reference 

contigs using SOAPsnp to create reference transcriptomes for the hatchery 

and wild steelhead (Li, Li et al. 2008). Based upon read alignments to the 

reference transcriptome, SOAPsnp generated a ‘best-base’ call from which we 

assigned to each reference transcriptome. We then compared each base 

between the hatchery and wild steelhead references generating SNP calls 

between the two references.  

Expression analysis 

Expression analysis was compared between 4 male H x H fish and 4 

male W x W fish (totalling 48,281,415 reads), and between compared 5 
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female H x H fish and 2 female W x W fish (totaling 30,740,016 reads). All 

analyses for male and female fish were performed separately. The reads of all 

fish were trimmed to 60bp. We used the Bowtie short read aligner to align 

reads to the reference transcriptome and performed a conservative run where 

no mismatches were allowed as well as a less stringent run, in which we 

allowed for up to 2 mismatches (Langmead et al. 2009). We next used a perl 

script to count the number of reads that were aligned to each contig (available 

upon request). The tables of gene counts were exported to R v. 2.13, where 

we used the NBPSeq package to test for differential expression (Yanming et 

al. 2011; R Development Core Team 2008). 

 Contigs that had a fold change of 10 or greater were examined in 

further analyses. We first calculated the total number of up and down 

regulated genes with respect to wild fish for both males and females. We next 

matched contigs to their corresponding ‘best-match’ BLASTx hit and 

associated GO terms and determined the number genes belonging to the 

broad classification of biological processes, cellular components, and 

molecular functions for both up and down regulated genes. Lastly, we took all 

contigs with a q-value < 0.05 (i.e. false discovery rate adjusted p-value) and 

assembled a table with the best BLASTx hits and specific GO functions. 
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Table 3.1: Summary of the Illumina RNA sequencing of O. mykiss. 
This table depicts the samples and numbers of reads generated for use in 
transcriptome assembly of steelhead. Nearly 41 million 76mer Illumina reads 
totalling approximately 3.16 gigabases of sequence were used to assemble 
the reference transcriptome. Individual hatchery and wild male and female 
sequence data was barcoded and analyzed separately downstream of 
transcriptome assembly.  
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Figure 3.1: Steelhead trout transcriptome assembly pipeline. 
After filtering raw Illumina reads, a two-step assembly of the transcriptome 
was conducted. First, ABySS and Velvet assembly software were used to 
assemble contigs from raw 76 bp reads and available O. mykiss ESTs. 
Second, using the MIRA software, the ABySS and Velvet output contigs, ESTs 
and Illumina reads were assembled into longer transcript scaffolds. Gene 
annotation was conducted using BLASTx and Blast2GO analyses. 
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Figure 3.2: Summary of steelhead trout transcriptome assembly. 
86,402 transcript scaffolds were obtained using Illumina high-throughput 
sequencing. The average size of contig 899 bp and the median is 807 bp (A). 
The frequency distribution of the contig lengths shows that most contigs are 
near the median length between 500 and 1200 bp with the longest nearly 8 kb 
(B). Using an E-value of 10-5, 49,149 steelhead transcript scaffolds shared 
homology with a protein of the NCBI non-redundant database. 24,624 unique 
‘gene-hits’ were identified using BLASTx of which 4,030 unique GO 
annotations were attributed to them (C). 68.3% of the 24,624 genes with GO 
annotations belonged to biological processes while 22.2% and 9.5% were 
annotated as molecular function and cellular components respectively (D). 
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Figure 3.3: Summary of GO annotation of categories. 
Annotated sequences were classified as (A) biological process, (B) molecular 
function, and (C) cellular component groups. Each graph summarizes the 
most common GO descriptions associated with the assembled steelhead 
transcriptome. Supplementary file 2 includes all genes and associated gene 
ontology terms. 
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Figure 3.4: Comparison of steelhead to other fish species. 
Using BLASTx with an E-value cutoff of 10-5 we compared the steelhead 
assembly to the NCBI ‘nr’ protein database (A). Notably, the top four best 
matches were fish. We also compared the assembly separately to four well 
annotated fish protein sequences; Danio rerio (zebrafish), Gasterosteus 
aculeatus (stickleback), Takifugu rubripes (pufferfish), and Tetraodon 
nigroviridis (pufferfish) (B). Approximately 70% of the genes with homology to 
one of the four fish species had a ‘best match’ to either zebrafish and 
stickleback proteins (15,874 gene hits, 35.4% and 15,249 gene hits, 35.1% 
respectively). 
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Figure 3.5: Summary of up and down-regulated genes in wild steelhead 
compared to hatchery steelhead. 
We identified 148 differentially regulated genes in the hatchery fish with >10-
fold expression. In male hatchery fish, 6 genes were down-regulated while 117 
were up-regulated and in female hatchery fish, 32 genes were down-regulated 
and 31 genes were up-regulated (A). The corresponding pie charts depict the 
breakdown of GO terms associated with total set of down- (B) and up- (C) 
regulated gene sets. The table shows a representative sample of differentially 
expressed genes and their annotations (D). 
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SUPPLEMENTAL DATA 

All Files available for download at http://salmon.cgrb.oregonstate.edu 
 
Supplementary file 3.1: Steelhead Reference Transcriptome Nucleotide 
Sequences. Text file contains assembled nucleotide sequences of the 
reference steelhead trout transcriptome in fasta format.  
 
Supplementary file 3.2: Steelhead GO annotation descriptions. Excel file that 
contains gene names and associated GO descriptions. 
 
Supplementary file 3.3: Steelhead ORF peptide predictions. Text file 
containing predicted peptide sequences in fasta format. 
 
Supplementary file 3.4: Expression analysis between male hatchery vs wild 
steelhead. Text file containing data analysis in the form of log(2) transformed 
data, p-values and corrected p-values, fold change and up or down flags. 
 
Supplementary file 3.5: Expression analysis between female hatchery vs wild 
steelhead. Text file containing data analysis in the form of log(2) transformed 
data, p-values and corrected p-values, fold change and up or down flags. 
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SUMMARY 

Background 

Daily phasing of gene expression offers an adaptive advantage 

enabling plants to synchronize their physiology with the external environment. 

Plants being sessile, are more prone than metazoans to be at the mercy of 

their environment. Plants experience daily oscillations of light and temperature 

that entrain the circadian clock and activate a network of gene expression that 

coordinates internal physiological and developmental processes with external 

daily or seasonal environments. Microarrays and high-throughput sequencing 

technologies enable us to assess changes in gene expression at a global 

scale. In the previous chapter, high throughput RNA sequencing using the 

Illumina sequencing platform was used to characterize the transcriptome and 

assess gene expression in steelhead fish. In this chapter, we use another high 

throughput technology, DNA microarrays, to analyze gene expression in the 

model monocot Brachypodium distachyon. 

Results 

We designed a whole genome tiling microarray for expression analyses 

in Brachypodium distachyon. This array has ~6.5 million oligonucleotide 

features representing intergenic and genic regions. More than 2.5 million 

probes target exons and introns with an average of 11 probes per exon or 

intron. We used this microarray platform to assess diurnal and circadian 
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cycling gene expression in Brachypodium distachyon. The expression of 

approximately 35-40% of Brachypodium genes oscillates in each of the three 

diurnal conditions tested (thermo-, photo-, and photo-/thermocycles). Overall, 

46.5% of all Brachypodium transcripts cycle in at least one diurnal condition 

while ~10.5% cycled under all three conditions. We compared the oscillating 

nature of genes in Brachypodium and rice. We identified strong conservation 

between the cycling of clock-associated genes, transcripts involved in cell wall 

synthesis and transcription factors. Moreover, we identified a dawn and dusk 

phasing of gene expression in Brachypodium that was similar to diurnal gene 

phasing in rice. Finally, we found that while many regulatory cis-elements 

were highly conserved between Brachypodium and rice, we were also able to 

uncover putative novel cis-elements specific to Brachypodium. 

Conclusions 

 Our results show that a large proportion of Brachypodium genes exhibit 

daily cycling gene expression patterns. We also identified a large degree of 

conservation between oscillating gene characteristics in Brachypodium and 

rice. Additionally, this work confirms the findings of a high degree of 

conservation of diurnal gene cycling and promoter elements involved with 

coordinating large diurnal regulatory networks (Filichkin, 2011).  
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INTRODUCTION 

Plants, being sessile, are constantly exposed to daily fluctuations in 

light and temperature. These environmental cues activate gene expression 

networks to coordinate various developmental processes. The precise timing 

of the transcriptomic response to, as well as anticipation of photo- and thermo-

cycles is necessary for proper development and coordination of physiological 

and metabolic processes to occur. Here we report the investigation of diurnal 

and circadian gene regulation in Brachypodium distachyon. 

Brachypodium has emerged as a model grass for functional genomics 

studies (reviewed in Brkljacic et al. 2011). Brachypodium is a temperate grass 

plant with close evolutionary relationships to economically important species 

including the forage and turf grasses, temperate cereals, and several species 

currently or potentially useful as biofuel feedstocks (Bevan, 2010). Genomics 

tools and approaches make Brachypodium a premier grass model for 

functional genomics research. In comparison to other grass species, 

Brachypodium has several characteristics that make it an excellent model 

system. It possesses a small genome (~270 Mbp), a short life cycle, a small 

physical stature, self-fertility, a large collection of diploid accessions, simple 

growth requirements, and efficient transformation systems (Brkljacic et al. 

2011). 

Recent interest in Brachypodium as a model system for economically 

important crops like wheat and barley and several potential bioenergy grass 

crops has led to the rapid development of significant genetic and genomic 
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resources. These resources include a diverse collection of accessions from 

different continents and habitats, molecular markers, BAC libraries and a 

BAC-based physical map, EST sequences, and a web-based community 

portal and genome databases/viewers (Brkljacic et al. 2011). 

Arguably the most significant of the available Brachypodium genomics 

resources is the whole genome shotgun sequence assembly (Vogel, 2010). 

Furthermore, we have used the Illumina sequencing platform to deeply sample 

a collection of cDNA libraries representing a diverse array of tissues, 

treatments and developmental stages. These data enable the efficient 

identification of transcription units and provide the comprehensive view of the 

Brachypodium transcriptome structure, composition, and organization 

necessary for global gene expression studies. As we report here, these 

transcriptome data were fundamental to the creation of a whole genome 

microarray. 

Recent studies in Arabidopsis, rice and poplar showed that the majority 

of transcripts cycle in at least one diurnal and circadian condition and their 

rhythmic expression covers all times of day (Michael, 2008; Filichkin, 2011). 

The plant core clock is regulated by several positive and negative regulatory 

feedback loops that can drive sustained oscillations in gene expression for a 

24 hour period (reviewed in Pruneda-Paz, 2010). Two morning phased MYB 

transcription factors, CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE 

ELONGATED HYPOCOTYL (LHY) and one evening phased pseudo-response 

regulator TIMING OF CAB EXPRESSION 1 (TOC1) coordinate the core clock 
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feedback loop mechanism in a reciprocal manner (reviewed in Pruneda-Paz, 

2010; and Imaizumi, 2010).  

In this study we analyzed the transcriptome of the temperate grass 

Brachypodium distachyon over a 48 hour period. Here, we report the 

development of a Brachypodium microarray platform and its application for the 

analysis of diurnal and circadian gene expression under multiple photo- and 

thermocycle conditions. We also compared Brachypodium gene expression 

with diurnal/circadian gene expression in rice, Oryza sativa. 

RESULTS 

Brachypodium distachyon microarray design 

We have designed a whole genome DNA tiling microarray for 

Brachypodium distachyon, based on the DOE-JGI genome sequence (8X), 

Illumina- and EST-based empirical transcriptome analysis, and model-based 

gene predictions. In collaboration with Affymetrix, we designed a custom 

whole genome microarray for Brachypodium based on the final genome 

assemblies, with gene predictions from a composite approach combining deep 

RNA sequencing with gene predictions, ESTs and cDNAs to defined exons. A 

portion of the array space is used to tile each predicted exon and intron with 

multiple probes with a predefined resolution. The remainder of the 

Brachypodium genome is tiled with reasonable spacing to cover predicted 

noncoding/intergenic regions. Important for the quality of the microarray was 

the sequencing of the transcriptome in which we utilized ~289 million RNA-seq 
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Illumina reads for the empirical annotation of genome/transcriptome. The 

Brachypodium microarray has 2,548,624 probes targeting exons and introns, 

with exons and introns represented by an average of 11 probes and of which 

95% are targeted by >5 probes (Figure 4.1). 

Although it is recognized that RNA sequencing technologies will 

eventually replace microarrays for many applications, including gene 

expression profiling, the reality is that at present, RNA-seq costs have not yet 

dropped sufficiently to completely replace DNA microarrays for most 

applications (reviewed in Malone et al. 2011). Additionally a large investment 

is required to purchase a “NextGen” sequencing platform and significant 

computational resources are needed to analyze the data. Moreover, the 

analysis of RNA-seq data is more demanding than analysis of microarray 

data, presenting a bioinformatics bottleneck for the average biologist. While it 

is true that the NextGen sequencing platforms offer a powerful alternative to 

microarrays, the costs and limited access to these technologies mean that 

relatively few groups can take full advantage of these platforms. 

Furthermore, the Affymetrix oligonucleotide microarray platform is the 

most widely used platform for whole genome expression analysis with a 

multitude of software tools available (Mockler, 2005). The development of this 

commercially available universal Brachypodium genome tiling array will be a 

great resource for the scientific community and will facilitate relatively 

inexpensive and straightforward gene expression studies in Brachypodium.  
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Diurnal gene expression in Brachypodium distachyon is driven by 

photocycles and thermocycles 

Three timecourses were conducted in diurnal conditions that closely 

matched the experimental design of the prior rice experiments (Filichkin, 

2011), thus enabling comparative analyses of the two species. The diurnal 

conditions were photocycles/thermocycles (LDHC: 12 hrs light/12 hrs dark; 12 

hrs hot/12 hrs cold), photocycles alone (LDHH: 12 hrs light/12 hrs dark; 24 hrs 

hot), and thermocycles alone (LLHC: 24 hrs light; 12 hrs hot/12 hrs cold). The 

circadian (free-running) conditions were conducted under 24 hours continuous 

light and constant temperature following each diurnal experiment 

(LDHC/LLHH, LDHH/LLHH, and LLHC/LLHH). Prior to beginning the circadian 

experiments, plants were entrained under 48 hours continuous light prior to 

sampling. Total RNA was sampled every four hours during both diurnal and 

circadian timecourse experiments.  

We assessed oscillations in gene expression using a computational 

pipeline described in Michael et al. (2008) using the model based pattern 

matching algorithm Haystack (http://haystack.cgrb.oregonstate.edu/). The 

Haystack tool matches expression values to a set of models to identify a best-

match. Those transcripts with a timecourse expression pattern that matches a 

cycling model with a correlation cutoff of >0.75 are identified as oscillating 

transcripts. 

We found that photocycle, thermocycle and photo-/thermocycle 

conditions drove diurnal gene expression in Brachypodium (Figure 4.2). We 
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observed 4-5 fold more cycling genes under diurnal conditions than in their 

respective circadian free running condition. Approximately 35-40% of the 

Brachypodium transcriptome oscillates in each of the three conditions and 

overall, 46.5% of all Brachypodium transcripts cycle in at least one diurnal 

condition (Figure 4.2). The overall numbers of oscillating transcripts was 

remarkably similar to the number of cycling genes in rice. In rice, ~30-40% of 

transcripts cycle under each of the three conditions. Moreover, of all rice gene 

models, 59.5% under at least one of the three tested conditions (Filichkin, 

2011). 15,018 (58.8%) Brachypodium gene models were rhythmically 

expressed under at least one condition and 3,380 (~10.5%) oscillated under 

all three conditions (Figure 4.3.A). We also identified a strong conservation 

among core clock regulators in Brachypodium and rice (Figure 4.3.B). When 

we compared Brachypodium and rice clock related genes, we identified nearly 

identical cycling patterns among CCA1, TOC1 and other clock-associated 

genes. 

Phasing of gene expression in Rice and Brachypodium 

We identified particular phasing of gene expression using the Haystack 

tool (Michael, 2008; http://haystack.cgrb.oregonstate.edu/). We identified gene 

phases by the peak in gene expression of cycling genes. We found that genes 

are phased throughout all hours of the day. However, notably, in both rice and 

Brachypodium, a significant number of genes peaked near the light/dark 
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transitions or just prior to dawn or dusk (Figure 4.4). This resembles the 

distribution of phasing observed in Arabidopsis (Michael, 2008).  

Many genes involved in cell wall biosynthesis exhibit cycling gene 

expression patterns 

Understanding the molecular mechanisms guiding how cell walls are 

made will ultimately lead to more efficient biofuel production. A key to 

increasing our understanding is the elucidation of the complexities of gene 

expression for those genes involved in cell wall biosynthesis. Bioethanol fuels 

will ultimately be produced from cellulosic biomass found in plant cell walls. 

The major components in plant cell walls are cellulose, hemicellulose, and 

lignin. Lignin is a polymer that acts to stabilize cell walls by crosslinking 

cellulose and hemicellulose and must first be removed during the cellulose to 

ethanol conversion process. Therefore, the elucidation of how cell walls are 

synthesized is crucial for making improvements to biofuels production. Of 

particular importance are glycosyl transferases and important accessory 

enzymes required for cell wall biosynthesis and genes involved in lignin 

biosynthesis. As an important model for potential biofuel feedstock crops, 

Brachypodium can be used to assess the expression of genes involved in cell 

wall biosynthesis and extend this knowledge to other grasses that hold 

potential for biofuels production. A large proportion of genes with a putative 

function in cell wall biosynthesis oscillate under one or more condition. Of 

those that were found to be diurnally cycling, 128 genes cycled under all three 
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tested conditions (Figure 4.5.A). Interestingly, these genes phased to all times 

of day, but did exhibit a bias toward expression at dawn, possibly in 

anticipation of light and metabolic processes that take place during the day. 

The genes involved in cell wall biosynthesis were enriched at phases near 

dawn (Figure 4.5.B). For example, pre-dawn phases 20 and 21 had P-values 

<0.07, while phases 22 and 23 had P-values of 0.002 and 0.01, respectively. 

Moreover, the oscillation pattern, including phase of expression of most 

cycling genes in rice and Brachypodium were highly conserved (Figure 4.5.C). 

Transcription factors exhibit rhythmic expression patterns 

The majority of transcription factors in Brachypodium exhibit diurnal 

gene expression patterns. Transcriptional networks underpin development and 

environmental responses in multicellular organisms. Plants specifically have a 

disproportionate number of transcription factors compared to animals. 

Therefore, measuring transcript abundance as a surrogate for transcriptional 

activity has provided insights into biological activities that are partitioned by 

tissue, age and time-of-day (Michael et al. 2008; Jiang et al. 2010; Agrawal, et 

al. 2011). Of the 1,558 annotated transcription factors in Brachypodium, 877 

(56.3%) oscillate under at least one diurnal condition, while 203 (13%) 

transcription factors cycle under all three diurnal conditions tested (Figure 

4.6.A). The cycling profiles of Brachypodium transcription factors and rice 

orthologs are remarkably conserved. 146 of the 203 Brachypodium 

transcription factors have an ortholog in rice and of this set, 87 (59.6%) also 
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cycle in all three diurnal conditions. Moreover, of the 87 cycling orthologs, the 

majority of them exhibit a highly conserved cycling pattern (Figure 4.6.B). This 

indicates not only a high conservation among transcription factors in the 

control of clock associated networks, but also, indicates a strong role for 

transcription factors as hubs, dictating downstream diurnal/circadian gene 

expression patterns.  

Web resources 

We have developed a Brachypodium array portal for microarray 

analysis (discussed further in Chapter 5; http://arrays.brachypodium.org/). All 

microarray datasets were assembled into a public database of diurnal and 

circadian regulated genes (http://www.diurnal.cgrb.oregonstate.edu). The data 

is also available at the Plant Expression Database (www.plexdb.org) and 

through the Brachypodium.org web genome browser 

(http://gbrowse.brachypodium.org/cgi-bin/gbrowse/). 

CONCLUSIONS 

Brachypodium distachyon microarray platform 

We have created a quality DNA microarray platform for Brachypodium 

distachyon gene expression analyses. It is acknowledged that there is growing 

sentiment that sequencing technologies will ultimately replace microarrays for 

many applications, including gene expression profiling. Indeed, in the previous 

chapter, the Illumina platform was used for the empirical characterization of 
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steelhead transcription units and gene expression analyses (see Chapter 3). 

However, the reality is that very few labs have access to high-throughput 

sequencing and the computational resources required to analyze the data. 

The analysis of HTS RNA-seq data is much more demanding than analysis of 

microarray data, presenting a major bioinformatics bottleneck for the average 

biologist. While it is true that the high-throughput sequencing platforms offer a 

powerful alternative to microarrays, the high costs and limited access to these 

technologies mean that microarray technology will remain, at least for a time, 

as a quality, relatively inexpensive, easy alternative for the analyses of 

differential gene expression. 

Diurnal gene expression in Brachypodium distachyon 

We identified that a large proportion of the Brachypodium 

transcriptome cycles under various diurnal conditions. We found that a large 

number of genes involved in cell wall biosynthesis and many transcription 

factors exhibit a diurnal oscillation pattern. We found a high degree of 

conservation between the diurnal gene expression of rice and Brachypodium. 

In particular, many genes expressed highly similar cycling patterns and similar 

phases of expression, suggesting that the networks underlying diurnal and 

circadian gene expression regulation are very similar. We also identified 

numerous cis-elements over-represented among various cycling datasets. 

Interestingly, we were also able to identify Brachypodium-specific cis-
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elements, perhaps contributing to physiological and developmental differences 

between the two monocots.  

MATERIALS AND METHODS 

Microarray design 

The Brachypodium microarray has 2,548,624 probes targeting exons & 

introns, with exons and introns represented by an average of 11 probes and 

95% of exons & introns targeted by > 5 probes (Figure 4.1). Additionally, the 

microarray includes 1,062 control probes, 2,050 reporter probes and 33,886 

antigenomic surrogate mismatch probes. A perfect match (PM) probe strategy 

using Affymetrix’s 5 micron 49-format array platform was performed 

generating ~6.5 million features (25mer oligos). All of the oligonucleotide 

probes are unique, single copy sequences within the genome. The mean 

probe spacing is 42 bases with 95% of probe pairs <126 nucleotides apart. 

Probes designed for genic regions include 2,548,624 probes targeting exons 

and introns. On average, exons and introns are represented by 11 probes and 

95% of exons or introns targeted by greater than 5 probes. The Brachypodium 

microarray also includes 1,062 control probes, 2,050 reporter probes, and 

33,886 antigenomic surrogate mismatch probes. 

Plant growth conditions and timecourse sampling 

Brachypodium distachyon plants were grown in a Conviron PGR 15 

growth chamber using precise control of temperature, light, and humidity. 
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Three-week-old Brachypodium plants were entrained for at least one week 

under the respective condition prior to initiation of each experiment. Leaves 

and stems (total above ground tissues) from individual plants were collected 

every four hours for 48 hrs in driven (diurnal) conditions under continuous light 

and constant high temperature (28oC). Diurnal conditions included three 

combinations of 12 hours light (L):12 hours dark (D) light cycles and 

28oC/12oC thermocycles. These were: photocycles (LDHH), 12L:12D at 

constant temperature (28oC; HH); photo-/thermocycles (LDHC): 12 hours 

12L:12D with a high day temperature (28oC) and a low night temperature 

(12oC); and thermocycles (LLHC): continuous light (LL) with 12 hours high: 12 

hours low temperature (28oC, day; 12oC, night). Light intensity and relative 

humidity were 1000 µmol m-2s-1 and 50%, respectively.  

RNA preparation, labeled cDNA synthesis, and microarray hybridization 

Leaf tissues were pulverized in liquid nitrogen and total cellular RNA 

was extracted and treated with RNase-free DNase essentially as previously 

described (Fox, 2009). RNA integrity was evaluated using an Agilent 

Bioanalyzer. 

Labeled target cDNA was prepared from 125 ng Brachypodum Leaf total RNA 

samples using the NuGen Applause WT-Amp Plus ST RNA amplification 

system Kit protocols (Cat# 5510-24) and Encore Biotin module V2 (Cat# 4200-

12). Approximately 4.55 µg fragmented cDNA from each sample was 

hybridized for 18 hours to an Affymetrix Brachypodum Genome Array 
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(BradiAR1b520742). Hybridization was performed using GeneChip® Fluidics 

Station 450. Arrays were scanned using GeneChip® Scanner 3000 and 

quality-controlled according to the standard Affymetrix protocols (Affymetrix 

GeneChip® Expression Analysis Technical Manual, 701021 Rev. 5; 

http://www.affymetrix.com) at the Oregon State University Center for Genome 

Research and Bioinformatics, Central Service Laboratory (detailed protocols 

are available at http://www.cgrb.oregonstate.edu/).  

Arrays were scanned with an Affymetrix GeneChip® Scanner 3000 with 

autoloader at 570nm. Image processing and data extraction were performed 

using AGCC software version 3.0. The Affymetrix eukaryotic hybridization 

control kit and Poly-A RNA control kit were used to ensure efficiency of 

hybridization and cRNA amplification. All cDNAs from each set of 13 time 

points were synthesized at the same time. Hybridizations were conducted with 

one replicate of all times and treatments concurrently. Each array image was 

visually screened to discount for signal artifacts, scratches or debris. 

Microarray data analysis and the identification of cycling transcripts  

Probe level normalization was done using RMA Robust Multi-array 

Analysis (RMA) (Bolstad, 2003) implemented in the Affymetrix Power Tools 

(APT) software package (http://www.affymetrix.com/partners_programs/ 

programs/developer/tools/powertools.affx). Probeset summarization and 

expression estimates for each gene and time point were conducted using the 
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apt-probeset-summarize (1.14.3) from Affymetrix. Data manipulations were 

performed using Perl scripts.  

Expression level time series were assembled and cycling genes were 

identified using the Haystack tool (Mockler, 2007; Michael, 2008; 

http://haystack.cgrb.oregonstate.edu/)). The Haystack algorithm calculates a 

Pearson correlation value between the model series values and the 

expression data series values for each probe. This calculation is amplitude-

independent, allowing for comparisons between the model series and any 

gene expression profile, regardless of the expression level. All microarray 

datasets were assembled into a public database of diurnal and circadian 

regulated genes (http://www.diurnal.cgrb.oregonstate.edu). The data is also 

available at the Plant Expression Database (www.plexdb.org) and available 

through the Brachypodium web genome browser 

(http://gbrowse.brachypodium.org/cgi-bin/gbrowse/). 

Detection of conserved cis-regulatory motifs in promoter sequences 

The detection of conserved cis-elements was conducted essentially as 

describe in Filichkin et al. 2011. Briefly, Z-score profiles were generated for 

specific transcription factor binding site motifs by calculating a Z-score for 

each motif, for each phase of the day. This was done using the Element 

algorithm on the set of genes in each hour’s phase-bin 

(http://element.cgrb.oregonstate.edu/). For each 3-8-mer motif, this generated 

24 discrete Z-scores. To generate a continuous enrichment profile the Z-
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scores for each motif were plotted over the phase bins of the day. A 

‘significant enrichment’ of a motif was determined if the Z-score value was 

equal or greater than 2.33 (corresponding to a p-value of 0.01 or less). Finally, 

The Element algorithm determines the overrepresentation of a motif by 

scoring the frequency of occurrences of the specific word in the promoter 

sequences of the test sample as compared to the frequency of the 

occurrences of the specific word in the promoter sequences of the reference.  

Protein comparisons, ortholog predictions 

Brachypodium-rice orthologs were predicted using a mutual best-BLAST 

match tool Orthomap (http://orthomap.cgrb.oregonstate.edu/) as described 

(Mockler et al. 2007; Michael, 2008). Phase calls for two-way orthologs were 

determined by querying the Diurnal database 

(http://diurnal.cgrb.oregonstate.edu/; Filichkin, 2011). The list of putative 

Brachypodium distachyon transcription factors was obtained from gene 

annotation queries and sequence comparisons to rice (Oryza sativa, ssp. 

Japonica) TFs obtained from Plant Transcription Factor Database 

(http://plntfdb.bio.uni-potsdam.de/v3.0/; Perez-Rodriguez, 2010).  
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Figure 4.1. The Brachypodium array design contains 6.5 million features 
in selected in a biased manner to optimize genic coverage and 
hybridization efficiency.  
A perfect match probe strategy containing 6.5 million unique, single copy 
oligonucleotides within the genome. Mean probe spacing is 42 nucleotides 
and exonic/intronic regions are represented by an average of 11 probes (A). 
Screenshot depicting the probe coverage across the genome (B). Scale is in 
kilobases (top) with gene models represented in blue blocks with arrows. The 
probes are shown as red (sense strand) and blue (antisense strand) bars. 
Areas lacking probes were areas found to be suboptimal for quality microarray 
hybridization. 
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Figure 4.2. Sizable proportions of Brachypodium and rice transcriptomes 
display daily oscillations. 
Large numbers of Brachypodium and rice genes are rhythmically expressed 
under diurnal and circadian conditions (rice data from Filichkin et al. 2011). 
Transcripts were considered oscillating if the correlation coefficient between 
the data and respective model was 0.75 or greater (Mockler, 2007; Michael, 
2008; http://haystack.cgrb.oregonstate.edu/). We tested photo-/thermocycles 
(LDHC), photocycles (LDHH), and thermocycles (LLHC). Circadian segments 
of each time course (e.g. LLHC/LLHH) were separated from the diurnal 
experiments by a spacer period of forty eight hours of the continuous light. 
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Figure 4.3. Oscillating transcripts overlap under various driven 
conditions.  
Venn diagrams show the distribution of all Brachypodium transcripts that cycle 
under photo- (LDHH), thermo- (LLHC), and photo-/thermocycles (LDHC). 
Collectively, 15018 out of 32,255 transcripts (46.5%) cycle in at least one of 
the three conditions tested and 3.380 (10.5% cycle under all three tested 
conditions (A). There is a high degree of conservation among rice and 
Brachypodium core circadian clock regulators (B).  
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Figure 4.4. Cycing transcripts encompass all phases of the day peaking 
at light/dark transition periods (dawn and dusk).  
Histograms depict the gene frequency distributions among cycling 
Brachypodium and rice genes according to phase of the day. The distribution 
of the expression phase frequencies is consistent with that observed in 
Arabidopsis experiments (Michael et al. 2008). Each phase bin corresponds to 
a one hour increment with the phase determined by peak of expression for 
that cycling transcript.  
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Figure 4.5. Figure shows conservation of cycling among Brachypodium 
and rice genes involved in cell wall biosynthesis. 
We identified a large number of genes (128) involved in cell wall biosynthesis 
cycle under all three diurnal conditions (A). Notably, we identified an over-
representation of cycling genes phased to dawn (P-value ≤0.01; B). The 
cycling nature of many genes involved in cell wall biosynthesis is conserved 
between both Brachypodium and rice (C). 
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Figure 4.6. Figure shows conservation of cycling among Brachypodium 
and rice transcription factors. 
We identified 203 transcription factors that cycled under all three diurnal 
conditions (A). We also show the strong conservation of cycling nature of 
transcription factors. Notably, although the overall oscillation of transcription 
factors was often very similar, we identified slight differences in phasing of 
expression (B). For example, the BdC2C2 CCT CONSTANS-like transcription 
factor exhibits a phase shift in the oscillation of gene expression when 
compared to the rice ortholog (lower left, B). 
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SUMMARY 

Being sessile, plants have evolved an exceptional ability to respond 

and adapt to their environment. Relatively little is known about how 

agriculturally important cereals (e.g. wheat, corn) respond to abiotic 

environmental stresses such as heat, cold, or drought, although significant 

progress has been made in recent years in Arabidopsis and rice (Killian et al. 

2007; Matsui et al. 2008; Zeller et al. 2009; Zhou et al. 2006). Understanding 

how plants respond to various abiotic stresses can lead to higher yields and 

more efficient crop productivity. Recently, Brachypodium distachyon has 

emerged as a model grass for functional genomics studies. Brachypodium is a 

temperate grass with close evolutionary relationships to economically 

important species including the forage and turf grasses, temperate cereals, 

and several species currently or potentially useful as biofuel feedstocks 

(reviewed in Brkljacic et al. 2011). Several important grass species including 

rice, maize, sorghum, and wheat have recently completed or ongoing genome 

projects but lack many attributes expected for model plants. In comparison to 

these other grass species, Brachypodium’s characteristics make it an 

excellent model system for transcriptomic studies. In addition to exhibiting key 

grass traits, Brachypodium also has many attributes demanded of a modern 

model research organism. It has a small genome (~270 Mbp), a short life 

cycle, a small physical stature, self-fertility, a large collection of diploid 
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accessions, simple growth requirements, and efficient transformation systems 

(Bevan, 2010). 

Interest in Brachypodium as a model system for economically 

important crops like wheat and barley and several potential bioenergy grass 

crops has increased the need for a better understanding of how Brachypodium 

responds to abiotic stress. Therefore, knowledge gained from transcriptomic 

studies in Brachypodium can provide information useful for the improvements 

of agriculturally important crops. 

This work is the first global assessment of the abiotic stress response 

of Brachypodium. We interrogated the Brachypodium transcriptome in 

response to cold, salt, drought, and heat stress. We examined gene 

expression 1, 2, 5, 10, and 24 hours after exposure to the various abiotic 

stresses. We identified numerous genes that were differentially expressed in 

response to various stresses. We also identified a large degree of crosstalk 

among the abiotic responses as many genes were up- or down-regulated in 

more that one condition. We also identified an early- and late-response to 

abiotic stress, with distinct sets of genes differentially expressed with 5 hours 

or after longer exposure (10 – 24 hours). This temporal aspect is evidenced by 

numerous types of expression patterns observed, which were used to mine 

the data and identify sets of genes that have particular expression patterns 

(i.e. continuous up-regulation over the timecourse, or early up-regulation 

followed by down-regulation etc…). Finally, we identified ~450 transcription 

factors that were differentially expressed in response to at least one particular 
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abiotic stress. Overall, this work offers the first glimpse into the Brachypodium 

abiotic stress response and is directly applicable to closely related and 

agriculturally important grasses. 

BACKGROUND 

Brachypodium as a model 

Brachypodium is closely related to grasses that are important 

agriculturally as food crops, as well as crops that can be utilized for the 

production of biofuels. However, many of these species are difficult to work 

with and have large, complex genomes. Its simple growth requirements and 

small genome (~272 Mbp) make Brachypodium an excellent model for 

studying traits of these agricultural species (Brkljacic et al. 2011). Plants 

respond to the many cues and changes in their environment. Elucidating the 

Brachypodium transcriptomic responses to various environmental cues 

encountered in an abiotic stress environment will ultimately lead to significant 

advances in agricultural production, including greater crop yields and more 

efficient biofuels production (Chew and Halliday, 2011). 

Abiotic stresses and plant responses 

 Environmental stresses are a major limiting factor in agricultural 

productivity (Wang et al. 2003; Witcombe et al. 2008). Although significant 

progress has been made in recent years in Arabidopsis and rice there remains 

a lack of information about abiotic response pathways in agriculturally 
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important monocots (Killian et al. 2007; Matsui et al. 2008; Seki et al. 2001; 

Zeller et al. 2009; Zhou et al. 2006). Understanding the stress response in 

Brachypodium can have direct impacts on agriculturally important grasses. 

Plant growth is severely affected by environmental abiotic stress conditions 

such as cold, salt, drought and heat (reviewed in Hirayama et al. 2010 and 

Mahajan et al. 2005). Ultimately, elucidating the mechanisms by which plants 

respond to stresses can lead to higher yields and more efficient production of 

important crops (Araus et al. 2002; Ashraf et al. 2010). Plants must adapt to 

these conditions in order to maintain proper growth and development. It is 

important to study the functions of stress induced transcriptomic response not 

only to understand the molecular mechanisms of the abiotic stress response, 

but also to improve stress tolerance with the goal of increasing agricultural 

productivity in imperfect growing conditions (Chew and Halliday, 2011). 

Abiotic stress responses occur in two stages, a sensory/activation 

stage and a physiological stage (reviewed in Mahajan, 2005; Zhu, 2001; 

Rowley, 2011). For most abiotic stresses, once an abiotic stress cue is 

perceived, this stimulates second messengers including calcium and inositol 

phosphates (Parre et al. 2007). The increase in Ca2+ is sensed by various 

calcium binding proteins that initiate various phosphorylation cascades and 

activates various transcription factors (Tuteja et al. 2007). Transcription factors 

in turn activate various stress responsive genes and the beginning of a second 

phase eliciting physiological changes necessary to survive the particular 

environmental stress. The variety of the genes and subsequent physiological 
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changes induced during the second phase are dependent upon the particular 

abiotic stress encountered. These changes can include modifications to cell 

membrane components, thus changing membrane fluidity, stomatal closures, 

decreased photosynthesis activity, and increased production of heat shock 

proteins or dehydrin cryoprotectants (Mahajan et al. 2005).  

Salt Stress 

 Salt stress introduces two distinct stresses on the plant, hyperionic and 

hyperosmotic stress. Here, we focus upon the hyperionic stress response. The 

import of Na+ results in the displacement of water from the cells and reduced 

protein/metabolic activity due to an associated K+ deficiency. Salt signaling 

results in ABA induced calcium signaling which acts as a secondary 

messenger in the Salt Overly Sensitive (SOS pathway) (reviewed in Mahajan 

et al. 2008; Nevo and Chen 2010). In this response pathway, the calcium 

binding protein, SOS3 (calcineurin B-like-protein) responds to Ca2+ signaling 

and interacts with and activates SOS2 (a serine/threonine kinase). SOS2 

activates the NHX1 (Na+/H+ exchanger) uptake of Na+ into vacuoles while also 

activating SOS1 (via phosphorylation). SOS1 transports Na+ out of the cytosol 

via the HKT1 Na+/K+ ion exchangers. The cell type-specific overexpression of 

Arabidopsis HKT1 in rice lead to an increased salt tolerance and resulted in 

Na+ sequestration in the roots rather than in the shoots (Plett et al. 2011). In 

summary, the salt stress response results in the activation of the SOS 

pathway where receptors sense increase salinity that stimulates the release of 
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Ca2+. Calcium sensors and kinases in turn activate the up-regulation of SOS1 

in response to elevated NaCl levels. This up-regulation of SOS1 gene 

expression has been shown to be directly related to NaCl concentration and is 

controlled by SOS2 and SOS3 genes (Shi et al. 2000).  

Cold stress 

 Chilling temperatures (non-freezing) lead to cellular dehydration and 

reduced root water absorption, thereby reducing water transport to leaves. Our 

study incorporated non-freezing temperatures (4°C) that activates the cold 

acclimation pathway. As in the salt stress response, the pathway is activated 

by membrane receptors that activate downstream Ca2+ release (reviewed in 

Thomashow 2010). This in turn activates DREB transcription factors 

(Dehydration Responsive Element-Binding factors) which stimulates various 

cold-responsive genes such as RD/COR/KIN/LTI-type (Responsive to 

Dessication/Cold-Regulated/Cold-Inducible/Low-Temperature-Induced-type; 

Thomashow 2010). Membrane stabilization is the key distinguishing 

characteristic of the cold stress response. Upon exposure to cold stress, there 

is an induction of genes involved with processes increasing the proportion of 

unsaturated fatty acids and proteins that alter the freezing point of plant cell 

membranes. Additionally, lipid transport proteins and dehydrins, which act as 

cryoprotectants are up-regulated in response to cold stress. 



 120 

 

Drought stress 

Drought stress can result in water loss within the membranes, altering 

the double-layer dynamics of the membrane, often causing membranes to 

become porous (reviewed in Xu et al. 2010). The drought response is similar 

to the hyperosmotic stress observed in salt stress and results in similar 

induction of response pathways. Two major physiological changes occurring in 

response to drought involve stomata and photosynthesis. After first sensing 

the abiotic drought stress and activating transcriptional networks, the 

physiological response of drought stress is to close stomata to prevent water 

loss via transpiration (Deyholos et al. 2010). Large-scale stomatal closures 

throughout the plant are thought to be controlled by abscisic acid (ABA). 

Another affect of drought is the reduction of photosynthesis, tightly correlated 

with the closing of stomata. The reduction of photosynthetic activity is mainly 

due to reduced CO2 availability.  

Heat stress 

 Heat stress results in changes in membrane fluidity, decreased 

photosynthesis, increased stomatal closures, increased protein modifications 

and increases in the activity of heat shock proteins (Kotak et al. 2007). Heat 

stress transcription factors activate many downstream heat stress responses 

including the induction of heat shock proteins (Baniwal et al. 2004). Notably, 

heat shock proteins have varied roles in the heat stress response, including 

protein folding, localization and stabilization upon encountering heat stress.  
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Global analysis of Brachypodium response to abiotic stress 

Here, we describe Brachypodium gene expression profiling in response 

to cold, drought, high salinity and heat stress using the whole-genome tiling 

array. We identified many genes that were stress responsive and these 

differentially expressed genes were shown to exhibit significant overlap among 

the different abiotic stresses. In particular, we identified sets of genes that 

were differentially expressed in response to cold, salt and drought. 

Additionally, we identified a temporal aspect of the stress responses. Using 

the Haystack pattern-matching algorithm, we identified various expression 

patterns of genes either up- or down-regulated in response to stress. Finally, 

we were able to identify over-represented GO terms associated with stress-

responsive genes and used the Element promoter analysis tool to identify 

potential cis-elements involved with various abiotic stress responses.  

RESULTS  

Overall gene expression response to abiotic stress 

Despite its obvious importance in plant development and stress 

responses, relatively little is known about how the global regulation of the 

abiotic stress response in plants is achieved. Using the Brachypodium whole 

genome tiling microarray, we interrogated the Brachypodium transcriptome in 

response to cold, salt, drought, and heat abiotic stresses (see Chapter 5 for 

microarray details). In order to better understand the temporal aspects of the 

abiotic stress response, we assessed the plant response to abiotic stress over 
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an asymmetric timecourse (1, 2, 5, 10, and 24 hrs post-stress treatment). Over 

all timepoints, we identified 1,895, 1,963, 1,489, and 1,342 genes up-regulated 

in response to cold, salt, drought, and heat, respectively. These genes 

included many cold-, salt-, drought-, or heat-responsive genes that have been 

previously reported, such as LATE EMBRYOGENESIS ABUNDANT (LEA) 

PROTEIN [Bradi3g35170.1], EARLY RESPONSIVE TO DEHYDRATION 10 

[Bradi3g51200.1], DEHYDRATION-RESPONSIVE ELEMENT BINDING 

PROTEIN-LIKE [Bradi2g29960.1, Matsui et al. 2010], and other genes 

including transcription factors and protein kinases and other genes involved in 

cell signaling. 

Over all timepoints, we also identified 2,145, 2,092, 1,615, and 1,637 

genes as down-regulated in response to cold, salt, drought, and heat, 

respectively. Many of these genes are involved in photosynthesis, cellular 

metabolism and carboxylic acid metabolism including genes involved in 

membrane stability. Overall, these results are similar to previous findings in 

Arabidopsis and rice (Killian et al. 2007; Matsui et al. 2008; Seki et al. 2001; 

Zeller et al. 2009; Zhou et al. 2006). These results are a strong indication that 

the microarray and subsequent analysis worked well for the elucidation of 

differential gene expression in Brachypodium distachyon in response to abiotic 

stress. 

 With the exception of heat stress, the number of differentially 

expressed genes over time exhibited a similar pattern (Figure 5.1). Early 

response genes (1-5 hours) tended to contain a large majority of transcription 
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factors and cell signaling genes such as calmodulin. Late response genes 

tended to have a much larger representation of genes involved in cellular 

mechanisms such as membrane stabilization (desaturases) and genes 

involved in stomatal closure.  

Crosstalk network that exists between abiotic stress responses 

Typically, in the natural setting, plants are exposed to multiple stresses 

simultaneously (Rizhsky et al. 2004). We next studied cold, salt and drought in 

greater detail. When we compared the early gene sets among cold, salt and 

drought stress, we found genes likely to be contained in a common response 

pathway(s) to these stresses. In particular, we identified 71 genes that were 

up-regulated in response to cold, salt, and drought stress within the first 5 

hours. These genes were highlighted by genes involved in second messenger 

signaling [CALMODULIN-BINDING PROTEIN-LIKE, Bradi2g46240.1 and 

CALMODULIN-BINDING RECEPTOR – CYTOPLASMIC KINASE-LIKE, 

Bradi5g14880.1], transcription factors [DREB-FAMILY TRANSCRIPTION 

FACTOR, Bradi3g35560.1 and NAC DOMAIN CONTAINING 

TRANSCRIPTION FACTOR, Bradi1g04150.1], and Abscisic acid (ABA) 

pathway genes [PUTATIVE ABA-RESPONSIVE PROTEIN PHOSPHATASE, 

Bradi1g66920.1].  

 We also examined the late responsive cold, salt, and drought genes. 

Similar to previous findings involving abiotic stress in Arabidopsis, we 

observed many genes that were up- and down-regulated after a prolonged 
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exposure to cold, salt, and drought (Kilian, 2007). We identified 91 genes that 

were down-regulated after 24 hours exposure to cold, salt, and drought stress. 

Notably, many of these down-regulated genes were involved in electron 

transport or energy pathway [CYTOCHROME B-C1 COMPLEX, SUBINIT 8 

PROTEIN, Bradi1g47890.1; GLYCOSYL HYDROLASE, Bradi1g08570.1] and 

protein metabolism or translation [RIBOSOMAL PROTEIN FAMILY PROTEIN, 

Bradi3g47410.1]. 

We observed 157 genes that were up-regulated in response to cold, 

salt and drought stress after 24 hours of exposure (Figure 5.2.A). We 

conducted an analysis of over-represented GO terms and identified numerous 

biological function classifications such as responses to hormone stimulus, 

organic stimulus, temperature stimulus, and response to water deprivation 

(Figure 5.2.B). The up-regulated genes included LEA family genes, 5 early 

responsive to dehydration (ERD; Kim, 2010) family proteins, genes involved in 

membrane maintenance [DIACYLGYCEROL ACYLTRANSFERASE, 

Bradi3g53250.1; CINNAMYL-ALCOHOL DEHYDROGENASE, 

Bradi3g60160.1], and 18 transcription factors [among others: NAC domain 

containing family members, Bradi2g57100.1 and Bradi1g04150.1; WRKY 

family, Bradi2g08620.1; and DREB family transcription factor 

Bradi2g29960.1]. These results indicate a great amount of correlation and 

possible crosstalk between the cold, salt, and drought abiotic stress response 

pathways. 
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 Consequently, when we examined heat, drought, and salt, we identified 

less correlation among the stress responses. After 1 hour exposure to heat, 

drought, and salt, only one gene was up-regulated by all three stresses. We 

identified 59 up- and only 16 down-regulated genes in response to all three 

stresses after 24 hours. However, while heat and drought had 30 common up-

regulated genes and heat and salt had 45 up-regulated genes in common, 

there were 471 up-regulated genes up-regulated by both drought and salt. 

These results indicate that heat stress response is not well correlated with the 

other abiotic stress responses likely operating through different signaling 

pathways. 

Hierarchical clustering 

We conducted hierarchical clustering based on mean adjustment 

centering of normalized and summarized gene expression intensities. We 

examined 4,128 genes with ≥ 5-fold change in expression in at least one 

condition and at least one time point and visualized their relative expressions 

in a hierarchically clustered tree and gene expression heatmap (Figure 5.3). 

These genes are grouped according to similar expression patterns. We further 

examined a group of genes up-regulated in heat while comparatively down-

regulated in cold, salt, and drought.  

Using the Element Promoter Searching Tool 

(http://element.cgrb.oregonstate.edu/), we identified a large number of putative 

cis-regulatory elements over-represented in heat-responsive genes (Figure 
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5.3, lower right panel). These cis-elements include SORLIP (Sequences Over-

Represented in Light-Induced Promoters) family of motifs, CAT box, and 

ABRE-like (ACGT-containing ABA-Response Elements) among many 

potentially novel elements. While CCAAT motifs have been shown to be heat 

specific promoter elements (Rieping, 1992), SORLIPs and ABRE elements 

have been shown to possess varied roles related to abiotic stress. SORLIPs, 

as the name suggests, have been associated with light responsive 

photoreceptors such as phytochrome A (Hudson et al. 2003). This may 

indicate a correlation between light signaling and heat stress response. 

Furthermore, it is intriguing that the ABRE-like element is over-represented in 

heat-responsive genes because the ABRE element has been shown to be salt 

and cold responsive promoter element (Yamaguchi et al. 2005). We postulate 

that the flanking sequences surrounding the core promoter elements (ACGT in 

ABRE-like elements) may provide the necessary specificity for a heat-

responsive ABA stress response. 

Functional analysis was conducted using the AgriGO gene ontology 

analysis toolkit (Du et al. 2010; http://bioinfo.cau.edu.cn/agriGO/). The AgriGO 

tool compares the GO terms associated with a given set of genes to the GO 

terms over the entire genome and determines if a given GO term is statistically 

over-represented (Figure 5.3, top right panel). We identified numerous over-

represented GO terms associated with heat stress including, response to 

temperature (p-value = 4.0-10) and response to radiation (p-value = 9.3-05). 
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Timecourse expression genes in response to various stress conditions. 

As we examined the expression profiles of genes over time (1, 2, 5, 10, 

and 24 hours) for a given stress, we observed various temporal expression 

patterns in response to treatment (Figure 5.4). Therefore, we constructed 

various models to identify various expression profiles based upon the 

timecourse aspect of the experimental design. These models were used to 

interrogate stress responsive datasets for early or late responses, and 

continuous up- or down-regulated genes using the Haystack pattern-matching 

algorithm (Mockler et al. 2007; Michael et al. 2007; 

http://haystack.cgrb.oregonstate.edu/). We examined the cold responsive 

genes over time. This resulted in the identification of 89 genes exhibiting a 

‘late-response’ profile (Figure 5.5.A; 10 examples shown). Using the Element 

promoter searching tool, we identified known and novel cis-regulatory motifs 

(Figure 5.5.B). One such motif is the CBF motif, a known cold motif important 

for cold acclimation (Zhong et al. 2006). We also identified over-represented 

GO terms associated with the late responsive cold stress genes (Figure 

5.5.C). Among the over-represented GO terms are response to stimulus 

(GO:0050896) and macromolecule metabolic process (GO:0043170). 

Transcription factors highly responsive to abiotic stress 

In total, ~450 Brachypodium transcription factors were induced by abiotic 

stress treatments. Again showing the high degree of crosstalk among abiotic 

stress responses, approximately 30% of those transcription factors induced by 
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stress responded to more than one stress treatment. We analyzed the 

transcription factors that responded to both drought and salt. We categorized 

genes into early- and late-response genes based upon the profiles identified in 

the timecourse assessment (Figure 5.6). We identified 28 transcription factors 

that exhibit an early response to both drought and salt. Among this group were 

2 WRKY and 2 MYB family transcription factors. An ERF/AP2 family 

transcription factor also exhibited an early response to both drought and salt. 

The ERF/AP2 family transcription factors have been shown to increase 

drought and salt tolerance in Arabidopsis (Xu et al. 2011). We identified 10 

late response transcription factors responding to both drought and salt 

treatment. Among these 10 genes were 2 MYB and 1 NAC family transcription 

factors. The DRE-binding protein 2-like transcription factor also exhibited a 

late response to drought and salt. This is intriguing because overall there are 

many more genes up-regulated after prolonged exposure to drought and salt, 

however, fewer transcription factors exhibit a late response pattern. This 

correlates with the proposed two-stage abiotic stress response, where the 

early response involves cell signaling and transcription factor activation.  

Web resources 

All microarray datasets are accessible for viewing through the 

Brachypodium web genome browser (http://gbrowse.brachypodium.org/cgi-

bin/gbrowse/). Using this data, we can mine observed gene specific 

characteristics related to abiotic stress (Figure 5.7). The data is also available 
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at the Plant Expression Database (www.plexdb.org). Furthermore, we have 

created a Brachypodium array analysis portal available for use by the public 

(http://arrays.brachypodium.org/). This array analysis portal allows for various 

statistical analyses to be used and allows for various P-values, fold-cutoffs, 

and permutations to be used to assay the array data. 

CONCLUSIONS 

In this study we provide new insight into various abiotic stress 

responses of Brachypodium distachyon. Using a whole genome microarray, 

we examined the Brachypodium response to cold, salt, drought, and heat 

stress. Our work thus offers the first global analysis of the Brachypodium 

response to abiotic stress. We confirmed the stress responsive expression of 

many previously reported stress-inducible genes such as LEA genes, SOS1, 

DREB2 transcription factor, NAC transcription factors, heat shock proteins, 

and ion transporters (Chen et al. 2002; reviewed in Sreenivasulu et al 2007). 

Additionally, this work indicates a great amount of crosstalk and complex 

networks among cold, drought, and salt stress responses and among drought 

and salt stress (Urano et al. 2010). We also identified transcription factors that 

respond to both drought and salt stress. Finally, we examined temporal 

aspects of stress responses and found definite early vs. late response of 

stress induced gene expression. We identified 28 genes that exhibited an 

early response to salt and drought stress and 10 transcription factors that 

exhibited a late response to salt and drought. However, other methods such 
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as reverse genetics need to be conducted to identify the precise function of 

these genes in the abiotic stress response. 

MATERIALS AND METHODS  

Experimental growth conditions and tissue sampling. 

Brachypodium distachyon control plants were grown at 22°C with 16 

hours light and 8 hours dark in a controlled growth room. The temperature was 

~23ºC and light intensity was 200 µmol photons m-2s-1. Abiotic stress 

conditions included, cold, heat, salt, and drought. All stress treatments were 

conducted with a light intensity of 200 µmol photons m-2s-1. For the heat 

experiments, Brachypodium plants were grown in a Conviron PGR 15 growth 

chamber using precise control of temperature (42°C). Cold experiments were 

conducted in a walk-in cold room at 4°C. Salt (500 mM NaCl) and drought 

(simulated drought by removing plants from soil and placing them on paper 

towels to desiccate) treatments were conducted under the same light and 

temperature as the control samples. Three-week-old Brachypodium plants 

were placed under the respective condition two hours post-dawn (10 am). 

Leaves and stems (total above ground tissues) from individual plants were 

collected at 1, 2, 5, 10, and 24 hours after exposure to abiotic stress. 

RNA preparation, labeled cDNA synthesis, and microarray hybridization 

Leaf tissues were pulverized in liquid nitrogen and total cellular RNA 

was extracted using RNA Plant reagent (Invitrogen) and RNeasy kits (Qiagen) 
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and treated with RNase-free DNase essentially as previously described (Fox 

et al. 2009). RNA integrity was evaluated using an Agilent Bioanalyzer. 

Labeled target cDNA was prepared from 125 ng Brachypodum Leaf total RNA 

samples using the NuGen Applause WT-Amp Plus ST RNA amplification 

system Kit protocols (Cat# 5510-24) and Encore Biotin module V2 (Cat# 4200-

12). Approximately 4.55 µg fragmented cDNA from each sample was 

hybridized for 18 hours to an Affymetrix Brachypodum Genome Array 

(BradiAR1b520742). Hybridization was performed using GeneChip® Fluidics 

Station 450. Arrays were scanned using GeneChip® Scanner 3000 and 

quality-controlled according to the standard Affymetrix protocols (Affymetrix 

GeneChip® Expression Analysis Technical Manual, 701021 Rev. 5; 

http://www.affymetrix.com) at the Oregon State University Center for Genome 

Research and Bioinformatics, Central Service Laboratory (detailed protocols 

are available at http://www.cgrb.oregonstate.edu/).  

Arrays were scanned with an Affymetrix GeneChip® Scanner 3000 with 

autoloader at 570nm. Image processing and data extraction were performed 

using AGCC software version 3.0. The Affymetrix eukaryotic hybridization 

control kit and Poly-A RNA control kit were used to ensure efficiency of 

hybridization and cRNA amplification. All cDNAs from each abiotic stress 

treatment were synthesized at the same time. Hybridizations were conducted 

for all three replicate of all times and treatments concurrently. Each array 

image was visually screened to discount for signal artifacts, scratches or 

debris. 
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Microarray Data Analysis  

Probe level normalization was done with Robust Multi-array Analysis 

(RMA) utilizing Affymetrix Power Tools (APT) software package 

(http://www.affymetrix.com/partners_programs/programs/developer/tools/powe

rtools.affx; Bolstad et al. 2003). Probeset summarization and expression 

estimates for each gene were conducted using the apt-probeset-summarize 

(1.14.3) from Affymetrix. Data manipulations were performed using Perl 

scripts. From the resulting signal intensities, differentially expressed genes 

were calculated using BRAT (Pandelova et al. 2009), and the Significance 

Analysis of Microarrays (SAM; Tusher et al. 2001) R package. To adjust for 

multiple testing, BRAT applies the Benjamini and Hochberg P-value correction 

and also applies a permutation procedure as an additional step to assess the 

likelihood of the observed p-value occurring by chance, given the data 

(Benjamini and Hochberg 1995). SAM uses permutations of repeated 

measurements to estimate the percentage of genes that are identified by 

chance; representing the false discovery rate (Tusher et al. 2001). Applying 

an ‘overlap’ approach, genes found differentially expressed using both BRAT 

and SAM, were called up- or down-regulated. Additional filtering was done 

using a 2-fold cutoff criterion. 

Expression levels for the asymmetric time series (1hr, 2hr, 5hr, 10hr, 

and 24hr) were assembled and various cycling patterns were identified using 

Haystack tool (Mockler et al. 2007; Michael et al. 2007). The Haystack 

algorithm calculates a Pearson correlation value between the model series 
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values and the expression data series values for each probe. This calculation 

is amplitude-independent, allowing for comparisons between the model series 

and any gene expression profile, regardless of the expression level.  

GO analysis and transcription factor annotation. Over-represented GO 

terms were identified using AgriGO: GO analysis toolkit (Du et al. 2010; 

http://bioinfo.cau.edu.cn/agriGO/). Analysis was done by comparing the 

number of GO terms in the test sample to the number of GO terms within a 

background reference. Over-represented GO terms had P-value <0.05 and 

with >5 mapping entries with a particular GO term. The list of putative 

Brachypodium transcription factors was obtained from gene annotation 

queries and comparisons to rice (Oryza sativa) transcription factors obtained 

from Plant Transcription Factor Database (http://plntfdb.bio.uni-

potsdam.de/v3.0/; Perez-Rodriguez et al. 2010).  

The detection of conserved motifs was conducted essentially as 

described in Chapter 4. Briefly, Z-score profiles were generated for specific 

transcription factor binding site motifs using the following method. A Z-score 

was calculated for each motif, by using the Element algorithm (Michael, 2008; 

http://element.cgrb.oregonstate.edu/). For each 3-8-mer motif, this generated 

discrete Z-scores and a ‘significant enrichment’ of a motif had a Z-score value 

equal to or greater than 2.33 (corresponds to a p-value of .01 or less).  
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Hierarchical clustering and tree visualization 

 Hierarchical clustering and heatmap visualization was done using the 

Cluster software and visualized and browsed using Treeview software (Eisen 

et al. 1998; http://jtreeview.sourceforge.net/). Genes with at least 5-fold 

increase or decrease in expression were used for cluster analysis. Genes 

were clustered based upon mean centering of normalized, unlogged 

expression levels and an expression heatmap was visualizing relative gene 

expression was done using Treeview software. 

Analysis of temporal aspects of gene expression 

 Haystack analysis was done essentially as described in Chapter 4. 

Briefly, the Haystack pattern-matching algorithm was used to compare 

expression data to models of various expression patterns. These models were 

created such that we assessed early or late response expression patterns and 

smooth/continuous up-regulation or smooth/continuous down-regulated 

expression patterns. A Pearson correlation value of 0.80 between the model 

series values and the normalized, averaged expression data series values for 

each probeset was used to assign genes to particular expression profiles. 
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Figure 5.1. Numbers of genes differentially expressed during abiotic 
stress treatments. 
To identify temporal aspects of genes regulated by different abiotic stress, we 
compared the gene expression patterns induced over time by the applied 
stimulus. While the heat response exhibited a slightly different pattern, cold, 
salt and drought exhibited similar trends in expression response. 
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Figure 5.2. Overlap of up-regulated genes in response to 24 hours of 
salt, cold, and drought treatment and the functional characterization of 
the central overlapping 157 genes. 
A large proportion of genes overlap in response to different stresses. We 
identified 157 up-regulated genes induced by cold, salt, and drought stress. 
We conducted analysis of over-represented GO terms and identified 
numerous biological function classifications such as genes involved in lipid 
metabolic process, genes involved in transcription and translation, and ion 
transport genes.  
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Figure 5.3. Hierarchical clustering and gene expression heatmap of 
abiotic stress responsive genes in Brachypodium. 
4,128 genes exhibiting ≥ 5-fold change in expression in at least one condition 
and at least one time point. Genes were hierarchically clustered based on 
mean adjustment centering and average linkage. The gene expression 
heatmap depicts gene expression levels relative to each of the other 
conditions (Red, green and black colors correspond to down- and up- 
regulated genes and genes with no significant expression difference 
respectively). Representative over-represented GO terms and cis-elements 
are depicted in the table. Functional analysis was conducted using the AgriGO 
gene ontology analysis toolkit (Du, 2010; http://bioinfo.cau.edu.cn/agriGO/). 
Promoter analysis was conducted using the Element Promoter Searching Tool 
(http://element.cgrb.oregonstate.edu/).  
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Figure 5.4. Stress-responsive genes fall into clusters by their expression 
profiles over the time course. 
Using the Haystack pattern-matching algorithm (Michael, 2008; 
http://haystack.cgrb.oregonstate.edu/), we assessed various expression 
patterns in response to stress. These patterns included high (H) or Low (L) 
relative gene expression over time. Examples of genes exhibiting temporal 
expression pattern after exposure to various abiotic stress were identified in all 
stress treatments.  
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Figure 5.5. Late responsive genes after cold (4°C) stress treatment and 
promoter analysis. 
Using the Haystack pattern-matching algorithm, stress responsive genes were 
clustered according to various expression patterns over time (A; 
http://haystack.cgrb.oregonstate.edu/). We identified 89 genes exhibiting this 
‘late-response’ profile (10 shown) in response to cold treatment. Using the 
Element promoter searching tool, we conducted promoter analysis on the set 
of genes to identify known and novel cis-regulatory motifs (B; 
http://element.cgrb.oregonstate.edu/). One such motif is the CBF motif, a 
known cold motif important for cold acclimation (Zhong, 2006). The red text 
depicts the core motif while the black text indicates less frequent flanking 
sequences. The AgriGO gene ontology tool uncovered over-represented GO 
terms associated with the late responsive cold stress genes (C; Du, 2010; 
http://bioinfo.cau.edu.cn/agriGO/). 



 141 

 

 
 
Figure 5.6 Transcription factors exhibit distinct expression profiles in 
response to salt stress. 
Transcription factors exhibit specific response to stress (response to salt 
stress shown) often exhibiting a late or early response to stress, indicative of 
their role as hubs in stress response networks. 
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Figure 5.7. Gbrowse shot of showing differential gene expression. 
The top panel shows the up-regulation of a homolog of Arabidopsis cold 
regulated gene 27. The bottom panel shows down-regulation of a laccase 
enzyme a gene which plays a role in the formation of lignin. Each example is 
after 10 hours exposure to stress. The blue bars represent gene models, while 
the green, light blue, and red histograms represent normalized microarray 
intensities for control, cold, and heat treatments respectively. 
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General conclusions: transcriptomic analyses in eukaryotes 
 

 

Samuel E. Fox 



 144 

 

SUMMARY 

Transcriptomics provides a global and comprehensive assessment of 

gene structures and characteristics such as expression patterns. This work 

shows the power of transcriptomics and expression analyses for network 

discovery and the elucidation of temporal and other patterns within the data. 

These aspects of gene expression would not be elucidated without the use of 

comprehensive analytical methods such as high-throughput sequencing and 

DNA microarrays. With these technologies, we identified genetic differences 

between two closely related fish (chapter 3), and identified complex cycling 

gene expression patterns in response to daily changes in light and 

temperature and uncovered temporal aspects of abiotic stress responses in 

the model monocot, Brachypodium distachyon (chapter 4 and 5).  

Steelhead transcriptome sequencing and expression analysis 

High-throughput RNA sequencing is a tool for the de novo sequencing, 

assembly, and characterization of the transcriptomes of non-reference 

organisms. This work shows the sequencing, assembly and utility of a 

reference transcriptome for comparative expression analyses (Chapter 3). We 

were able to assemble and characterize a quality reference transcriptome for 

the steelhead trout. We conducted functional analysis using BLASTx and GO 

associations, conducted comparative analysis among these sequences and 

the NCBI nr protein database, and identified numerous putative SNPs 
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between hatchery and wild steelhead. Moreover, we conducted a proof of 

principle gene expression analysis identifying growth related genes and 

transcription factors that potentially play a role in the reduced fitness of 

hatchery steelhead.  

Brachypodium distachyon gene expression analyses 

This thesis also details gene expression studies to discover novel gene 

expression patterns in the model monocot Brachypodium distachyon. We 

examined gene expression patterns in diurnal and circadian conditions 

(Chapter 4) and we elucidated the transcriptomic response to abiotic stresses 

(Chapter 5).  

First, we were able to identify that much of the Brachypodium 

transcriptome exhibits daily oscillations in response to light and temperature 

cues. We also identified particular phases of gene expression, most notably, 

the expression of sets of genes near the light/dark transition periods 

(dusk/dawn). Importantly, as a model for grasses and potential biofuels 

feedstocks, we identified numerous genes involved in cell wall biosynthesis. 

We also found many transcription factors that cycled in various diurnal 

conditions, presumably acting as hubs within gene expression networks 

activated by photo- and thermocycle conditions. Finally, we were able to 

identify many cis-regulatory motifs within different diurnally expressed gene 

sets. 
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We also conducted gene expression analyses in Brachypodium to 

assess the response to various abiotic stresses including salt, drought, cold, 

heat, and high light. We were able to identify many differentially expressed 

genes in response to these stresses, and identified many genes that that are 

differentially expressed under multiple stress conditions. There is also a 

temporal component identified in this study in which we were able to show an 

early and late stress response to stress. Notably, many of the genes 

responding to abiotic stress are transcription factors and many of the 

transcription factors exhibit specific temporal characteristics in their expression 

patterns.  

Future directions 

The next step to better understand the key genetic differences between 

hatchery and wild salmon will be to conduct a large-scale gene expression 

study. This study will involve a variety of crosses; along with hatchery x 

hatchery and wild x wild sampling, this future study will include offspring of 

hatchery male x wild female and hatchery female x wild male. This will enable 

us to identify possible maternal or paternal influences contributing to the 

reduced fitness observed in hatchery steelhead. These future studies will also 

provide a better understanding of possible gene expression differences that 

may result when hatchery fish populations are mixed with wild populations. 

Futures studies in Brachypodium distachyon will be aimed at further 

elucidating transcriptional regulatory networks important for control of 
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diurnal/circadian rhythm as well as transcriptional networks involved in 

regulating the abiotic stress response. Cycling transcription factors implicated 

in growth, cell wall biosynthesis, and abiotic stress response targeted for 

further studies. High throughput misexpression (over-expression and knock-

out/down in Brachypodium) coupled to large-scale digital phenotyping will be 

used to understand gene function. Additionally, these transcription factors 

used for misexpression will be screened in a robotics-driven high-throughput 

yeast one-hybrid system to define what promoters the TFs bind. 

Consequently, the knowledge gained from the Brachypodium distachyon 

transcriptional studies will greatly enhance our ability to better understand 

transcriptional networks at a protein level in future studies. 

Significance  

The overall goal of this thesis work is to better understand the nature of 

the relationship between genes and the environment. This work shows the 

varying transcriptomic response of two very similar organisms (hatchery and 

wild steelhead) when exposed to the same environmental cues, and 

contrastingly, this work examines the transcriptional plasticity of a plant that 

can be drastically altered in response to different environmental cues. These 

studies, although discrete in the basis of their originating questions, broaden 

our overall knowledge of transcriptomics and gene expression. 
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Advances in first generation high-throughput sequencing platforms 

Advances in sequencing technologies have yielded increased 

throughput, increasing the volume of information gathered while significantly 

reducing costs (reviewed in Glenn et al. 2011). Sequencing technologies are 

able to generate much longer reads (454 Life sciences) and deliver greater 

throughput (Illumina). The new Illumina HiSeq2000 is capable of sequencing 6 

billion 100 bp paired end reads per flow cell or 374 million paired end reads 

per lane. This represents a staggering amount of sequence data of 

approximately 600 Gb per flowcell (www.illumina.com). The SOLiD 

(Sequencing by Oligonucleotide Ligation and Detection) 5500xl sequencing 

platform produced by Applied Biosystems is capable of sequencing up to 75 

bp reads yielding ~45 Gb of sequence data per run 

(www.appliedbiosystems.com).  

The GS FLX Titanium sequencing platform produced by 454 Life 

Sciences, a Roche company, is presently capable of sequencing 400 base 

pairs and produces a 5-fold increase in throughput at 400-600 million base 

pairs per run. Although, the throughput is far less than the Illumina HiSeq2000, 

the length of reads is much longer (http://www.roche-applied-science.com/). In 

addition to increases in the amount of data, 454 Life Sciences, recently 

announced the launch of the new GS FLX+ System capable of extra long 

sequencing reads up to 1,000 bp in length (http://www.roche.com/media/ 

media_releases/med_dia_2011-06-28.htm). Long reads in particular are 

extremely useful for the identification of splicing isoforms and the de novo 
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assembly of transcriptomes. Long reads are also useful for hybrid assemblies 

incorporating Illumina/SOLiD reads with the longer reads to scaffold the 

assembly together and decipher transcript variants.  

Additional advances have been made in the area of high-throughput 

sequencing of RNA and transcriptomes (reviewed in Ozsolak and Milos 

2011a). New RNA sequencing methodology involves the creation and 

sequencing of cDNA such that strand information is preserved (Zhong et al. 

2011; reviewed in Levin et al. 2010). In strand-specific sequencing, cDNA is 

made in using a variety of methods to generate cDNA with added sequence 

information to inform the researcher of which strand the RNA transcript is 

derived (methodologies compared in Levin et al. 2010). Strand-specific 

sequencing is useful for the identification of antisense RNA transcription, 

accurately deciphering overlapping transcript boundaries, and the 

identification of overlapping genes running in the opposite direction (Levin et 

al. 2010). Another method is the direct sequencing of an RNA molecule 

presently offered by the Helicos HeliScope sequencing platform which offers 

output comparable to SOLiD or Illumina (discussed below; Ozsolak and Milos 

et al. 2011b). The key difference is that the Helicos system can sequence 

direct RNA targets having two dramatic differences. One, very little sample is 

necessary for sequencing, and two, the RNA is directly sequenced which 

eliminates amplification biases.  

The de novo sequencing and assembly of large complex genomes 

solely using high-throughput sequencing has been made much more feasible 
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with the advent of paired end and mate pair sequencing. For example, the 

application of paired end sequencing and mate pairs were used to scaffold 

across sequencing gaps covering approximately 94% of the genome (Li et al. 

2010). These paired end and mate pair sequencing approaches involve the 

sequencing of a DNA fragment from both ends with the gap or fragment of 

known size separating the two sequences (~300 bp for paired end 

sequencing). The ‘paired ends’ can then be used to assist in the scaffolding of 

contigs and short reads. Mate pairs are essentially paired end sequencing 

spanning large fragments (up to ~10 kb). These reads are very helpful for 

spanning complex genic regions such as repeats and are also useful for 

identifying transcript splicing isoforms. 

Second generation sequencing platforms 

Presently, second generation sequencing platforms have been 

successfully used for scientific research (reviewed in Glenn et al. 2011). The 

Helicos HeliScope platform was recently used for single molecule DNA of a 

Pleistocene horse (Orlando et al. 2011). The Pacific Biosciences SMRT 

technology was recently to identify the precise strains of a cholera outbreak in 

Haiti, and an E. coli strain causing an Hemolytic-Uremic syndrome outbreak 

(Chin et al. 2011; Rasko et al. 2011). 

The Helicos HeliScope system conducts single molecule sequencing of 

either DNA or RNA. For DNA sequencing, the DNA is simply sheared, poly-

adenylated, hybridized to the flow cell surface and sequenced. For RNA 

sequencing, either first strand cDNA is sequenced (RNA-seq), or RNA is 
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directly sequenced. This platform provides the benefit of requiring far less 

starting material. Additionally, another benefit is conducting sequencing 

directly on the transcribed RNA sequences without amplification procedures, 

thus resulting in much more accurate quantitative analyses (Thompson, 2010).  

 The Pacific Biosciences sequencing technology conducts single 

molecule sequencing with a key breakthrough. This important technological 

advance involves the immobilization of the DNA polymerase to the bottom of a 

nanophotonic structure they call the Zero-Mode Waveguide (ZMW; Eld et al. 

2009; Korlach et al. 2010). As the polymerase incorporates fluorescently 

labeled nucleotides, the ZMW technology enables the detection of a single-

fluorophore. This advance enables the sequencing of single molecules and 

much longer reads (>1000 bp) than previous technologies. 

Advances in computational software for sequence assembly and 

analysis 

 Transcriptome assembly involves the piecing together of millions of 

short reads to reconstruct the full set of transcripts in an organism including 

novel transcripts from unannotated genes, splicing isoforms, gene duplications 

and noncoding RNAs. Several early sequence assemblers have been 

developed and used successfully for de novo transcriptome assembly 

including, Velvet, ABySS, and ALLPATHS algorithms (Zerbino et al. 2008; 

Simpson et al. 2009; Butler et al. 2008). Although the earlier algorithms are 

suitable for transcriptome and genomic assembly, they have difficulties with 

two aspects of transcriptomic sequence assembly (reviewed in Martin and 
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Wang, 2011). First, unlike DNA sequencing depth, the depth of sequencing in 

transcriptomic data can vary by several orders of magnitude. This can be 

problematic for the earlier assemblers such as Velvet, ABySS, and 

ALLPATHS that incorporates sequencing depth to optimize parameters for 

sequence assembly. Additionally, when incorporating only reads of ‘short-

length’ such as 100 bp or shorter, these algorithms have difficulties 

deciphering splicing isoforms or highly similar genes/duplications. Therefore, a 

hybrid assembly strategy incorporating Illumina/SOLiD reads and 454 reads is 

useful when using these algorithms. Using this strategy, the shorter reads of 

Illumina/SOLiD are assembled into contigs and then the contigs and longer 

reads produced by 454 or Sanger sequencing are used to scaffold the contigs 

and resolve variants. 

 Several new de novo sequence assemblers have been developed for 

transcriptome assembly including: Multiple-k, RNNotator, Trans-ABySS, 

Velvet-Oases, and Trinity (Surget-Groba et al. 2010; Martin et al. 2010; 

Robertson et al. 2010; http://www.ebi.ac.uk/~zerbino/oases/; Grabherr et al. 

2011). Velvet-Oases and Trinity can identify transcript-splicing isoforms by 

tranversing the De Bruijn graph assembly using paired end sequence 

information.  

Overall, the improved high-throughput sequencing technologies and 

the new assembly algorithms yield much longer, more complete transcript 

assemblies and are better able to identify splicing isoforms. 
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ABSTRACT 

Alternative splicing enhances proteome diversity and can be regulated during 

development and by environmental conditions. We mapped the Arabidopsis 

thaliana transcriptome at single-base resolution using high-throughput RNA 

sequencing (RNA-seq). Most annotated introns were confirmed and 

thousands of novel alternatively spliced mRNA isoforms were identified. Our 

analysis suggests that 45% of intron-containing genes are alternatively 

spliced; this is approximately two-fold higher than previous estimates based 

on cDNA/EST sequencing. Selected novel splice variants representing all 

major classes of alternative splicing were validated experimentally. The pool of 

novel introns was substantially enriched with weak non-canonical intron 

terminal dinucleotide splice signals. Transcript isoforms containing premature 

termination codons (PTC) comprised a sizable fraction of alternatively spliced 

transcripts and the abundance of these isoforms was regulated by abiotic 

stress. Alternative splicing, in addition to generating proteome diversity, plays 

a role in regulating the level of functional transcripts by a mechanism called 

regulated unproductive splicing and translation (RUST). Since a large 

proportion of alternative splicing events in Arabidopsis result in PTC, we 

conclude that RUST may play a significant role in regulating gene expression 

in plants. This analysis of the Arabidopsis spliceome reveals that the 

complexity of the splicing regulatory network in plants has been profoundly 

underestimated. 
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Supplemental material is available online at www.genome.org. All microread 

sequence data will be deposited at the NCBI Short Read Archive prior to 

publication. These data are also available online at 

http://athal.cgrb.oregonstate.edu. Software tools used in this study are 

available at http://mocklerlab-tools.cgrb.oregonstate.edu/. 

 

INTRODUCTION 

Alternative pre-mRNA splicing is an essential mechanism for 

increasing transcriptome diversity and proteome plasticity in eukaryotes. 

Alternatively spliced pre-mRNAs may yield in some cases thousands of splice 

variants for one gene (reviewed by Black,  Gravely, 2006). Thus, alternative 

splicing increases transcriptome diversity and proteome plasticity. Alternative 

splicing is regulated during development and by environmental conditions 

(Brett et al., 2002; Reddy, 2007), for example, by abiotic stress (reviewed by 

Mazzucotelli et al., 2008). Alternative splicing, in addition to generating 

proteome diversity, plays a role in regulating the level of functional transcripts 

via a mechanism called regulated unproductive splicing and translation 

(RUST) (Lewis et al., 2003; Lareau et al., 2007). 

Genome-wide studies of alternative pre-mRNA splicing in a variety of 

organisms have relied on Sanger sequencing of ESTs and cDNAs, high-

density DNA microarrays (reviewed in Mockler et al., 2005) and most recently 

high-throughput RNA sequencing (RNA-seq) approaches (Mortazavi et al., 

2007; Sultan et al., 2008; Wang et al., 2008; Pan et al., 2008). Global 
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alternative splicing has been investigated in plants using traditional Sanger 

EST and cDNA data (Wang, Brendel, 2006; Iida et al., 2004; Campbell et al., 

2006; Zhu et al., 2003; Alexandrov et al., 2006; Chen et al., 2007; Ner-Gaon et 

al., 2007) but such data are biased against low-abundance transcripts and 

toward transcript termini due to the preponderance of end-sequence reads. 

Several studies using pyrosequencing-based high-throughput sequencing 

(HTS) for transcriptome analysis have been reported for plants (Cheung et al., 

2006; Barbazuk et al., 2007; Emrich et al., 2007; Weber et al., 2007; Barbazuk 

et al., 2008). Estimates based on cDNA/EST alignments have suggested that 

approximately 20% of Arabidopsis and rice genes (Wang, Brendel, 2006; 

Barbazuk et al., 2008; Chen et al, 2007) are alternatively spliced. 

Recently developed HTS technologies (reviewed in Shendure, Ji, 

2008) enable a more efficient approach for cataloging alternative splice 

variants by providing truly remarkable sequencing throughput. These 

technologies include sequencing-by-synthesis (SBS) approaches such as 

Roche/454 pyrosequencing (Margulies et al., 2005; Rothberg and Leamon, 

2008), Illumina’s (formerly Solexa) SBS technology, and sequencing-by-

ligation (ABI SOLiD). HTS offers much higher throughput and lower costs than 

conventional Sanger sequencing. Illumina-based RNA sequencing (RNA-seq) 

has been used to study alternative splicing in mammals (Mortazavi et al., 

2008; Sultan et al., 2008; Wang et al., 2008; Pan et al., 2008). These RNA-

seq studies have exploited the exceptional sequencing depth provided by the 
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Illumina platform to show that up to 95% of human genes (Wang et al., 2008; 

Pan et al., 2008) are alternatively spliced.  

Despite numerous studies, the extent and complexity of alternative 

splicing in plants is not well characterized. Here, we have used Illumina SBS-

based RNA-seq to catalog the Arabidopsis thaliana spliceome under normal 

physiological conditions and abiotic stress treatments. In contrast to other 

methods, RNA-seq provides broad and deep sequencing of the transcriptome 

at single-base resolution, allowing accurate empirical determination of splice 

junctions and identification of alternative splicing events with extremely low 

rates of false discovery. Our data provide an unprecedented and unbiased 

evaluation of alternative splicing in Arabidopsis, the premier model plant. 

RNA-seq confirmed most annotated introns and known splice variants and 

identified thousands of novel alternatively spliced mRNA isoforms. We predict 

that ~45% of intron-containing Arabidopsis genes are alternatively spliced. 

This estimate is roughly twice previous estimates based on cDNA/EST 

sequencing. Surprisingly, novel alternative introns frequently contained non-

canonical terminal dinucleotide splice signals, suggesting that rare splice 

signals accumulate within the pool of alternatively spliced genes. Our analyses 

suggest that a high percentage of alternatively spliced mRNA isoforms contain 

premature termination codons (PTC). Many of these nonsense transcripts are 

likely to be targeted for nonsense mediated mRNA decay (NMD) through 

regulated unproductive splicing and translation (RUST; Lareau et al., 2007). 

We showed that for some essential regulatory genes the relative abundance 
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of unproductive isoforms can be regulated by abiotic stress. Thus RUST may 

play a significant role in regulating gene expression in plants. Our survey 

confirms that the repertoire of alternative splicing in plants and animals is 

different and that the complexity and extent of alternative splicing in plants has 

been significantly underestimated.  

 

RESULTS 

Mapping of the Arabidopsis transcriptome 

To achieve a non-biased and complete sequence analysis of the 

Arabidopsis transcriptome, we utilized two methods for preparation of RNA-

seq libraries (Fig. 1A). The cDNA data generated from both methods 

represented Arabidopsis tissues at different developmental stages and time 

points of the diurnal cycle as described in the Methods Summary and Full 

Methods. In the first approach we generated full-length enriched double-

stranded cDNA by oligo-dT primed reverse transcription (RT) using poly(A) 

RNA. In the second protocol, cDNA libraries were prepared using random 

hexamer primed reverse transcription of highly purified poly(A) RNA that was 

essentially free of non-polyadenylated RNA. The double-stranded cDNA 

libraries from both protocols were prepared as previously described (Fox et 

al., 2009) and subjected to high-throughput sequencing using the Illumina 1G 

platform (reviewed in Shendure, Ji, 2008; Quail et al., 2008). Three technical 

replicates (i.e., cDNA samples sequenced on different Illumina flowcells) for 

the full-length experiment generated 28.6, 17.4 and 20.6 million trimmed 32-
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mer microreads, respectively. Three technical replicates for the random-

primed experiment generated 51.2, 90.4 and 69.3 million trimmed 32-mer 

microreads, respectively. Technical replicates for the two approaches were in 

close agreement (Supplementary Fig. 1). Pooling the data from the two 

sequencing approaches yielded approximately 271 million total trimmed and 

filtered 32-mer reads. These microreads were aligned to perfectly matching 

locations in the reference genome using the HashMatch tool 

(http://mocklerlab-tools.cgrb.oregonstate.edu/). Approximately 84 million reads 

perfectly matched unique single-copy locations in the Arabidopsis genome or 

matched known splice junctions. All microread sequence data can be 

searched, visualized in a genome viewer, and downloaded at 

http://athal.cgrb.oregonstate.edu/. 

Plotting the alignments of unique single-copy microread matches along 

the five Arabidopsis chromosomes revealed extensive transcriptional activity 

in the genome (Fig. 2). The chromosome coverage profiles were similar for the 

full-length and random-primer-generated cDNA libraries (Supplementary Fig. 

2), thus either approach is suitable for a broad survey of the transcriptome. 

We compared the chromosomal profiles of transcript-derived microread 

coverage with the cytosine methylation distribution (Zilberman et al., 2007; 

dataset GEO GSE5974). As expected, RNA-seq microreads matching multiple 

locations in the genome mapped predominantly to repeat-rich chromosomal 

regions consistent with an association of repetitive elements with intensively 



 177 

 

methylated regions such as centromeres and heterochromatic knobs 

(Supplementary Fig. 3). 

Comparison of the RNA-seq data to the annotated Arabidopsis 

genome (TAIR; http://www.Arabidopsis.org) revealed that approximately 95% 

of the reads mapped to annotated genic regions, whereas only 5% mapped to 

intergenic regions; this is consistent with the exceptional quality of the 

Arabidopsis genome assemblies and annotation (Fig. 3A). Coverage of 

intergenic regions and annotated gene features such as introns, coding 

sequence (CDS), splice junctions (SJs), 5’- and 3’- untranslated regions 

(UTRs) by perfect matching microreads is illustrated in Fig. 3B. As expected, 

the coverage of intergenic regions and introns was lower than that for exonic 

features. The depth of coverage along the length of transcripts decreased 

toward the 5’ termini for RNA-seq data derived from the full-length enriched 

(FL) cDNA libraries (Fig. 3C), presumably reflecting the 3’ bias introduced 

during oligo-d(T)-primed reverse transcription. Consistent with this bias, we 

identified microreads matching 93.4% of annotated 3' UTRs in the FL data as 

compared to 72.9% of annotated 5’ UTRs (data not shown). In contrast, 

coverage by the randomly primed library was more evenly distributed (Fig. 

3C). The sharp decrease in coverage depth at the termini of transcripts is an 

artifact of our matching standard, which required 32-mer microreads to 

perfectly match a target sequence over the entire length of the microread. 

Frequency distributions of coverage over the lengths of all cDNAs (Fig. 3D) 
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demonstrated that the coverage profiles were similar for the two types of 

libraries and 88% of cDNAs had at least 50% coverage over their lengths. 

Prediction and validation of alternative splicing events 

A prerequisite for a comprehensive survey of alternative splicing is the 

ability to reliably detect expressed exons and splice junctions. Overall we 

detected 93.4% and 82.4% of annotated exons and splice junctions, 

respectively, with 87.7% of exons and 77% of splice junctions detected in both 

the full-length and randomly primed libraries (Fig. 4A). Next, we assessed our 

ability to detect known alternative splicing events. We mined our RNA-seq 

data to identify microreads that specifically detected previously known splice 

variants (Fig. 4A; Supplementary Fig. 4). We detected 79.3% of annotated 

alternative exons, 69.2% of annotated alternative splice junctions and 72.5% 

of annotated alternative introns. Collectively our results validated 86.3% of 

previously annotated splice variants in Arabidopsis. 

Using the SPLAT algorithm (http://supersplat.cgrb.oregonstate.edu/) 

we identified 3,307 novel consensus GT-AG splice junctions occurring in 

2,299 genes (Fig. 4B), including splice junctions for alternative donor and 

alternative acceptor splice sites, novel introns and novel terminal exons 

(Supplementary Fig. 4). Among these we identified consensus GT-AG introns 

with conserved donor sites and/or branch point splice signals associated with 

minor U12 type introns (Alioto, 2006). In addition, 9.5% of the novel introns 

contained non-consensus terminal GC donor site splice signals (Fig. 4C). In 

these newly identified introns, 1.7% had GC-AG dinucleotides at splice 
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junctions as compared to 1.1% for previously annotated introns. This finding is 

consistent with previous observations that alternatively spliced genes in 

mammals (Thanaraj et al., 2001; Churbanov et al., 2008), nematode (Farrer et 

al., 2001) and Arabidopsis (Campbell et al., 2006) are enriched in 5' terminal 

GC splice signals.  

To validate the novel alternative splicing events predicted by the RNA-

seq data, we used RT-PCR, quantitative real-time RT-PCR (qRT-PCR) and 

Sanger sequencing. We randomly selected 168 splice junctions predicted by 

the RNA-seq data. Of these, 154 (91.6%) were confirmed experimentally 

(Supplementary Tables 1 and 2). We were not able to distinguish whether the 

relatively small proportion of unconfirmed events represented false discoveries 

or were the result of suboptimal primer design. Validated alternative splicing 

events represented all major classes, including intron retention (IntronR), exon 

skipping (ExonS), alternative donor or acceptor splice site selection, introns 

overlapping a constitutive intron but differing in both donor and acceptor site 

positions (AltP), and novel terminal exons (TermEx). This data is summarized 

in Supplementary Tables 1 and 2 and Supplementary Fig. 6.  

We used the SPLAT algorithm to search for novel introns containing 

rare non-consensus terminal dinucleotide pairs such as AT-AC, GA-AG and 

AT-AG. This genome-wide analysis detected most previously identified non-

consensus introns and also predicted the existence of 5,185 additional introns 

with rare non-consensus dinucleotide signals; these introns were found in 

3,414 genes (Fig. 4B). Although this represents a large increase in non-
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consensus dinucleotide signals compared to previous estimates, these introns 

with non-consensus signals represent a small fraction (~5%) of all introns in 

Arabidopsis (Fig. 4C). The splicing of a majority (86%) of predicted introns 

with non-consensus terminial dinucleotides was validated using RT-PCR and 

Sanger sequencing approaches (Supplementary Tables 1 and 2). The 

previous underestimation of non-consensus introns likely reflects biases in 

favor of GT-AG and to a lesser extent GC-AG introns among most ab initio 

gene prediction algorithms and tools for alignment of EST/cDNA sequences 

with genomic sequence. 

We also mined the RNA-seq data to identify retained introns and novel 

exons within annotated introns. In addition to confirming 72.5% (Fig. 4A) of 

annotated intron retention events, this search identified 6,000 novel events 

within the introns of 3,120 genes (Fig. 4B). These results are consistent with 

previous studies suggesting that intron retention is the most prevalent form of 

alternative splicing in plants (Wang, Brendel, 2006).  

A significant number of alternative splicing events in Arabidopsis 

resulted in skipping of single or multiple exons (Supplementary Table 1). 

Differences in the microread coverage of specific mRNA isoforms were 

observed under varoius abiotic stress conditions, presumably reflecting 

regulation of these alternative splicing events. Data-mining and hierarchical 

clustering of differentially expressed gene features (e.g. exons, introns, splice 

junctions) revealed several groups of Arabidopsis exons, introns and SJs that 

were coordinately regulated under various abiotic stress conditions (Fig. 5A). 
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A closer examination of individual events under specific abiotic stress 

conditions confirmed that certain alternative splicing events are stress 

regulated. Illustrative examples including cold-induced intron retention in the 

OUTER ENVELOPE PROTEIN 16 transcript (Fig. 5B), stress-regulated exon 

skipping and cassette exon events in the ACCLIMATION OF 

PHOTOTSYNTHESIS TO ENVIRONMENT 2 transcript (Fig. 5C) and, novel 

introns in transcripts of the splicing factor SR34 (Fig. 5D), are shown in Figure 

5. An example of stress regulation in the pre-mRNA splicing of a C2H2-type 

zinc finger protein is shown in Supplementary Fig. 8. Other examples of 

stress-regulated intron retention are provided in Supplementary Figure. 7.  

An analysis of CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), a myb-

related transcription factor that functions in the circadian clock of Arabidopsis, 

provides an illustrative example of an evolutionarily conserved intron retention 

event in an essential plant regulatory gene (Fig. 6). We used the 

Transcription-unit Assembly Utility (TAU; Priest and Mockler, manuscript in 

preparation; http://mocklerlab-tools.cgrb.oregonstate.edu) to predict splice 

variants of CCA1 using RNA-seq data (Fig. 6A). The TAU-generated models 

predicted two distinct alternative splicing events resulting in two major CCA1 

isoforms containing retained intron 4 with retained or spliced nested intron 4a 

(Fig 6A; Supplementary Fig. 5). Both splicing events result in unproductive 

CCA1 isoforms with premature termination codons (Supplementary Fig. 5B; 

Fig 6B) that could be potential targets for nonsense mediated mRNA decay 

(reviewed in Maquat, 2004). Sanger sequencing and the depth of coverage of 
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the intron 4a SJ by RNA-seq microreads confirmed the structures of both 

transcripts (Supplementary Fig. 5C,D). Dense microread coverage of 

reference intron 4 in the CCA1 transcript contrasted with the low coverage of 

other introns, suggesting that intron 4 may be retained in a portion of mature 

CCA1 transcripts (Fig. 6C). We used IntronR4-specific and exon-flanking 

primers to show that a significant proportion of the mature CCA1 transcripts 

indeed retain intron 4 (Supplementary Fig. 5A). The gene structure and primer 

design strategy are illustrated in Supplementary Fig. 5B. Sanger sequencing 

of individual CCA1 isoforms (Supplementary Fig. 5C) confirmed the IntronR4-

containing transcript models generated by TAU (Fig. 6A). We then evaluated 

the levels of Arabidopsis CCA1 transcript variants under different 

environmental stresses using qRT-PCR and isoform-specific primers. 

Accumulation of the IntronR4-containing transcripts increased approximately 

6-fold under a high light treatment (Fig. 6D). The drastic increase of this PTC-

containing isoform was accompanied by a moderate increase in the level of 

the mRNA encoding the full-length isoform. In contrast, cold treatment 

stimulated a 5-fold increase in levels of the full-length transcript and a drastic 

decrease in the level of the intron 4-containing mRNA (Fig. 6D). These data 

indicate that different types of stress can differentially regulate CCA1 isoform 

levels. To determine whether the retention of intron 4 in CCA1 is conserved 

among other phylogenetically diverse plant species, we also investigated the 

splicing of the CCA1-like genes of Brachypodium, poplar and rice. The intron 

retention event was readily detectable in the monocotyledonous grass 
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Brachypodium distachyon; a comparison of the gene structures and the 

microread data for Arabidopsis and Brachypodium is shown in Fig. 6C. 

Analysis of the CCA1 homolog mRNAs from rice, poplar and Brachypodium 

using isoform-specific RT-PCR confirmed that this intron retention event is 

conserved among the four plant species tested (Fig. 6E). 

Alternative splicing of splicing factor pre-mRNAs 

Serine/arginine (SR) splicing factors are essential components of the 

spliceosome and regulate both constitutive and alternative splicing in plants 

(reviewed by Barta et al., 2008; Reddy 2007). Pre-mRNAs of SR proteins are 

themselves alternatively spliced and this splicing is under tight spatial, 

temporal and developmental control (Lopato et al., 1999; Lorkovic et al., 2000; 

Palusa et al., 2007; Isshiki et al., 2006; Tanabe et al., 2007; Ali et al., 2007; 

Kalyna et al., 2003, 2006). SR proteins may control splicing of their own 

transcripts both in mammals (Jumaa and Nielsen, 1997; Lejeune et al., 2001) 

and plants (Lopato et al., 1999; Kalyna et al., 2003; Reddy, 2007; Ali et al., 

2007). Splicing events that lead to accumulation of PTC+ isoforms has been 

observed for mammalian SR genes; these isoforms are thought to sustain a 

negative feedback loop to regulate SR protein production by coupling 

alternative splicing and nonsense mediated decay (Lareau et al., 2007). 

Mutations in plant SR proteins alter relative levels of both SR splice variants 

and other pre-mRNAs (Reddy, 2007; Ali et al., 2007; Kalyna et al., 2003; 

2006). 
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Analysis of the Arabidopsis SR gene family by RNA-seq detected a 

total of 133 SJs representing 122 previously annotated and 12 novel introns 

(Supplementary Table 3). Twelve out of the 13 novel introns detected in our 

RNA-seq data were confirmed by RT-PCR (Supplementary Table 3). Roughly 

one third of the predicted alternative splicing events in the Arabidopsis SR 

genes should result in aberrant PTC+ transcripts that are expected to be 

targets for down regulation by NMD. To assess the extent of accumulation of 

PTC+ transcripts and the association between unproductive transcript 

isoforms and abiotic stress, we examined plant homologs SR30 and 

SR34/SR1 (Lopato et al., 1999) of human splicing factor SF2/ASF. The 

Arabidopsis SR30 and SR34 genes were associated with a particularly large 

number of alternatively splice transcripts (Fig 5D; Fig. 7; Supplementary Fig. 

9). Of the SR30 transcript models predicted by TAU (Fig. 7A), at least four 

correspond to previously confirmed splice variants (Lopato et al., 1999; Palusa 

et al., 2007). The reference SR30 isoform 1 encodes the full-length protein 

(Fig. 7B). Use of an alternative donor splice site in the tenth intron of isoform 4 

would introduce a PTC located more than 50 nucleotides upstream of the last 

exon–exon junction and isoform may be a target for down-regulation by NMD 

(Nagy, Maquat, 1999). We experimentally validated several novel SJs 

predicted in SR30 and SR34 transcripts using isoform-specific qRT-PCR. The 

relative levels of the full-length SR30 isoform increased 7-fold and 5-fold under 

high light and heat stress treatments, respectively (Fig. 7C; Supplementary 

Fig. 9D). In contrast, the relative abundance of unproductive isoform 4 was 
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down-regulated under heat stress and remained unchanged under light stress, 

demonstrating that the relative levels of isoforms significantly shift in a stress-

dependent manner. RNA-seq data suggested at least two alternative splicing 

events within the tenth intron of the SR34 gene (Fig 5d) consistent with a 

‘poison cassette exon’ (Lareau et al., 2007) in isoform 2. Analysis using 

isoform-specific primers (Supplementary Fig. 9C) confirmed the existence of 

this isoform in vivo (Supplementary Fig. 9E). Poison cassette exons occur 

frequently in mammalian SR transcripts (however, not in the human ASF/SF2 

homolog of SR34/SR30) and introduce an early in-frame stop codon (Lareau 

et al., 2007). We also identified an alternative donor site that led to the 5' 

extension of the downstream exon, producing PTC+ isoform 3. SJ-specific 

primers confirmed that this SR34 PTC+ isoform also occurs in vivo 

(Supplementary Fig. 9E).  

 

DISCUSSION 

Deep sequencing of the Arabidopsis spliceome using the RNA-seq approach 

revealed that alternative splicing in plants is considerably more extensive and 

more complex than previously predicted. Previously, it was estimated that 

approximately 20% of Arabidopsis genes are alternatively spliced (Wang, 

Brendel, 2006; Barbazuk et al., 2008; Chen et al, 2007). Our analysis of 

alternative splicing in Arabidopsis using RNA-seq indicates that at least 45% 

of intron-containing genes are alternatively spliced. We found a surprisingly 

high number of introns with rare non-consensus terminal dinucleotide splice 
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signals. Experimental validation of randomly selected putative novel splicing 

events suggests that these unusual splicing events occur in vivo. Many of the 

novel isoforms contain premature termination codons and are potential NMD 

targets.  

The coupling of alternative splicing with nonsense-mediated decay 

appears to be widespread among eukaryotes (reviewed by Muhlemann et al., 

2008). In recent years it has become increasingly clear that alternative 

splicing, in addition to generating proteome diversity, plays a role in regulating 

the level of functional transcripts by regulated unproductive splicing and 

translation (RUST) (Lewis et al., 2003; Lareau et al., 2007). It has been 

estimated that up to 72% of alternative splicing events in human spliceosomal 

factors introduce in-frame PTC (Saltzman, et al., 2008) while more than one 

third of PTC+ splicing isoforms could be targeted for NMD (Lewis et al., 2003). 

RUST regulates nonsense-mediated decay of PTC+ SR transcripts (Lareau et 

al., 2007). Our survey suggests that more than half of all alternatively spliced 

isoforms in Arabidopsis contain at least one PTC and a significant proportion 

of these transcripts could be targeted by NMD. However, it remains unclear 

what proportion of the PTC+ isoforms may represent stochastic splicing noise 

(Pan et al., 2006) and what proportion are involved in homeostatic regulation 

including production of truncated proteins, as has been suggested for SR 

splicing factors (Lareau et al., 2007).  

Among the different classes of alternative splicing events in 

Arabidopsis, intron retention was most prevalent and was frequently 
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associated with specific abiotic stresses. Since most of the intron retention 

events in Arabidopsis result in PTC+ isoforms, it is possible that intron 

retention as well as other nonsense-generating splicing events may play a 

significant role in RUST-regulated gene expression in plants. This hypothesis 

is in agreement with our observation of highly conserved intron retention 

events detected in essential regulatory genes. Despite low sequence 

homology in the retained intron, an illustrative example of such an event is 

conserved IntronR4 in the CCA1/LHY mRNAs of Arabidopsis, Populus, Oryza, 

and Brachypodium; mono- and dicotyledonous species that diverged from a 

common ancestor approximately 120-170 million years ago (Tuskan et al., 

2006; Lynch, Conery, 2000). This intron retention event resulted in 

accumulation of high levels of PTC+ transcripts under specific abiotic stress 

conditions. Other specific stress treatments also led to a dramatic shift in the 

relative ratio of the full-length versus the PTC+ CCA1 transcript variants 

suggesting that splicing of this pre-mRNA may be tightly regulated by stress. 

Similar to CCA1, A. thaliana circadian clock-associated protein AtGRP7 is 

subjected to AS yielding PTC+ transcripts. AtGRP7 binds its own pre-mRNA 

and regulates its abundance by production of PTC+ transcripts via a negative 

auto-regulatory feedback loop [113] J.C. Schoning, C. Streitner, D.R. Page, S. 

Hennig, K. Uchida, E. Wolf, M. Furuya and D. Staiger, Auto-regulation of the 

circadian slave oscillator component At GRP7 and regulation of its targets is 

impaired by a single RNA recognition motif point mutation, Plant J. (2007).( 
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(Schoning et al., 2007). Concomitantly, NMD-impaired mutants accumulate 

high levels of the PTC+ AtGRP7 transcripts.  

A close examination of transcripts of SR splicing factors by RNA-seq 

validated a majority of the previously predicted SR30 isoforms (Lopato et al., 

1999; Palusa et al., 2007) and revealed novel splice variants. By quantifying 

individual splice forms represented in our RNA-seq data, we demonstrated 

that the levels of SR30 isoforms shifted dramatically under various abiotic 

stress conditions. Because SR30 alters splicing of its own pre-mRNA (Lopato 

et al., 1999; Kalyna et al., 2003) and regulates alternative splicing of other 

plant pre-mRNAs (Lopato et al., 1999; Kalyna et al., 2006; Ali, Reddy, 2006), 

this shift may be responsible for adaptive changes in plant transcriptome due 

to stress.   

 Genome-wide analysis of alternative splicing in the Arabidopsis shows 

high level of spliceome plasticity under different abiotic stress conditions. It 

also suggests a widespread usage of a regulatory splicing regulatory 

mechanism similar to RUST in  animals.  

 

METHODS 

Plant materials, growth conditions and tissue collection 

Arabidopsis thaliana (accession Columbia-0) was used in all 

experiments. Three weeks old Columbia-0 plants were grown at 22°C in long-

days (16:8 hrs. day/night; at light intensity 200 µmol m-2s-1). Rosette leaves, 

inflorescences, siliques, and roots were collected at time points 0 (dawn), 4, 8, 
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12, 16, (dusk), 20 and 24 hrs. Tissues were collected at each time point, flash-

frozen in liquid nitrogen and ground to a fine powder using a Retch Mixer Mill 

301 (Retsch). For RNA isolation pulverized tissues from each time point were 

pooled together in equal proportions.  

Stress treatments 

Abiotic stresses included high light, heat, cold, osmotic shock and 

dehydration treatments. Arabidopsis seeds were treated for 10 min in 70% 

ethanol followed by sterilization in 50% bleach/0.1% Tween 20 and rinsed 

three times in sterile water. Sterilized seeds were plated on 15-cm diameter 

Petri dishes containing 20 mL of Murashige-Skoog (MS) agar (Murashige and 

Skoog, 1962) supplemented with 1.5% sucrose. Prior to germination, seeds 

were incubated for 4 days in the dark at 4°C. Seedlings were grown on MS 

agar plates at 21°C in long-days (16:8 hrs. day/night; light intensity of 130 

µmol m-2s-1). Twelve-day-old seedlings were stress-treated under various 

conditions. All treatments were initiated in the middle of the light cycle and 

continued for 24 hrs. Tissues (whole seedlings, including roots) were collected 

1, 2, 5, 10 and 24 hrs. post stress induction. Approximately 70 seedlings were 

collected at each time point for each treatment condition, instantly flash-

frozen, and pooled together in equal proportions. For the heat and cold stress 

conditions seedlings were grown at 42°C and 4°C, respectively. For salt 

stress, 20 mL of 0.5 M sodium chloride was added to each Petri dish with the 

seedlings. Drought was simulated by dehydration treatment with 20 mL of 

25% polyethylene glycol (PEG 6000, Sigma-Aldrich). In high-light condition, 
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plates with seedlings were transferred onto the surface of water at 22°C in a 

white light-reflective container and exposed to the continuous light at intensity 

1000 µmol m-2s-1 in a Conviron PGR15 growth chamber. Plants grown under 

the default conditions as described above were used as an untreated control. 

RNA isolation 

Total RNA was isolated using modified protocol previously described 

(Filichkin et al., 2007). First, RNA was extracted using “The Plant RNA 

Reagent” (Invitrogen). RNA was treated for 10 min at 65°C with RNAsecure 

reagent (Ambion). To eliminate genomic DNA amplification, all RNA 

preparations were treated for 15 min at 37°C with RNase-free “Turbo DNase” 

(Ambion). Next, total RNA was further purified using “RNAeasy Mini RNA kit” 

(Qiagen) according to the manufacturer’s RNA clean up protocol. Isolation of 

mRNA essentially free of ribosomal and other non-polyadenylated RNAs was 

critical for generation of non-biased randomly primed (RP) libraries. For the 

RP libraries the poly(A) mRNA was isolated by two consequent cycles of 

purification on oligo d(T) cellulose using “Micro-PolyA-Purist” kit (Ambion). 

Concentration, integrity and extent of contamination by ribosomal RNA were 

monitored using ND-1000 spectrophotometer (Thermo Fisher Scientific) and 

Bioanalyzer 2100 (Agilent Technologies).  

Full-length enriched (FL) cDNA libraries 

FL libraries were prepared essentially as described (Fox et al., 2009). 

Libraries were generated using the SMART method (Zhu et al., 2001). cDNA 

(5-7 µg in a 50 µL volume) was mixed with 750 µL of Illumina nebulization 
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buffer and fragmented for 7 min in a nebulizer (Invitrogen) using compressed 

nitrogen at 35 psi. The sheared cDNA was purified using “QIAquick PCR 

Purification Kit” (Qiagen) and eluted into 32 µL of water.  

Randomly primed (RP) cDNA libraries 

For the RP library, the first cDNA strand was synthesized using 1 µg of 

poly(A) mRNA essentially free of rRNA, random hexamer primers (300 ng per 

each µg of RNA), and Superscript III reverse transcriptase (RT) (Invitrogen). 

The second strand of cDNA was synthesized using DNA polymerase I 

(Klenow fragment) by combining 20 µL of the 1st strand reaction, 8 �L of 10x 

Klenow Buffer (NEB), 1 unit of RNAse H (Invitrogen), 68.8 �L of water and 30 

units of DNA Polymerase I (NEB). The reaction was incubated for 90 min at 

15oC and cDNA was purified using “Qiaquick PCR clean up” kit. 

Preparation of cDNA for Illumina 1G Genome Analyzer 

FL or RP cDNA (30 µL) was combined with 10 µL of 10 mM ATP in 5X 

T4 DNA ligase buffer (Invitrogen), 4 µL of 10 mM dNTPs mix, 2.5 µL of T4 

DNA polymerase (3 U/µL), 1 µL of Klenow DNA Pol (5 U/µL) and 2.5 µL of T4 

polynucleotide kinase (10 U/µL, NEB). After incubation for 30 min at 20ºC the 

DNA was purified using “QIAquick PCR Purification kit”. To add dA to the 

termini, 32 µL DNA from the prior step was mixed with 5 µL of 10X Klenow 

buffer, 10 µL of 1 mM dATP, and 3 µl of Klenow exo-polymerase (3’ to 5’ exo 

minus, 5 U/µL, NEB) and incubated for 30 min at 37oC. DNA was purified 

using a “QIAquick MinElute Reaction Clean-up” (Qiagen) kit and eluted into 12 

µL of water. To ligate Illumina adapters, 10 µL of cDNA from the prior step 
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was mixed with 5 µL of 5X T4 DNA ligase buffer, 6 µL of adapter oligo mix, 4 

µL of T4 DNA ligase (NEB) and incubated for 15 min at 25oC. DNA was 

purified using a “QIAquick MinElute PCR Purification Kit”. cDNA was size-

fractionated (typically with average fragment length of 170 base pairs) on 

3.5% (w/v) “NuSieve GTG” agarose. The fractionated libraries were PCR 

amplified using “Phusion Hot Start High-Fidelity” DNA polymerase (NEB) and 

the following PCR protocol: 30 sec at 98oC, then 10 sec at 98oC, 30 sec. at 

65oC, and 30 sec. at 72oC for 18 cycles, followed by a 10-min extension step 

at 72oC. Prior to cluster generation, DNA was diluted to a final concentration 

of 5 to 10 pM to generate 25,000 to 40,000 clusters per tile of the flow cell.  

Validation of predicted SJs  

SJ-specific oligonucleotide primers were designed to partially overlap 

5’ and 3’ portions of the predicted SJs and to encompass adjacent exon. SJs 

were amplified by polymerase chain reaction using approximately 50 ng of first 

strand cDNA as a template. Sanger sequencing was performed to validate 

selected splice junctions using standard procedures on an ABI 3730 capillary 

sequencer. 

Oligonucleotide primer design and RT-PCR amplification of SJs 

To eliminate a possibility of amplification of genomic DNA, all RNA 

preparations were treated with DNase I and “no reverse transcriptase” 

negative controls were performed for each PCR reaction. The first cDNA 

strand was synthesized using 1 µg of poly(A) mRNA, and random hexamer 

primers and Superscript III reverse transcriptase (RT) from the Invitrogen 
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First-strand cDNA synthesis kit according to the manufacturer’s protocol. The 

first-strand cDNA reaction was diluted 10-fold prior PCR amplification and 

approximately 50 ng of cDNA was used as PCR template.  

Forward SJ-specific oligonucleotide primers were designed to partially 

overlap the 5’ and 3’ portions of the predicted SJs. The melting temperature of 

each SJ-specific primer was low enough that each SJ-overlapping primer 

segment alone would not be amplified. The reverse primer was designed 

within the sequences of the closest adjacent exons. Both SJ-specific and 

exon-flanking primer pairs were selected using Primer3 

(http://primer3.sourceforge.net/). The PCR amplification was carried out using 

“Phusion” polymerase and the “touch down” PCR protocol as follows: 98°C for 

10 sec, 68°C for 30 sec, and 72°C for 1 min for 7 cycles with annealing 

temperature decreasing 1°C at each consequent cycle, followed by 24 cycles 

of 95°C for 10 sec, 60°C for 30 sec, and 72°C for 1 min and a final extension 

at 72°C for 10 min. The PCR products were separated in 2% agarose (SFR; 

MidSci) gels and stained with ethidium bromide prior imaging according to 

standard procedures (Sambrook et al., 1992).  

Sanger Sequencing 

RT-PCR products were sequenced using standard procedures on an ABI 

3730 capillary sequencer. 

Quantitative real-time PCR (qRT-PCR) 

Quantitative Real Time PCR (qRT-PCR) was performed as previously 

described (Mockler et al., 2004). All qRT-PCR reactions were run on a Bio-
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Rad CFX96 Real-Time PCR Detection System using SYBRgreen. Expression 

levels of splice variants relative to untreated control were calculated using the 

∆∆Ct method (Livak, Schmittgen, 2001) and with the housekeeping gene 

EF1α mRNA as a control. 

Bioinformatics Resources and Tools 

The Arabidopsis genome annotation and annotated sequence features 

were downloaded from TAIR (ftp://ftp.Arabidopsis.org/home/tair/Sequences/). 

Perfect match 32-mer RNA-seq microreads were mapped to the Arabidopsis 

genome using HashMatch, SPLAT, and RGA (http://mocklerlab-

tools.cgrb.oregonstate.edu/). Alternative splicing events and differentially 

expressed gene features were identified using database queries. Microread 

coverage along the annotated transcription units was calculated using 

HashMatch data corresponding to the TAIR-annotated cDNAs. Microread 

coverage and DNA methylation plots were generated in R using the CairoPNG 

library package (http://www.R-project.org). The box-and-whisker plots were 

generated using log2 transformed output from RGA and the boxplot function in 

R. Clustering of abiotic stress-associated gene features was performed using 

the default settings with heatmap.2 in the gplots package of R. Arabidopsis 

genome annotations and microread matches were visualized 

(http://athal.cgrb.oregonstate.edu) using Gbrowse Version 1.68. 

Mapping RNA-seq microreads 

Raw Illumina microreads were obtained after base calling in the Solexa 

Pipeline version 0.2.2.6. We first removed microreads containing SMART 
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adapters, Solexa sequencing adapters and microreads of low quality 

(containing ambiguous nucleotide calls), and then the low quality bases at the 

3’ ends of reads were trimmed. Microreads were truncated to the first 32 

bases and only reads with a length of exactly 32 bases were retained for 

subsequent analysis using HASH-MATCH and SPLAT. These reads were 

termed “valid microreads”. 

We downloaded the Arabidopsis chromosome sequences, annotations, 

and sequence files for individual annotated genome features (genes, cDNAs, 

3’-UTRs, 5’-UTRs, introns, exons, intergenic regions) from TAIR 

(ftp://ftp.Arabidopsis.org/home/tair/Sequences/). A Perl script was used to 

generate 32-mer reference databases containing all possible 32-mers from the 

Arabidopsis chromosome sequences and the TAIR-annotated sequence 

features. A Perl script was used to generate all possible SJ-spanning 32-mers 

based on the TAIR gene model annotations. All possible 32-mers representing 

the Arabidopsis chromosomes and SJs were combined into a single database, 

which was then mined to identify unique single-copy 32-mers. This database 

of known Arabidopsis splice junctions, as well as our database of putative 

novel splice junctions are available at http://mocklerlab.cgrb.oregonstate.edu. 

All of the individual 32-mer databases (e.g., whole-genome, SJs, exons, 

introns) were then filtered against this master database to create feature-

specific databases of unique single-copy 32-mers (“USC 32mers”). Database 

queries were used to identify "informative" 32-mers unique to specific 

annotated alternative splice variants. 
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HashMatch (http://mocklerlab-tools.cgrb.oregonstate.edu/) was used to 

rapidly align perfectly matching microreads against a database of reference 

sequences of the same length. HashMatch is optimized for fixed length 

microreads (e.g., 25-mers, 32-mers) and exact matching and identifies reads 

that match perfectly to a genome or any annotated feature within a genome, 

including splice junctions, exons, introns, UTRs and intergenic regions. Valid 

microreads were traversed through each feature-specific database of USC 

32mers using HashMatch. The resulting perfectly matching microreads 

represent hits against unique single-copy locations in the genome or 

annotated genomic features.  

For discovery of reads mapping to potentially novel splice junctions 

(SJs), we used SPLAT (http://supersplat.cgrb.oregonstate.edu/). SPLAT 

predicts splice junctions from microread data by exhaustively aligning 

microreads against a reference sequence assuming a gapped alignment, 

which allows a microread to span an intron. We applied these algorithms to 

the Arabidopsis genome and annotated sequence features downloaded from 

TAIR (ftp://ftp.Arabidopsis.org/home/tair/Sequences/). We first removed valid 

microreads that aligned anywhere in the genome or matched annotated SJs. 

Second, we used a DUST-like filter (Lincoln Stein; 

http://bioperl.org/pipermail/bioperl-l/1999-November/003313.html) to remove 

microreads containing low-complexity stretches. Microreads surviving these 

filters were passed through to the SPLAT algorithm. Potential novel SJs 

predicted by SPLAT were further filtered to retain only those supported by at 



 197 

 

least two distinct independent microreads with different overlap lengths on 

each side of predicted intron (i.e., the portions of the reads aligning to the 

predicted exons), a minimum overlap length of 6 bases on one exon and 

additional support of at least one microread matching each of the predicted 

flanking exon sequences. 

Estimation of false discovery rate for splice junctions 

The rate of false positive discovery (FDR) of splice junctions was 

estimated by mapping simulated error-containing 32-mer reads to known 

splice junctions. Three hundred million 32-mer sequences were randomly 

sampled from the Arabidopsis genome. To simulate sequencing errors a Perl 

script was used to randomly introduce nucleotide changes to these 32-mers 

using a per-base error rate of 3.6%, which was the average error rate in the 

real Illumina data used in this study. These error-containing simulated reads 

were mapped to annotated Arabidopsis splice junctions and assessed for false 

positive splice junction discovery using different minimum flanking sequence 

lengths on each side of the splice junction. Using a minimum splice junction 

flanking sequence length of 6 bases, 934 Arabidopsis splice junctions were 

detected. Therefore we infer an FDR for detection of novel splice junctions of 

~934/121526 or ~0.77%. For comparison, using a minimum splice junction 

flanking sequence length of 4 bases, 6280 splice junctions were detected, 

which corresponds to an estimated FDR of ~6280/121526 or ~5.17%. 

Depth of microread coverage 
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Microread coverage along the annotated transcription units was 

calculated using HashMatch data corresponding to the TAIR-annotated 

cDNAs. First, the length of each cDNA was divided into 100 equal segments 

(bins) for all annotated cDNAs. For example, for a cDNA 1500 nucleotides 

long, the 51st segment corresponds to nucleotides 751-765. Then, the mean 

number of 32-mer RNA-seq microreads perfectly matching each segment of 

each individual cDNA was assigned to the corresponding bin. Finally, a 

median number (i.e., the depth) for each bin was calculated and the resulting 

values were plotted against segment number. The cDNA coverage was 

computed as the percentage of nucleotides represented by microreads and 

the frequency distribution plotted as the total number of genes in each bin.  

Box-and-whisker plot 

Single-base density microread match profiles were produced by 

generating a total number of microread matches at each nucleotide position of 

the reference sequence corresponding to each annotated genomic feature 

(i.e., intergenic regions, 5’-UTRs, 3’-UTRs, introns, exons, genes, cDNAs, 

CDS, SJs and non-annotated novel genes using RGA 

(http://rga.cgrb.oregonstate.edu/). For each annotation feature, all density 

profiles were concatenated into a single output file. The data from this single 

RGA output file was log2 transformed and plotted in box-and-whisker graph 

using the R “boxplot” function (R Development Core Team, 2008).  

Chromosomal transcript coverage and DNA methylation plots 
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Microread coverage and DNA methylation plots were generated in R 

using the CairoPNG library package (http://www.R-project.org). The log2 of 

frequency of the unique cDNA microreads matching to genomic sequence was 

plotted along chromosomal coordinates. The methylation plots were produced 

using Arabidopsis genome tiling array data (Zilberman et al., 2007) deposited 

at NCBI Gene Expression Omnibus (GEO record GSE5974 and data set 

GSM138296). The graph was generated by plotting the log2 signal ratio of the 

immunoprecipitated methylated DNA array signal divided by the input control 

signal (total DNA) from data set GSM138296 (described in detail in Zilberman 

et al., 2007) in the same set of chromosomal coordinates as described above 

for the microread density plot.  

Clustering of stress-associated gene features 

Microread matches against gene features (genes, exons, introns, and 

splice junctions) were calculated using HashMatch data and loaded into a 

MySQL database. Differentially expressed features were identified using 

database queries and the following criteria: normalized gene expression (GE) 

levels of at least 50 read hits per gene model for both the treatment and 

control samples; >10 read hits per feature for treatment or control; fold change 

of normalized GE for both treatment and control < 10; fold change of 

normalized read hits for the feature > 5. Gene feature (exons, introns, splice 

junctions) clusters were computed by the default settings of heatmap.2 in 

gplots package of R.  

Visualization 
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Arabidopsis genome annotations and microread matches were 

visualized using Gbrowse Version 1.68. 
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Appendix II: Figure 1. Flow of experiments and data analysis.  
(A) Design of Arabidopsis RNA-seq experiments for sequencing of full-length 
(FL) cDNA libraries and randomly primed (RP) cDNA libraries. (B) Data 
analysis pipeline. 
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Appendix II: Figure 2. Transcription profile of the A. thaliana genome.  
Distribution of RNA-seq microread density along chromosome length is 
shown. Each vertical blue bar represents log2 of the frequency of unique 
single-copy cDNA-derived microreads plotted against chromosome 
coordinates. A schematic drawing of the chromosome and its features is 
shown below the microread density. Approximate boundaries of Arabidopsis 
centromeres (Copenhaver, 2003; Kotani et al., 1999; Kumekawa et al., 2001; 
The Arabidopsis Genome Initiative, 2001; Tabata et al., 2000) are depicted in 
grey. Red circles indicate unsequenced centromeric gaps. Heterochromatic 
knobs are denoted by violet ellipses. Chromosome portions corresponding to 
the telomeres and nucleolar organizing regions are not shown. 
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Appendix II: Figure 3. Depth and coverage of annotated gene features.  
(A) Distribution of the RNA-seq microreads along annotated Arabidopsis 
annotated genomic features. (B) Box-and-whisker plots of log2-transformed 
numbers of microread matches at each nucleotide position for intergenic 
regions (IGR), 5’ untranslated regions (5’UTR), 3’ untranslated regions 
(3’UTR), introns (Int), exons (Ex), genes (Gene), cDNAs (cDNA), coding 
sequences (CDS) and splice junctions (SJs). The bottom and top of the box 
represent the 25th and 75th quartiles, respectively and the middle line is the 
median. Black filled circles show outliers. (C) Distribution of the RNA-seq 
microread match coverage along the length of the transcriptional unit. The 
median depth of coverage along the length of each individual cDNA was 
calculated as described in Supplementary Information and plotted against the 
relative length of the transcriptional unit (cDNA) for full-length enriched 
oligo(d)T-primed libraries (blue diamonds) and randomly primed libraries 
(yellow circles). The combined data from the two libraries are depicted by red 
triangles. (D) Microread coverage of the cDNAs of annotated genes. The 
coverage value was calculated as the number of nucleotides represented by 
microread matches divided by the total number of nucleotides in the cDNA. 
Each gene was assigned to a bin according to the proportion of covered 
nucleotides. The graph represents the number of genes per percentile.  
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Appendix II: Figure. 4. Survey of constitutive and alternative splicing in 
Arabidopsis.  
(A) Annotated gene features (Exon, SJ) and alternative splicing events, 
including alternative splicing at both acceptor and donor splice sites (AltEx), 
an alternative splice junction (AltSJ) and alternative intronic sequences (AltInt) 
were identified by aligning RNA-seq microreads as described in the 
Supplementary Information. Pie charts depict the proportions of the annotated 
features in full-length (FL), randomly primed (RP) and combined (FL+RP) 
cDNA libraries. Total (%) indicates the total number and percentage of 
annotated features detected in the combined (FL+RP) data. (B) The histogram 
depicts the numbers of novel alternative splicing events and alternatively 
spliced genes containing GT-AG and GC-AG intron terminal dinucleotide 
splicing signals, other non-consensus intron splice signal dinucleotides and 
alternative splicing events within annotated sequences. (C) Relative 
proportions of terminal dinucleotide pairs among SPLAT-predicted novel 
introns.  
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Appendix II: Figure 5. Identification of stress-associated alternative 
splicing.  
(A) Exons, introns and splice junctions were identified by the changes in 
expression levels (i.e., by the normalized number of the RNA-seq microreads 
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encompassing each feature) under different abiotic stress conditions relative 
to untreated control. The “Exons” panel represents 807 differentially 
expressed exons; change in expression level ranged from -30 to +82 fold 
normalized to untreated control. The “Introns” panel represents 1230 
differentially expressed introns with expression changes ranging from -54 to 
+263 fold. The “Splice Junctions” panel features 1093 exon-exon splice 
junctions (with changes in normalized expression from -22 to +46 fold). Gene 
clusters were computed by the default settings of heatmap.2 in R "gplots" 
package. Up- and down-regulated features are shown in red and green, 
respectively; black corresponds to no change relative to the untreated control. 
(B) Cold-induced intron retention (bracketed) in the OUTER ENVELOPE 
PROTEIN 16 (AT2G28900) transcript. Changes in microread density coverage 
are indicated by a horizontal bracket. (C) Stress-regulated exon skipping 
(brackets) and cassette exon (arrow) events in the ACCLIMATION OF 
PHOTOTSYNTHESIS TO ENVIRONMENT 2 (AT5G46110) transcript. (D) 
Detection and validation of novel SJs in transcripts of splicing factor SR34 
(AT1G02840). SJs corresponding to the untreated control, high light, heat and 
dehydration treatments are shown in gray, yellow, red and brown, 
respectively. Position of alternatively spliced intron 10 is bracketed. A 
previously undetected splice isoform containing a poison cassette exon (red 
rectangle) is illustrated in the bottom panel. Locations of reference and 
premature termination codons are indicated by red (top) and black (bottom) 
stars, respectively.  
  



 207 

 

 
Appendix II: Figure 6. Intron retention and novel splice junction events in 
the CCA1 locus. 
(A) Empirical CCA1 gene models (shown in orange) generated by the TAU 
tool using RNA-seq data. (B) Predicted polypeptides are shown schematically 
with the DNA binding Myb domain shown by a red box. (C) Gene models of 
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homologous CCA1/LHY loci in A. thaliana, Oryza sativa, Brachypodium 
distachyon and Populus trichocarpa. cDNA microread coverage is shown for 
Arabidopsis and Brachypodium. SJs of intron 4 and 4a splicing in Arabidopsis 
and Brachypodium are marked by brown broken lines.  (D) Quantification of 
the IntronR4 event by qRT-PCR under different abiotic stress conditions. 
Lanes labeled Hi Light, Heat, Cold, Salt and Drought correspond to high light, 
heat, cold, osmotic shock and dehydration treatments, respectively. Relative 
expression was estimated using -∆∆Ct method (Livak and Schmittgen, 2001) 
and EF1a mRNA as an internal housekeeping gene control. (E) RT-PCR 
confirmation of CCA1 IntronR4 in rice, poplar and Brachypodium. IntronR4-
specific primers were designed as described for A. thaliana (as shown on 
panel b). RT-PCR products corresponding to the retained intron 4 (if 
downstream intron 5 is spliced) are denoted by “*”; pre-mRNAs are indicated 
by “-”. Sanger sequencing of gel-purified amplified DNA fragments confirmed 
the sequence of all RT-PCR products. The predicted fragment sizes are 492, 
573 and 782 bp for rice (Os, Oryza sativa, ssp. Japonica, locus ID: 
LOC_Os08g06110), Brachypodium [Bd, Brachypodium distachyon, locus ID: 
super_3.1628, super_3.1629] and poplar [Pt, Populus trichocarpa, locus ID: 
estExt_Genewise1_v1.C_LG_XIV1950], respectively). 
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Appendix II: Figure 7. Stress-regulated alternative splicing of 
Arabidopsis splicing modulator SR30.  
(A) Known isoforms (blue) and TAU-predicted variants (orange) of the SR30 
gene. (B)  Predicted SR30 protein domain structures and (RRM, RNA 
recognition motif; SR, serine/arginine rich domain) and polypeptide sizes. (C) 
Quantification of accumulation of full-length SR30 (reference isoform 1) and a 
PTC+-containing isoform (4) by qRT-PCR under various abiotic stresses. Note 
significant shift in the relative isoform ratio under the high light, heat and 
osmotic shock treatments. Relative expression levels were calculated using -
∆∆Ct method (Livak, Schmittgen, 2001) and EF1a mRNA as an internal 
reference control. 
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ABSTRACT 

New high-throughput sequencing (HTS) technologies enable 

application of global molecular approaches to horticultural crops. Such 

technologies will impact many of the current uses of molecular tools in plant 

evolution, phylogenetics, fingerprinting, linkage mapping and marker-assisted 

selection, among others. HTS applications for transcriptome studies include 

gene discovery and empirical annotation of genome sequences, expression 

profiling and study of transcript processing events including alternative 

splicing. The objective of this study was to assess the utility of Illumina 

(Solexa) HTS-based RNA-sequencing (RNA-seq) for transcriptome studies in 

horticultural crops. Bioinformatics tools were used to analyze RNA-seq 

datasets from Arabidopsis thaliana, Brachypodium distachyon and Zea mays. 

The short read RNA-seq data were aligned to the respective annotated 

reference transcript models and used to assess transcript detection and 

coverage for varying amounts of data. This analysis provides insights into the 

value of the RNA-seq approach for broad and deep sampling of the 

transcriptomes of horticultural crops for purposes of expression profiling, 

genome annotation efforts and providing a foundation for hypothesis-

generating approaches. 

 

INTRODUCTION 

The current generation of commercially available high-throughput 

sequencing platforms represents a tremendous improvement over previous 
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sequencing technologies. The recent advancements in sequencing 

technologies (reviewed in Shendure 2008, Fox et al. 2009) coupled with the 

RNA-seq approach (Wang et al. 2009) have made deep interrogation of 

expressed transcript sequences practical, resulting in massive quantities of 

sequence information. The previous generation Sanger-sequencing platforms 

were limited to producing transcript ESTs by analyzing several hundred 

nucleotides at the terminal ends of cDNAs or cDNA fragments as plasmid 

inserts. Internal regions of many transcripts could only be interrogated by 

laborious and low-throughput efforts to sequence full-length cDNAs. The 

enormous throughput of the HTS platforms coupled with the RNA-seq 

methodology enables the shotgun sequencing of cDNAs to efficiently 

interrogate internal gene structures. Moreover, the depth of RNA-seq datasets 

facilitates discovery and characterization of low abundance transcripts and 

rare alternative splicing and other transcript processing events. 

However, while the current generation of high-throughput sequencing 

platforms can provide extremely large and deep transcriptome datasets, the 

size of the data set required for a project varies depending on project goals. 

To this end, using real data from RNA-seq high-throughput sequencing 

experiments conducted in Arabidopsis, Brachypodium and maize, we have 

assessed how much RNA-seq data is required to broadly and deeply sample a 

transcriptome of a typical plant. This analysis provides a guide to the 

application of RNA-seq to horticultural crops for purposes of gene discovery, 

expression profiling and genome annotation efforts. 
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RESULTS 

Detection of Plant Transcripts using Illumina RNA-seq Data 

We used a Perl script to randomly sample different numbers of 32 nt 

Illumina RNA-seq reads to create synthetic datasets for Arabidopsis, 

Brachypodium and maize ranging in size from 32 megabases to ~8.2 

gigabases (Table 1). Each set of reads was separately aligned to the 

respective reference annotated cDNA databases using HashMatch and the 

resulting perfect match alignment statistics were summarized and plotted in 

Figure 1, which depicts the detection of annotated Arabidopsis, Brachypodium 

and maize transcripts using randomly sampled RNA-seq datasets of 

increasing sizes. In this analysis, detection of a transcript was defined by the 

occurrence of at least one unique 32 nt read perfectly matching an annotated 

transcript. Generally, the trend of rapidly increasing discovery followed by a 

plateau was similar for all three species. In particular, in all three cases the 

vast majority (> 88%) of cDNAs were sampled with ~1 Gbp of RNA-seq data, 

and the discovery of additional transcripts improved only marginally with ~2 

Gbp or more of transcript data. This result indicates that given the error rates 

in the RNA-seq data used here, reasonably diverse cDNA libraries and 32 nt 

short reads, most expressed genes in plants can be sampled for purposes of 

expression profiling or simple gene validation with ~1 Gbp of total RNA-seq 

data. But, importantly, an amount of RNA-seq data that may be sufficient for 

expression profiling or gene validation is not necessarily sufficient for empirical 
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annotation of gene structures because most transcripts will not be sequenced 

over their entire lengths.  

Coverage of Plant Transcripts by Illumina RNA-seq Data 

The alignments of RNA-seq data against the respective annotated 

transcript sequences were next processed to assess the coverage of 

transcripts over their lengths (i.e. nucleotides mapped to the cDNA / cDNA 

length). Again, as in the analysis presented above, coverage of transcripts 

over their lengths was determined for varying numbers of randomly sampled 

Illumina reads. Summary statistics for the coverage values for each annotated 

transcript for each random sample of reads were generated using a Perl 

script. The results of this analysis are summarized in Figure 2. As expected, 

increasing numbers of Illumina RNA-seq reads interrogating an increased 

transcript sequence space provide greater coverage over the lengths of the 

annotated transcripts. In all three species, given the error rates in the data and 

the annotated cDNAs used for this analysis, ~3 Gbp of transcript sequence 

data validated at least 80% of the bases in half of the annotated cDNAs. Thus, 

deep RNA-seq data provides sufficient coverage over the lengths of cDNAs to 

greatly facilitate empirical annotation of a large proportion of expressed genes. 

The diminishing returns in terms of increased transcript coverage is clear with 

samples comprising more than 4 Gbp of total RNA-seq data. The parallel and 

somewhat reduced (compared to maize) rates of increase in transcript 

coverage that are apparent for Arabidopsis and Brachypodium likely reflect a 

higher sequencing error rate in those datasets, which were generated using 
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the previous generation Illumina GA1 platform. The species analyzed here 

exhibit a ~20-fold range in genome size and ~2-fold range in the number of 

annotated genes, suggesting that the insights into the amount of RNA-seq 

data needed for broad and deep sampling of a plant transcriptome may be 

generally applicable to horticultural crops. 

 

DISCUSSION 

High-throughput transcriptome sequencing experiments based on the 

RNA-seq method provide a relatively straightforward and powerful means of 

capturing the transcribed sequence space in a plant genome. This is 

particularly advantageous for species such as most horticultural crops that 

currently lack a significant pre-existing foundation of large-scale datasets 

including EST or cDNA databases, or annotated genome sequences.  

While RNA-seq clearly lowers the barrier to entry for applying 

genomics approaches to horticultural crops, it is important to bear in mind both 

the limitations of transcriptome analysis in general and the current limitations 

of HTS. Importantly, the concept of sequencing “depth”, which is typical in 

genome scale sequencing studies, is elusive in RNA-seq because the 

transcriptome is highly plastic and the range of expressed transcript levels is 

unpredictable. For this reason, if the goal is gene discovery or empirical 

annotation, it is advisable to perform RNA-seq on samples from a diverse set 

of tissues, developmental stages or treatments. In general, HTS reads are 

typically relatively short compared to traditional Sanger EST reads. This short 
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nature of HTS reads increases the potential for ambiguous or spurious 

alignments – especially when the target genome is large, highly repetitive, or 

polyploid. Another issue is sequencing error, which negatively impacts the 

alignment probability of the short read RNA-seq data. For example, in the 

Arabidopsis and Brachypodium datasets used in this study, the average per 

base error rate was ~3%, which resulted in only about one third of the reads 

aligning perfectly to the reference genomes. Clearly, lower sequencing error 

rates improve the utility of a RNA-seq data set for any intended application 

related to transcriptome analysis. Notably, HTS technologies have improved 

dramatically in the few years since their introductions. For example, in the past 

two years the Illumina technology from which the data used in this study was 

generated, witnessed increased numbers of reads generated per run; much 

lower sequencing error rates, much longer read lengths; and the availability of 

paired-end reads. Together these improvements provide a much lower per-

base sequencing cost and more useful data. 

The analysis presented here involved relatively short 32 nt Illumina 

RNA-seq reads and the conclusions drawn may not apply to the much longer 

read lengths now possible with the Illumina GA platform. For the purposes of 

gene discovery and expression profiling, the number of reads generated is 

more important than the read length. Provided that the read length is sufficient 

for unambiguous mapping of the reads to their sequence targets, increased 

numbers of reads improve gene discovery and dynamic range in expression 

level estimates. Although longer reads improve mapping and coverage over 
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the lengths of individual transcripts, they don't increase the number of genes 

tagged in a particular RNA-seq data set. Thus, for the purpose of empirical 

annotation, in which coverage over the length of a transcript matters most, 

longer reads improve the transcript coverage given the same number of reads. 

Finally, one should keep in mind the limitations of RNA-seq data in the 

absence of a reference genome sequence or annotated cDNA sequences. 

RNA-seq data can be assembled using de novo assembly algorithms such as 

Velvet (Zerbino and Birney, 2008). However, during the assembly process it is 

possible that data representing different paralogs or alternative spliceforms of 

the same gene can be erroneously assembled into a single merged contig. 

But it is also reasonable to expect that the rapid pace of improvements in high-

throughput sequencing technologies will make genome sequencing and 

assembly of many horticultural crops plausible in the near future. 

 

MATERIALS AND METHODS 

RNA-seq Data Sources 

RNA-seq datasets were obtained for Arabidopsis thaliana (NCBI 

SRA009031.36; Filichkin et al., 2009), Brachypodium distachyon 

(http://brachybase.org; The Brachypodium Genome Initiative, 2009) and Zea 

mays (NCBI GEO accession GSE16916). The pooled Arabidopsis data 

represented several different developmental stages (rosette leaves, 

inflorescences, siliques and roots) and abiotic stress treatments (cold, heat, 

salt, high intensity light, drought). The pooled Brachypodium data represented 
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various developmental stages and tissues and abiotic and biotic stress 

treatments. The maize data was from two different samples from the tip and 

base of a developing leaf. Annotated Arabidopsis thaliana cDNAs were 

downloaded from TAIR (ftp://ftp.arabidopsis.org/home/tair/Sequences/ 

blast_datasets/TAIR9_blastsets/TAIR9_cdna_20090619). The annotated 

Brachypodium distachyon Bd21 cDNAs were obtained by extracting the 

sequences from the Brachypodium genome based on the coordinates from 

the Brachypodium v1.0 annotation (http://mips.helmholtz-

muenchen.de/plant/brachypodium/download/). Maize cDNAs were obtained 

from the annotated B73 release 4a.53 (http://ftp.maizesequence.org/release-

4a.53/sequences/ZmB73_4a.53_filtered_cdna.fasta). 

Mapping RNA-seq microreads 

The Illumina RNA-seq reads were downloaded from the respective 

databases and trimmed to retain only the first 32 bases. Only reads with a 

length of exactly 32 bases were retained for subsequent analysis using 

HashMatch (http://mocklerlab-tools.cgrb.oregonstate.edu/). HashMatch was 

first used to create 32-mer indexes for the annotated transcriptomes of 

Arabidopsis, Brachypodium and maize. Next, varying numbers of RNA-seq 

reads were randomly sampled (Table 1) and HashMatch was used to align the 

random samples of reads to each transcriptome’s respective index. The 

resulting alignments representing perfect matches to unique locations in the 

respective annotated transcriptomes were further processed using ad hoc Perl 
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scripts to assess the proportions of transcripts hit by at least one read and the 

coverage over the lengths on the transcripts. 
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Appendix III: Table 1. Description of the randomly sampled RNA-seq data 
used for the transcript discovery and coverage analysis presented in 
Appendix III: Figures 1 and 2. 
 

Reads (million) Cumulative Size (Gbp) Notes 

1 0.032 * 
2 0.064 * 
4 0.128 * 
8 0.256 * 
16 0.512 * 
32 1.024 * 
64 2.048 * 
94 3.008 * 
128 4.096 # 
256 8.192 # 
   
* Arabidopsis, Brachypodium and Maize 
# only Arabidopsis and Brachypodium 
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Appendix III: Figure 1. Detection of annotated plant transcripts by 
Illumina RNA-seq data. 
 

 

Appendix III: Figure 2. Coverage over the lengths of annotated plant 
transcripts by Illumina RNA-seq data. 
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Appendix IV: Discovery of SNP markers in expressed genes of hazelnut. 
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ABSTRACT 

Polymorphisms associated with gene coding regions are useful tools 

for use as molecular markers, for example in marker-assisted breeding efforts. 

In particular, single nucleotide polymorphisms (SNPs) have emerged as a 

preferred marker for high-throughput geneotyping studies. The objective of 

this study was to develop a set of SNPs for European hazelnut (Corylus 

avellana) by exploiting the exceptional depth and breadth of transcriptome 

sequencing made possible by high-throughput RNA sequencing (RNA-seq) 

using the Illumina Genome Analyzer platform. Bioinformatics tools were used 

to mine SNPs from a database of EST sequences derived from de novo 

assembly of Illumina RNA-seq reads representing hazelnut transcripts from 

multiple accessions. This resulted in the identification of 5,398 SNPs. This set 

of SNP markers for hazelnut provides a new resource for genetic mapping of 

important agronomic traits and will be useful markers for aligning future 

physical and genetic maps. 

 

INTRODUCTION 

Hazelnut is a valuable Oregon (USA) crop, and a full 99% of the 

hazelnut produced in the United States comes from the Willamette Valley, 

which accounts for 4% of the world crop. In addition to its relevance to Oregon 

agriculture, hazelnut possesses several characteristics that make it an ideal 

Betulaceae model including a relatively small stature, small genome size of 

~350 Mb, relatively short life cycle of ~5 years to first flowering, available 
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genetic linkage map, available BAC library, genetically diverse collection of 

over 700 Corylus accessions, and amenity to transformation. No large scale 

single nucleotide polymorphism (SNP) database has yet been made available 

for this important crop, limiting the use of genotyping with these preferred 

markers. 

Single nucleotide polymorphisms (SNPs) are the most common DNA 

sequence variants in most organisms, and when available they are often the 

marker system of choice (reviewed in Ganal et al. 2009). SNPs, defined as 

genetic variation in a DNA sequence that occurs when a single nucleotide is 

altered, are found in most regions of a genome, including coding regions. 

Thus, through the use of coding region SNPs, genes may be mapped 

effectively, rendering SNPs effective genetic markers (reviewed in Jones et al. 

2009). In order to use SNPs as genetic markers, they first must be discovered, 

a task to which high-throughput RNA sequencing (RNA-seq) is aptly suited. 

Current high-throughput sequencing technologies (reviewed in Shendure and 

Ji 2008; Fox et al. 2009) have made extremely deep interrogation of 

expressed transcript sequences practical using the RNA-seq approach. While 

this current generation of high-throughput sequencing platforms represents a 

dramatic improvement over previous technologies, the massive datasets 

produced by these new technologies require processing with specialized 

computer algorithms.  

Using data obtained from RNA-seq high-throughput sequencing 

experiments and appropriate bioinformatics tools, we provide a set of SNP 
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markers for hazelnut as a new genetic mapping resource. This resource will 

be useful in aligning future physical and genetic maps, and will assist in the 

genetic mapping of important agronomic traits and marker assisted breeding 

efforts.  

 

RESULTS 

De novo Assembly of Hazelnut EST Contigs from Illumina RNA-seq Data 

Full-length enriched and random-primed cDNA libraries were prepared 

and subjected to RNA-seq analysis. In order to reduce uninformative and 

spurious assemblies, reads containing ambiguous base calls (Ns), 

homopolymers, low-quality sequence regions, and those matching primers, 

adapters, and chloroplast sequence were removed prior to assembly. A total 

of ~71 million 36nt Illumina RNA-seq reads from the four different cDNA 

libraries were pooled and assembled using Velvet to yield 110,648 EST 

contigs (http://hazelnut-files.oregonstate.edu), representing a total estimated 

sequence length of 27.9 Mb of expressed sequences (Table 1). Each different 

tissue and genotype was sequenced separately in order to retain information 

on the accessions and tissue of origin. 

Table 2 summarizes overall statistics for the Velvet output contigs. Out 

of a total 110,648 contigs output by Velvet, the mean contig length was 239, 

with a mean coverage over the length of 0.97. Overall mean coverage depth 

was about 24. These data indicate an extremely high quality dataset in terms 

of accuracy, represented by mean coverage length, and depth. 
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SNP Discovery in the Hazelnut Dataset 

The Velvet-assembled hazelnut EST contigs were next processed 

through a SNP discovery pipeline. The entire set of 110,648 contigs 

representing an estimated length of 27.9 Mbp was used for SNP detection. 

Briefly, the RNA-seq reads used to generate the EST contigs were aligned 

back to the contigs using BLAT, and the BLAT results were mined for 

evidence of SNPS using RGA-SNP (http://rga.cgrb.oregonstate.edu/). In order 

to minimize detection of sequencing errors, each SNP was required to be 

supported by at least four independent RNA-seq reads, with both variants 

being detected at least twice. A representative, randomly chosen example is 

shown in Figure 1. A total of 5,398 putative bi-allelic SNPs were detected in 

4,361 contigs (Supplemental Table 1; http://hazelnut-files.oregonstate.edu), 

corresponding to an average occurrence of one SNP every 193 bp. A total of 

3,194 transitions (1,591 A<>G and 1,603 C<>T) and 2,204 transversions (583 

A<>C, 603 A<>T, 478 C<>G, 540 G<>T) (Figure 2) were detected, with A<>T 

being the most common (603; 27.3%) and C<>G the least common (478; 

21.7%). 

 

DISCUSSION 

High-throughput sequencing, specifically RNA-seq transcriptome 

sequencing experiments, allow for relatively simple, cost effective in silico 

SNP detection in coding regions. This comes as a tremendous benefit when 

working with horticultural crops and species without a genomic reference, 
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lowering considerably the barrier to entry of using SNPs as genetic markers. 

While exciting, there are several issues that must be kept in mind when using 

this technology for SNP discovery in horticultural crops. 

During contig assembly, different paralogous genes may end up 

becoming incorrectly assembled into a single merged gene. In these types of 

cases, without post validation it may be difficult or impossible to differentiate 

between true, actual SNPs and false positives arising from misassembly. 

Moreover, false positive SNP calls can arise from sequencing errors 

incorporated during the HTS experiment. Differential gene expression for 

different alleles of the same gene within or between accessions may lead to 

biased transcript contig assemblies that represent sequence data from one 

allele more than another, contributing to false negatives. Because the 

transcript data used in this study represented multiple genotypes, another 

potential source of false-negatives in this study is our filtering for bi-allelic 

SNPs. Finally, to associate the detected SNPs with specific genes, more data 

or a reference genome must be available. 

A logical next step is the separate experimental validation of at least 

some of the putative SNPs that were detected in this study. Following such 

validation, genuine SNPs may be reliably used for mapping and marker 

assisted breeding. Further, the RNA-seq data will also be useful for the future 

empirical annotation of a hazelnut genome sequence. 
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MATERIALS AND METHODS 

Plant Materials, Growth Conditions, and Tissue Collection 

Bark, leaves, whole seedlings, and catkins were used as plant 

materials in this study. Bark and leaves were collected from field-grown 

examples of the Jefferson (OSU 703.007) accession. Catkins were collected 

from a field-grown example of the Barcelona accession. The whole seedlings, 

including roots, were progeny of a cross: OSU 954.076 (cutleaf) x OSU 

976.091 (contorta). 

EST Sources and Database Construction 

Total RNA was isolated from hazelnut tissue samples and full-length 

enriched (FL) and randomly primed (RP) cDNA libraries were prepared and 

then sequenced using an Illumina GA2 Genome Analyzer essentially as 

described (Fox et al., 2009; Filichkin et al., 2009). The FL cDNA libraries for 

bark, leaves, and catkins were generated using the SMART method (Zhu et 

al., 2001). The RP libraries for whole seedlings were generated by random 

hexamer primed reverse transcription of 2X oligo-dT isolated polyA+ mRNA. 

Illumina RNA-seq was performed by personnel in the Oregon State University 

Center for Genome Research and Biocomputing core facility. Raw Illumina 

reads were obtained after base calling in the Solexa Pipeline. Removed were 

Illumina reads matching SMART adapters, Solexa sequencing adapters, reads 

of low quality (containing ambiguous nucleotide calls), and reads matching a 

surrogate chloroplast genome reference (Morus indica; NC_008359). A total of 

~71 million 36nt Illumina reads from the four cDNA libraries were pooled and 
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assembled using Velvet v0.7.55 (Zerbino and Birney, 2008) with a hash length 

of 31 and minimum reported contig length of 101 nt. This resulted in 110,648 

Velvet-assembled EST contigs. 

SNP Discovery 

The Illumina RNA-seq reads used for the EST contig assembly 

described above were next aligned back to the contigs generated by Velvet 

using BLAT (Kent, 2002) (options: -maxGap=0 -maxIntron=0 -minScore=18 -

noHead -out=pslx). The resulting BLAT alignments were filtered using a Perl 

script to retain only those read matches to the Velvet contigs over the entire 

36nt length of the input reads, allowing for up to two mismatches. Matches 

corresponding to reads hitting more than one location or more that one Velvet-

assembled EST contig were discarded, leaving ~22 million reads for SNP 

analysis. The resulting filtered BLAT alignments were used as an input to 

RGA-SNP (http://rga.cgrb.oregonstate.edu/). RGA-SNP was run using the 

following options: -e 0.10 -v 20 -n 4 -p 0.50. The resulting RGA output was 

filtered using a Perl script implementing a set of ad hoc rules in order to further 

identify only bi-allelic SNP calls. This stringent filtering yielded 5,398 SNP calls 

in 4,361 Velvet-assembled hazelnut EST contigs. 
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Appendix IV: Table 1. Description of the RNA-seq data and EST contigs 
used for single nucleotide polymorphism detection. 
 

    Number Cumulative Size (Mbp) 
Starting 36 nt reads 118281029 4258.1 
Reads used in assembly 71087739 2559.2 
Velvet contigs 110648 26.9 
Reads re-mapped to 
contigs 21946736 790.1 
Contigs containing SNPs 4361  

 

 

 

Appendix IV: Table 2. Summary statistics for Velvet output contigs. 
 
 number of contigs 110648  
 minimum length 101  
 maximum length 4353  
 mean length 239  
 median length 161  
 minimum depth of coverage 1.01 * 
 maximum depth of coverage 1086.4 * 
 mean depth of coverage 23.85 * 
 median depth of coverage 6.43 * 
 mean coverage over length 0.97 # 
  median coverage over length 0.99 # 
* Velvet k-mer coverage   

# 
RGA coverage based on remapped Illumina 
reads (BLAT; max 2 mismatches over entire 
length of 36mer read)   
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Appendix IV: Figure 1. Alignment of RNA-seq reads to a portion of a 
Velvet-assembled Hazelnut EST contig and inferred SNP. 
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Appendix IV: Figure 2. Classes of single nucleotide polymorphism 
detected in hazelnut. 
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ABSTRACT 

Three subfamilies of grasses, the Ehrhartoideae, Panicoideae 

and Pooideae, provide the bulk of human nutrition and are poised to 

become major sources of renewable energy. Here we describe the 

genome sequence of the wild grass Brachypodium distachyon 

(Brachypodium), which is, to our knowledge, the first member of the 

Pooideae subfamily to be sequenced. Comparison of the Brachypodium, 

rice and sorghum genomes shows a precise history of genome 

evolution across a broad diversity of the grasses, and establishes a 

template for analysis of the large genomes of economically important 

pooid grasses such as wheat. The high-quality genome sequence, 

coupled with ease of cultivation and transformation, small size and rapid 

life cycle, will help Brachypodium reach its potential as an important 

model system for developing new energy and food crops. 

 

INTRODUCTION 

Three subfamilies of grasses, the Ehrhartoideae, the Panicoideae, and 

the Pooideae provide the bulk of human nutrition and are poised to become 

major sources of renewable energy. Here we describe the genome sequence 

of the wild grass Brachypodium distachyon (Brachypodium), the first member 

of the Pooideae subfamily to be sequenced. Comparison of the 

Brachypodium, rice and sorghum genomes reveals a precise history of 
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genome evolution across a broad diversity of the grasses and establishes a 

template for analysis of the large genomes of economically important pooid 

grasses such as wheat. The high quality genome sequence, coupled with its 

ease of cultivation and transformation, small size and rapid life-cycle, will help 

Brachypodium reach its potential as an important model system for developing 

new energy and food crops.  

Grasses provide the bulk of human nutrition, and highly productive 

grasses are promising sources of sustainable energy1. The grass family 

(Poaceae) comprises over 600 genera and more than 10,000 species that 

dominate many ecological and agricultural systems2,3. To date, genomic 

efforts have largely focused on two economically important grass subfamilies, 

the Ehrhartoideae (rice) and Panicoideae (maize, sorghum, sugarcane and 

millets). The rice4 and sorghum5 genome sequences and a detailed physical 

map of maize6 revealed extensive conservation of gene order5,7 and both 

ancient and relatively recent polyploidization. 

Most cool season cereal, forage and turf grasses belong to the 

subfamily Pooideae, which is also the largest grass subfamily. The genomes 

of many pooids are characterized by daunting size and complexity. For 

example, the bread wheat genome is approximately 17,000 Mb and contains 

three independent genomes8. This has prohibited genome-scale comparisons 

spanning the three most economically important grass subfamilies. 

Brachypodium, a member of the Pooideae subfamily, is a wild annual grass 

endemic to the Mediterranean and Middle East9 that has promise as a model 
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system. This has led to development of highly efficient transformation10,11 

germplasm collections12,13,14 genetic markers14, a genetic linkage map15, BAC 

libraries16,17, physical maps18(MF unpublished), mutant collections19, and 

databases20 that are facilitating the use of Brachypodium by the research 

community. The genome sequence described here will allow Brachypodium to 

serve as a powerful functional genomics resource for the grasses. It is also a 

major advance in grass structural genomics, permitting, for the first time, 

whole genome comparisons between members of the three most 

economically important grass subfamilies. Full Supplementary Information 

available at www.nature.com/. 

 

RESULTS 

Genome Sequence Assembly and Annotation. 

Diploid inbred line Bd2121 was sequenced using whole genome 

shotgun sequencing (Table S1). The 10 largest scaffolds contained 99.6% of 

all sequenced nucleotides (Table S2). Comparison of these 10 scaffolds with a 

genetic map (Figure S1) detected two false joins and created an additional 

seven joins to produce five pseudomolecules that spanned 272 Mb (Table 

S3), within the range measured by flow cytometry22,23. The assembly was 

confirmed by cytogenetic analysis (Figure S2), and alignment with two 

physical maps and sequenced BACs (Supplementary Data). Over 98% of 

ESTs mapped to the sequence assembly, consistent with a near-complete 

genome (Table S4 and Figure S3). Compared to other grasses, the 
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Brachypodium genome is very compact, with retrotransposons concentrated 

at the centromeres and syntenic breakpoints (Figure 1). DNA transposons and 

derivatives are broadly distributed and primarily associated with gene-rich 

regions. 

We analyzed small RNA populations from inflorescence tissues with 

deep Illumina sequencing and mapped them onto the genome sequence 

(Figure 2A, Figure S4, and Table S5). Small RNA reads were most dense in 

regions of high repeat density, similar to the distribution reported in 

Arabidopsis24. We identified 413 and 198 21 and 24 nt phased trans-acting 

(ta-) siRNA loci, respectively. Using the same algorithm, only 5 ta-siRNA were 

identified in Arabidopsis, and none were 24 nt phased. The biological 

functions of these clusters of ta-siRNA, which account for a significant number 

of small RNAs that map outside repeat regions, are currently not known. 

A total of 25,532 protein coding gene loci was predicted in the v1.0 

annotation (Supplementary Information), Table S6). This is in the same range 

as rice (RAP2, 28,236)25 and sorghum (v1.4, 27,640)5, suggesting similar 

gene numbers across a broad diversity of grasses. Gene models were 

evaluated using ~10.2 Gb of Illumina RNA-seq data (Figure S5)26. Overall, 

92.7% of predicted coding sequences (CDS) were supported by Illumina data 

(Figure 2B), demonstrating the high accuracy of the Brachypodium gene 

predictions. These gene models are available from several databases20. 

Between 77-84% of gene families (defined according to Figure S6) are 

shared among the three grass subfamilies represented by Brachypodium, rice 
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and sorghum, reflecting a relatively recent common origin (Fig 2C). Grass-

specific genes include transmembrane receptor protein kinases, 

glycosyltransferases, peroxidases and P450 proteins (Table S7B). The 

Pooideae-specific gene set contains only 265 gene families (Table S7C) 

comprising 811 genes (1400 including singletons). Genes enriched in grasses 

were significantly more likely to be contained in tandem arrays than random 

genes, demonstrating a prominent role for tandem gene expansion in the 

evolution of grass-specific genes (Figure S7 and Table S8).  

To validate and improve the v1.0 gene models, we manually annotated 

2,755 gene models from 72 diverse gene families (Tables S9-S11) relevant to 

bioenergy and food crop improvement. We identified 866 genes involved in 

cell wall biosynthesis and 802 transcription factors from 16 families27. Only 

13% of the gene models required modification and very few pseudogenes 

were identified, demonstrating the accuracy of the v1.0 annotation. 

Phylogenetic trees for 62 gene families were constructed using genes from 

rice, Arabidopsis, sorghum and poplar. In nearly all cases, Brachypodium 

genes had a distribution similar to rice and sorghum, demonstrating that 

Brachypodium is suitably generic for grass functional genomics research 

(Figures S8 and S9). Analysis of the predicted secretome identified substantial 

differences in the distribution of cell wall metabolism genes between dicots 

and grasses (Tables S12 and S13, Figure S10), consistent with their different 

cell walls28. Signal peptide probability curves also suggested that start codons 

were accurately predicted (Figure S11). 
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Genome size is maintained by balancing retroelement replication and 

loss. 

Exhaustive analysis of transposable elements (Supplementary 

Information, Table S14) showed retrotransposon sequences comprise 21.4% 

of the genome, compared to 26% in rice, 54% in sorghum, and over 80% in 

wheat29. Thirteen retroelement sets were younger than 20,000 years, showing 

a recent activation compared to rice30 (Figure S12), and a further 53 

retroelement sets were less than 0.1 MY old. A minimum of 17.4 Mbp has 

been lost by LTR:LTR recombination, demonstrating that retroelement 

expansion is countered by removal through recombination. In contrast, 

retroelements persist for very long times in the closely related Triticeae30.  

DNA transposons comprise 4.77% of the Brachypodium genome, 

within the range found in other grass genomes5,31. Transcriptome data and 

structural analysis suggest that many non-autonomous Mariner DTT and 

Harbinger elements recruit transposases from other families. Two CACTA 

DTC families (M and N) carried 5 non-element genes, and the Harbinger U 

family has amplified a NBS-LRR gene family (Figures S13 and S14), adding it 

to the group of transposable elements implicated in gene mobility32,33. 

Centromeric regions were characterized by low gene density, characteristic 

repeats and retroelement clusters (Figure S15). Other repeat classes are 

described in Table S15. Conserved non-coding sequences are described in 

Figure S16. 
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Whole genome sequence comparison across three diverse grass 

genomes 

The evolutionary relationships between Brachypodium, sorghum, rice 

and wheat were assessed by measuring the mean synonymous substitution 

rates (Ks) of orthologous gene pairs (Supplementary Information, Figure S17 

and Table S16), from which divergence times of Brachypodium from wheat 

29.4 (±4.9) MYA (Million Years Ago), rice 42.1 (±6.9) MYA and sorghum 50.5 

(±7.5) MYA (Figure 3A) were estimated. The Ks of orthologous gene pairs in 

the intra-genomic Brachypodium duplications (Figure 3B) suggests duplication 

~65-73 MYA ago, prior to the diversification of the grasses. This is consistent 

with previous evolutionary histories inferred from a small numbers of genes3,34-

36.  

Paralogous relationships among Brachypodium chromosomes 

revealed six major inter-chromosomal duplications covering 99.7% of the 

genome (Figure 3B) representing ancestral whole genome duplication37. Using 

the rice and sorghum genome sequences, genetic maps of barley38 and 

Aegilops tauschii (the D genome donor of hexaploid wheat)39, and bin-mapped 

wheat ESTs40,41, 21,045 orthologous relationships between Brachypodium / 

rice / sorghum / Triticeae were identified (Supplementary Information). These 

identified 59 blocks of collinear genes covering 99.42% of the Brachypodium 

genome (Figures 3C, 3D and 3E). The orthologous relationships are 

consistent with an evolutionary scenario that shaped five Brachypodium 

chromosomes from a five chromosome ancestral genome via a 12 
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chromosome intermediate involving seven major chromosome fusions41 

(Figure S18). These collinear blocks of orthologous genes provide a robust 

and precise sequence framework for understanding grass genome evolution 

and aiding the assembly of sequences from other pooid grasses. We identified 

14 major syntenic disruptions between Brachypodium and rice/sorghum that 

can be explained by nested insertions of entire chromosomes into centromeric 

regions (Figures 4A and 4B)2,39,42. Similar nested insertions in sorghum39, and 

barley (Figure 4C and 4D) were also identified. Centromeric repeats and 

peaks in retroelements at the junctions of chromosome insertions are 

footprints of these insertion events (Figure S15C and Figure 1), as is higher 

gene density at the former distal regions of the inserted chromosomes (Figure 

1). Interestingly, the reduction in chromosome number in Brachypodium and 

wheat occurred independently because none of the chromosome fusions are 

shared by Brachypodium and the Triticeae39 (Figure S18). 

Comparisons of evolutionary rates between Brachypodium, sorghum, 

rice, and Ae. tauschii demonstrated a substantially higher rate of genome 

change in Ae. tauschii (Table S17). This may be due to retroelement activity 

that increases syntenic disruptions, as proposed for chromosome 5S below43. 

Among seven relatively large gene families, four were highly syntenic and two 

(NBS-LRR and F-box) were almost never found in syntenic order when 

compared to rice and sorghum (Table S18), consistent with the rapid 

diversification of the NBS-LRR and F-box gene families44.  



 251 

 

The short arm of chromosome 5 (Bd5S) has a gene density roughly 

half of the rest of the genome, high density LTR retrotransposon density, the 

youngest intact Gypsy elements and the lowest solo LTR density. Thus, unlike 

the rest of the Brachypodium genome, Bd5S is gaining retrotransposons by 

replication and losing fewer by recombination. Syntenic regions of rice (Os4S) 

and sorghum (Sb6S) demonstrate maintenance of this high repeat content for 

~60-70 MY (Figure S19)45. Bd5S, Os4S and Sb6S also have the lowest 

proportion of collinear genes (Figures 4B, S19). We propose that the 

chromosome ancestral to Bd5S reached a tipping point where high 

retrotransposon density had deleterious effects on genes.  

 

DISCUSSION 

As the first genome sequence of a pooid grass, the Brachypodium 

genome aids genome analysis and gene identification in the large and 

complex genomes of wheat and barley, two other pooid grasses that are 

among the world’s most important crops. The very high quality of the 

Brachypodium genome sequence, in combination with those from two other 

grass subfamilies, enabled reconstruction of chromosome evolution across a 

broad diversity of grasses. This analysis contributes to our understanding of 

grass diversification by explaining how the varying chromosome numbers 

found in the major grass subfamilies derive from an ancestral set of five 

chromosomes by nested insertions of whole chromosomes into centromeres. 

The relatively small genome of Brachypodium contains many active 
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retroelement families, but recombination between these keeps genome 

expansion in check. The short arm of chromosome 5 deviates from the rest of 

the genome by exhibiting a trend toward genome expansion through 

increased retroelement numbers and disruption of gene order more typical of 

larger genomes of closely related grasses. 

Grass crop improvement for sustainable fuel46 and food47 production 

requires a substantial increase in research in species such as Miscanthus, 

switchgrass, wheat and cool season forage grasses. These considerations 

have led to the rapid adoption of Brachypodium as an experimental system for 

grass research. The similarities in gene content and gene family structure 

between Brachypodium, rice and sorghum supports the value of 

Brachypodium as a functional genomics model for all grasses. The 

Brachypodium genome sequence analysis reported here is therefore an 

important advance towards securing sustainable supplies of food, feed and 

fuel from new generations of grass crops. 

 

METHODS SUMMARY 

Full Methods and any associated references are available in the 

Supplementary Information (www.nature.com/). 

Genome sequencing and assembly. Sanger sequencing was used to generate 

paired-end reads from 3kb, 8kb, fosmid (35kb) and BAC (100kb) clones to 

generate 9.4 x coverage (Table S1). The final assembly of 83 scaffolds covers 
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271.9 Mb (Table S3). Sequence scaffolds were aligned to a genetic map to 

create pseudomolecules covering each chromosome (Figures S1 and S2).  

Protein coding gene annotation. Gene models were derived from weighted 

consensus prediction from several ab initio gene finders, optimal spliced 

alignments of ESTs and transcript assemblies, and protein homology. Illumina 

transcriptome sequence was aligned to predicted genome features to validate 

exons, splice sites and alternatively spliced transcripts.  

Repeats analysis. The MIPS ANGELA pipeline was used to integrate analyses 

from expert groups. LTR-STRUCT and LTR-HARVEST48 were used for de 

novo retroelement searches.  
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Appendix V: Figure 1. Chromosomal distribution of the main 
Brachypodium genome features.  
The abundance and distribution of the following genome elements are shown: 
complete LTR retroelements (cLTR); solo-LTRs (sLTR); potentially 
autonomous DNA transposons without MITEs (DNA-TEs); deletion derivatives 
of DNA transposons (MITES); gene exons (CDS); gene introns and satellite 
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tandem arrays (STA). Graphs are from 0 to 100 percent bp coverage of the 
respective window. The heat map tracks have different scales: STA [0-
55|scaled to max10] %bp; cLTRs [0-36|scaled to max 20] %bp; sLTRs [0-4] 
%bp; DNA-TEs [0-20] %bp; MITEs [0-22] %bp; CDS (exons) [0-22.3%] %bp. 
The triangles identify syntenic breakpoints. 
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Appendix V: Figure 2. Transcript and gene identification and distribution 
among three grass subfamilies. 
A. Genome-wide distribution of small RNA loci and transcripts in the 
Brachypodium genome. Brachypodium chromosomes (1-5) are shown at the 
top of the Figure. Total small RNA reads (black lines) and total small RNA loci 
(red lines) are shown on the top panel. Histograms plot 21 nt (blue) or 24 nt 
(red) small RNA reads normalized for repeated matches to the genome. The 
phased loci histograms plot the position and phase-score of 21 nt (blue) and 
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24 nt (red) phased small RNA loci. Repeat-normalized RNA-seq reads 
histograms plot the abundance of reads matching RNA transcripts (green), 
normalized for ambiguous matches to the genome. B. Transcript coverage 
over gene features. Perfect match 32-mer Illumina reads were mapped to the 
Brachypodium v1.0 annotation features using HashMatch (http://mocklerlab-
tools.cgrb.oregonstate.edu/). Plots of Illumina coverage were calculated as the 
percentage of bases along the length of the sequence feature supported by 
Illumina reads for the indicated gene model features. The bottom and top of 
the box represent the 25th and 75th quartiles, respectively. The white line is 
the median and the open red diamonds are the mean. C. Venn diagram 
showing the distribution of shared gene families between representatives of 
the the Ehrhartoideae (rice RAP2), Panicoideae (Sorghum v1.4) and Pooideae 
(Brachypodium v1.0, and Triticum aestivum and Hordeum vulgare TCs/EST 
sequences). Paralogous gene families were collapsed in these datasets. 
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Appendix V: Figure 3. Brachypodium genome evolution and synteny 
between grass subfamilies. 
A. The distribution maxima of mean synonymous substitution rates (Ks) of 
Brachypodium, rice, sorghum and wheat orthologous gene pairs (Figure S13) 
were used to define the divergence times of these species and the age of 
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inter-chromosomal duplications in Brachypodium. WGD= Whole Genome 
Duplication. The numbers refer to the predicted divergence times measured 
as millions of years ago (MYA). B. Diagram showing the six major inter-
chromosomal Brachypodium duplications, defined by 723 paralogous 
relationships, as coloured bands linking the five chromosomes. C. 
Identification of chromosome relationships between the Brachypodium, rice, 
and sorghum genomes. Orthologous relationships between the 25,532 
protein-coding Brachypodium genes, 7,216 sorghum orthologs (12 syntenic 
blocks), and 8,533 rice orthologs (12 syntenic blocks) were defined. Sets of 
collinear orthologous relationships are represented by a coloured band 
according to each Brachypodium chromosome (blue-chr. 1; yellow-chr.2; 
violet-chr.3; red-chr.4; green-chr.5). The white region in each Brachypodium 
chromosome represents the centromeric region. D. Orthologous gene 
relationships between Brachypodium and barley and Ae. tauschii were 
identified using genetically-mapped ESTs. 2,516 orthologous relationships 
defined 12 syntenic blocks. These are shown as coloured bands. E. 
Orthologous gene relationships between Brachypodium and hexaploid bread 
wheat defined by 5,003 ESTs mapped to wheat deletion bins. Each set of 
orthologous relationships is represented by a band that is evenly spread 
across each deletion interval on the wheat chromosomes.  
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Appendix V: Figure 4. A recurring pattern of nested chromosome fusions 
in grasses.  
A. The five Brachypodium chromosomes are coloured according to homology 
with rice chromosomes (Os1-Os12). Chromosomes descended from an 
ancestral chromosome (A4-A11) through whole genome duplication are 
displayed in shades of the same color. Gene density is indicated as a red line 
above the chromosome maps. Major discontinuities in gene density identify 
syntenic breakpoints, which are marked by a diamond. B. A pattern of nested 
insertions of whole chromosomes into centromeric regions explains the 
observed syntenic break points. Bd5 has not undergone chromosome fusion. 
C. Examples of nested chromosome insertions in sorghum (Sb) chromosomes 
1 and 2. D. Examples of nested chromosome insertions in barley inferred from 
genetic maps. Nested insertions were not identified in other chromosomes, 
possibly due to the low resolution of genetic maps. 
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ABSTRACT 

The woodland strawberry, Fragaria vesca (2n=2x=14), is a versatile 

experimental plant system. This diminutive herbaceous perennial has a small 

genome (206Mb), is amenable to genetic transformation, and shares 

substantial sequence identity with cultivated strawberry (F. × ananassa) and 

other economically important rosaceous plants.  Here we report the draft F. 

vesca genome, which was sequenced to 39× coverage using second-

generation technology, assembled de novo, and then anchored to the genetic 

linkage map into seven pseudochromosomes. This diploid strawberry 

sequence lacks large genome duplications seen in other rosids. Gene 

prediction modeling identified 34,809 genes, with most supported by 

transcriptome mapping. Genes critical to valuable horticultural traits including 

flavor, nutritional value and flowering time are identified. Macro-syntenic 

relationships between Fragaria and Prunus predict a hypothetical ancestral 

Rosaceae genome that had nine chromosomes.  New phylogenetic analysis of 

154 protein-coding genes suggests that assignment of Populus to Malvidae, 

rather than Fabidae, is warranted. 
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 INTRODUCTION 

The cultivated strawberry, Fragaria × ananassa, originated ~250 years 

ago and is among the youngest of crop species1. Botanically, it is neither a 

berry, nor a true fruit, as the actual fruit consists of the abundant dry achenes 

(or seeds) that dot the surface of a fleshy modified shoot tip, the receptacle. 

Unlike other Rosaceae family crops such as apple and peach, the strawberry 

is considered to be non-climacteric because the flesh does not ripen in 

response to ethylene. Genomically, F. × ananassa is among the most complex 

of crop plants, harboring eight sets of chromosomes (2n=8x=56) derived from 

as many as four different diploid ancestors. Paradoxically, the small basic 

(x=7) genome size of the strawberry genus, ~206 Mb, offers substantial 

advantages for genomic research. 

Fragaria vesca (2n=2x=14) was selected by an international 

consortium for sequencing as a genomic reference for the genus2. The so-

called “semperflorens” or “Alpine” forms of F. vesca ssp. vesca have been 

cultivated for centuries in European gardens1. Their widespread temperate 

growing range, self-compatibility, and long history of cultivation, coupled with 

selection for favorable recessive traits such as day neutrality, non-runnering, 

and yellow-fruited forms offer extensive genotypic diversity. More broadly, F. 

vesca offers many advantages as a reference genomic system for the 

Rosaceae, including a short generation time for a perennial, ease of 

vegetative propagation, and small herbaceous stature compared with tree 

species such as peach or apple. Robust in vitro regeneration and 
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transformation systems have been established, facilitating the production of 

forward and reverse genetic tools, and structural and functional studies3-6. 

These properties render strawberry an attractive surrogate for testing gene 

function for all plants in the Rosaceae family.  

This report presents the genome sequence of the diploid strawberry F. 

vesca ssp. vesca accession Hawaii 4 (National Clonal Germplasm Repository 

accession # PI551572).  Coverage was achieved exclusively with short-read 

technologies and assembly was done without a physical reference, 

demonstrating that a contiguous plant genome sequence can be assembled 

and characterized using solely these technologies. Moreover, this genome 

was sequenced using an open-access community model. Supplementary data 

and methods are available online at http://www.nature.com/naturegenetics/. 

 

RESULTS  

Genome sequencing and assembly 

A fourth-generation inbred line of the F. vesca ssp. vesca accession 

Hawaii 4 known as ‘H4x4’ was selected for sequencing primarily due to its 

amenability for high-throughput genetic transformation. The Hawaii 4 

accession was used for T-DNA insertional mutagenesis5,6 as well as 

transposon and activation tagging. H4x4 is day neutral, sets abundant seed on 

self-pollination, and completes a life cycle in 4-6 months regardless of season. 

It has white-yellow fruit and produces new plants from modified stems called 

stolons.  
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       The Roche/454, Illumina/Solexa and Life Technologies/SOLiD platforms 

were used to generate 39× combined average coverage (as described in 

Online Methods).  A summary of the input sequence data used for the 

assembly is presented in Supplementary Table 1. Over 3,200 scaffolds were 

assembled with an N50 of 1.3 Mb (Supplementary Table 2). Over 95% (209.8 

MB) of the total sequence is represented in 272 scaffolds. Re-sequencing 

using Illumina confirmed the high quality of the assembly, with 99.8% of the 

scaffolds and 99.98% of the bases in the assembly validated by perfect match 

Illumina reads with an average depth of ~26× (Supplementary Fig. 1). The F. 

vesca H4x4 genome size is estimated at ~240 Mb using flow cytometry with 

Arabidopsis thaliana (~147 Mb) and Brachypodium distachyon (300 Mb) as 

internal controls (Supplementary Table 3). 

Anchoring the F. vesca genome sequence to the reference genetic map  

Scaffolds of the assembly were aligned and oriented to the diploid 

Fragaria reference linkage map (FV×FN) and its associated bin map7 (Fig. 1).  

Of 272 F. vesca H4x4 sequence scaffolds that were composed of over 10,000 

bp (a total of 209.8 Mb of scaffold sequences and embedded gaps), 131 were 

anchored to the FV×FN map.  The scaffolds were anchored via 320 genetic 

markers, including 234 mapped in the full FV×FN progeny6 (Fig. 1, blue bars), 

and 86 mapped in a bin set of six seedlings7 (Fig. 1 yellow bars).  Additionally, 

a novel method to identify segregating SNP markers via direct Illumina 

sequencing of a reduced complexity AluI digestion of the bin set seedlings 

was used for anchoring 70 additional scaffolds of over 100,000 kb in length to 
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the genetic map. Three scaffolds mapped to two locations on the genetic map, 

and were split into two at regions of low coverage. Thus, a total of 204 

genome sequence scaffolds (including the three split scaffolds) containing 

198.1 Mb of sequence data (~94% of the total genome sequence) were 

anchored to the FV×FN map using 390 markers. Scaffolds were assembled 

into seven pseudochromosomes, numbered according to the linkage group 

nomenclature of Davis and Yu8. 

Although a comprehensive molecular karyotype has yet to be 

established for F. vesca, Lim9 identified, via fluorescent in situ hybridization 

(FISH), three pairs of 45S (18S-5.8S-25S) loci and one pair of 5S loci that co-

localized with one of the pairs of 45S loci, in an unspecified accession of F. 

vesca. We also found these karyotypic features in F. vesca H4x4 and 

identified tentative correspondences between two cytologically marked 

chromosomes and genomically defined pseudochromosomes using mitotic 

(root tip) chromosomes hybridized to 25S (red) and 5S (green) rDNA probes 

(Online Methods; Supplementary Fig. 2). Chromosome G displays a strong 

distal 25S signal and a proximal 5S signal, while Chromosome F displays a 

strong distal 25S signal, and Chromosome D displays a weak distal 25S 

signal. The 5S probe sequence had sequence homology to two small 

scaffolds that are not mapped to pseudochromosomes, and one scaffold that 

maps to Pseudochromosome VII at the locus defined by marker EMFv190.  

The 25S sequence had 32 matches of >90% sequence identity, of which 30 

were unmapped scaffolds of less than 1.7 kb. Pseudochromosome VII, with 
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mapped scaffolds containing 25S and 5S sequences at distal and proximal 

locations respectively, appears to correspond to chromosome G. 

Pseudochromosome VI, which also contains 25S sequences in a mapped 

scaffold may correspond to chromosome F. No mapped scaffold could be 

implicated as corresponding to the weak 25S signal on chromosome D. 

Synteny infers ancestral relationships 

Whole genome analyses provide insight into the nature and dynamics 

of macro-syntenic relationships among rosaceous taxa. Comparison of the 

map positions of 389 rosaceous conserved ortholog set (RosCOS) markers 

previously bin-mapped in Prunus10 to their positions on the seven 

pseudochromosomes of F. vesca H4x4 revealed macro-syntenic relationships 

between the two genomes (Fig. 2). Markers were deemed orthologous 

between the two genomes when five or more RosCOS occurred within 

'syntenic blocks' shared between the two genomes. This analysis revealed 

remarkable genome conservation between the two taxa, with complete 

synteny between Prunus linkage group (PG) 2 and Fragaria Chromosome 

(FC) 7, PG8 and a section of FC2, and PG5 with a section of FC5.  Most 

markers mapped to PG3 were located on FC6, with the remainder on FC1. 

Markers on PG4 located to FC3 and FC2, while those on PG7 mapped onto 

FC6 and FC1.  New chromosomal translocations between PG1/FC5, 

PG3/FC1 and PG6/FC6 were identified, adding improved resolution to a 

previous study7. The data support the same broad structural relationships, 

providing extensive evidence for the reconstruction of an ancestral genome for 
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the Rosaceae with a haploid chromosome number (x) of nine, consistent with 

the base haploid chromosome number of the largest group within the modern 

Rosaceae, the Spiraeoideae11. 

Absence of large duplications in the Fragaria vesca genome 

A comparison of the F. vesca genome against itself using MUMmer12 

version 3.22 (for details see Online Methods) showed that long matches form 

eight distinct families of approximate repeats, with the largest family having 15 

occurrences (Supplementary Fig. 3).  This family shows homology to a rice 

retrotransposon protein (GenBank: ABA95102.1)13  and contains the longest 

(14,721bp) of the 126 matches greater or equal in length to 10,000 bp.  All 

other families have three occurrences or less. F. vesca is the only plant 

genome sequenced to date with no evidence of large-scale, within-genome 

duplication (Supplementary Fig. 3).  All members of the rosid clade share an 

ancient triplication, first documented in grape14 and found in all other rosid 

genomes, including apple15. In strawberry, chromosome rearrangement (Fig. 

2), and genome size reduction (perhaps accompanied by preferential loss of 

duplicated genes) may obscure the signature of the ancient triplication. 

Repetitive sequences and transposable elements  

In all plants studied, transposable elements (TEs) are major 

components of genomes, both in the percentage of the nuclear genome they 

represent and the degree to which they drive gene/genome evolution.  

Extensive homology and structure-based searches of the F. vesca genome, 

performed as previously described for the much larger maize genome16, 



 274 

 

identified 576 different TE exemplars17, including more than 6,000 fully intact 

TEs (Supplementary Table 4).  These elements mask about 22% of the 

assembly, compared to ~1.3% of the assembly masked by TEs in Repbase18, 

the MIPs repeat database19 and the TIGR repeat database20 combined.  No 

statistically significant difference was found in the amount of data masked in 

the raw sequence reads compared to the assembly, indicating that the 

assembly provides a comprehensive TE discovery resource. Moreover, 

previously identified TEs21 and nine intact LTR retrotransposons of the Copia 

superfamily were identified by the structure-based and homology-based 

searches of 30 sequenced F. vesca spp. americana fosmids22.      

 LTR retrotransposons occupy ~16% of the F. vesca nuclear genome, 

while CACTA elements and MITEs, the most numerous DNA TEs, represent 

2.8% and 2.4%, respectively, of the nuclear DNA.  The most numerous LTR 

retrotransposon family has less than 2,100 copies.  Average size angiosperm 

genomes have families with copy numbers greater than 10,000, so the lack of 

highly abundant LTR retrotransposons is likely to be why F. vesca exhibits a 

relatively small size genome.  High sequence identity between some elements 

suggests recent transposition activity.  

Transcriptome sequence   

Multiple complex cDNA pools provided F. vesca transcriptome 

sequence resources for gene model prediction and validation23, and 

highlighted organ specificity of fruit and root transcripts.  Analysis of the 

relative representation of genes in the fruit and root specific cDNA libraries 
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(see Online Methods) identified transcripts over-represented genes (> 2 fold, 

FDR < 0.01) in the fruit (1,753 genes) and root (2,151 genes).  A global 

perspective of the expression patterns of these genes in roots and fruit is 

provided (Fig. 3).  Genes over-represented in fruit showed enrichment for 

several categories of biological processes and molecular functions associated 

with fruit development, and were dominated by genes related to carbohydrate 

metabolic activity (glycosyltransferases, pectin esterases, 

polygalacturonases). Flower, fruit and embryo development, maturation-

associated amino acid metabolism, secondary metabolic and lipid metabolic 

genes were also overrepresented, consistent with other reports24.  In contrast, 

abundant transcripts in roots represented transcription factor, kinase, and 

signal transduction categories. Over-representation of biotic and abiotic 

stress-related genes was observed in roots compared to fruit. Results 

confirmed the expected transcriptional plasticity between different organs and 

developmental stages. 

Gene prediction and models 

A new machine learning algorithm, GeneMark-ES, which combines ab 

initio gene predictions, evidence for host gene deserts from the F. vesca 

transposable element library, and external evidence for gene elements derived 

from the transcriptome sequencing, was implemented to optimize precision of 

F. vesca gene annotation (Supplementary Fig. 4).  Parameters of the ab initio 

gene finder GeneMark-ES25 were defined by unsupervised training on the 

whole unmasked sequence of F. vesca genome; hybrid gene models were 
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generated for the genomic sequence masked for repetitive elements and 

marked for introns inferred from a high confidence set of F. vesca transcript 

sequences. This process generated 34,809 hybrid gene models with a mean 

coding sequence size of 1,160 nt and a mean of 4.8 exons per gene 

(Supplementary Table 5). Predicted protein sequences were searched for 

similarity by BLAST against SwissProt, UniRef90, RefSeq (plant) databases, 

and A. thaliana proteins (Supplementary Table 6). At least one Interpro motif26 

was detected in 63% of hybrid gene models. Based on our functional 

annotation pipeline, we provided preliminary annotation for approximately 

25,050 genes (Supplementary Fig. 5a and 5b). Gene clustering methods 

allowed us to computationally assign gene families to 18,170 genes (~55%). 

Comparison of transcriptome sequence information to gene models using the 

Illumina RNA-seq and Roche/454 EST sequences provided empirical support 

for the predictions (Supplementary Figs. 6a and 6b). Our approach to gene 

prediction proved highly effective as 90% of hybrid gene models were 

supported by transcript-based evidence. These findings also confirm the 

completeness of genome sequence coverage.  Gene models, transcriptional 

support and analytical tools may be accessed through the strawberry genome 

browser at http://www.strawberrygenome.org. 

RNA genes 

RNA genes were identified in the assembly: 569 tRNAs, 177 rRNA 

fragments, 111 spliceosomal RNAs, 168 small nucleolar RNAs, 76 micro 

RNAs and 24 other RNAs (Supplementary Table 7). These include the minor 
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atac spliceosomal RNAs and the thiamin pyrophosphate riboswitch that 

controls alternative splicing of THIC mRNA27. Although organellar sequences 

were generally underrepresented in the assembly, several organellar RNA 

sequences were recovered. No full-length copies of large cytoplasmic rRNAs 

were found; however, there was sufficient coverage along the length of large 

rRNAs to produce consensus sequences (Supplementary Table 8).  

Chloroplast genome  

 The H4x4 chloroplast genome is 155,691 bp long and encodes 78 

proteins, 30 tRNAs and four rRNA genes. Noteworthy is the absence of the 

atpF group II intron. This absence has previously not been found in land plant 

chloroplast genomes outside of Malpighiales28. Evidence for recent DNA 

transfer from the plastid to the nuclear genome (chloroplast nomads) was also 

observed (Supplementary Fig. 7).  The correlation of reduced sequence 

identity with shorter inserts is similar to the pattern reported in Sorghum29. 

Gene Ontology (GO) annotation  

Annotation coverage in the strawberry genome is equivalent to that of 

Arabidopsis, a genome of similar size. Preliminary annotation of ~25,050 

genes (Supplementary Fig. 5a and 5b) suggested that the F. vesca genome 

maintains more genes for “molecular function” categories defined for transport, 

signal transduction and structural molecules. Roughly the same number of 

genes was assigned to catalytic activity, while more for biological processes, 

such as transport, protein metabolism and response to freezing. Additional 

gene counts with cellular localization to mitochondria, plastid, membrane, 
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ribosome, cytoskeleton and chromosome might be due to the enriched GO 

annotation methods employed for this study.   

Multiple genome alignment to F. vesca as anchor 

Eight plant genomes were aligned, anchored by the genome of F. 

vesca (Online Methods).  The other seven plants represent the most closely 

related available genomic sequences. Supplementary Table 9 (the complete 

version is available at http://staff.vbi.vt.edu/setubal/mapG.html) shows that 

V. vinifera and P. trichocarpa share the most genes with F. vesca. This 

genome alignment is independent of gene predictions, since it is based on 

translated nucleotide sequences; 87% of the conserved regions overlap CDSs 

from gene predictions, thus providing evidence that the CDSs and overlapping 

conserved regions are indeed true coding sequences. 

Strawberry unique gene clusters  

A total of 103,570 gene sequences from a monocot (rice) and three 

dicots (Arabidopsis, grape, and strawberry) clustered together in 15,969 gene 

families (Fig. 4). Of the 33,264 protein coding genes in strawberry, 18,170 

genes aligned in 9,895 of these gene family clusters, with 681 gene clusters 

unique to strawberry.  These 681 gene clusters represent 957 genes, of which 

416 contain Interpro domains and were assigned GO categories. The 

remaining 541 are novel predicted genes of unknown function. These 

numbers are consistent with relative proportions from other sequenced 

genomes. The most Interpro domains found belong to transcription factor 

categories, followed by kinase domains and enzymatic activities related to fruit 
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development, ripening and sugar metabolism.  Of the 1,753 genes up-

regulated in the fruit transcriptome, 92 genes belong to the strawberry unique 

clusters, and 84 of these are novel genes with no known Interpro or GO 

classification.  Similarly, of the 2,151 genes up-regulated in the root 

transcriptome, 133 genes belong to the strawberry-specific category, of which 

128 are novel genes with no known Interpro or GO assignments. 

By comparison, 2,777 clusters were unique to the monocot.  More clusters 

were specific to the two herbaceous plants, Arabidopsis and rice (663), than to 

the two perennial fruit crops, grape and strawberry (269), although 6,233 gene 

clusters were common to all four species.  These data represent a subset of 

the analysis of gene sequences from plant and non-plant species that 

represent a uniform distribution across the Tree of Life and have completely 

sequenced genomes with annotated genes.  

An opportunity for translational studies 

Studies in model species such as A. thaliana have defined basic tenets 

of plant biology. Diploid strawberry represents a parallel system for testing 

these paradigms in an agile translational system. The F. vesca sequence 

permits access to genomic information relevant to Rosaceae, especially fruit 

quality (flavor, nutrition, and aroma). However, only about 100 genes central to 

these processes have been functionally characterized in Fragaria 

(Supplementary Tables 10 and 11). Analysis of the F. vesca genome has 

revealed orthologs and paralogs of many structural genes (Supplementary 

Tables 11 - 16) involved in key biological processes such as flavor production, 
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flowering and response to disease (Supplementary Note). Flavors and aromas 

arise from the perception of volatile compounds mainly produced by the fatty 

acid, terpenoid, and phenylpropanoid metabolic pathways. Several gene 

families have been implicated in the production of these volatile components, 

including the acyltransferases, the terpene synthases, the small molecule O-

methyltransferases (Supplementary Table 11; Supplementary Fig. 8). 

Examination of the strawberry genome revealed an intact flowering molecular 

circuit that parallels Arabidopsis and encompasses genes from the sensing of 

light (cryptochromes and phytochromes) through the circadian oscillator 

(Supplementary Table 12, Supplementary Fig. 9). Genes controlling the 

production of jasmonic acid (JA; Supplementary Table 13), salicylic acid (SA; 

Supplementary Table 14), nitric oxide (NO) (Supplementary Table 15), and 

pathogenesis-related (PR) proteins (Supplementary Table 16) have been 

associated with disease resistance in various species30,31 indicating that a 

core set of signal transduction elements is shared between strawberry and 

other plants.  

Analysis of transcription factor families   

Within the F. vesca genome, 1,616 transcription factors were identified 

(Supplementary Table 17) compared to 1,403 for grape and 1,856 for 

Arabidopsis using the same stringent BLAST-identity. Myb transcription 

factors have been implicated in regulating diverse plant responses, including 

growth or regulation of primary (sucrose) and secondary (lignins, 

phenylpropanoids) metabolites in reaction to hormones, abiotic and biotic 
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stress, and light/circadian rhythm. Overall, Arabidopsis has 303 Myb and Myb-

related TFs, whereas F. vesca has 187. Phylogeny of the R2R3 Mybs 

(Supplementary Fig. 10) showed orthologs of many Arabidopsis genes with 

assigned function; for example, those that underlie gene expression relevant 

to the production of flavonols and pro-anthocyanins.   

BLAST analysis of 20 Arabidopsis R2R3 Mybs implicated in regulating 

the phenylpropanoid metabolic pathway against the F. vesca genome 

identified 25 highly homologous sequences (Supplementary Table 18). The 

greatest clade expansion was around Tt2 (Transparent Testa 2; Myb123), 

which controls proanthocyanidin levels in the seed32.  There are at least six 

strawberry Tt2-like Mybs.  However, when Illumina-sequenced cDNA read 

mapping of these genes was considered, two appeared to be silent, five were 

expressed, and one (FvMyb33) was highly expressed, suggesting a key 

function in strawberry proanthocyanin synthesis. This Myb gene has been 

duplicated in Brassica napus and Lotus japonicus32,33. 

Reinterpretation of Angiosperm phylogeny based on nucleus-encoded 

genes  

Comparative analysis with other angiosperm genomes surprisingly 

revealed that the currently accepted phylogenetic placement of Populus, an 

important model organism for tree crops, may be incorrect. Gene selection 

began with an earlier gene tree database34 of 9,000 homology groups, 

searching for genes that were single copy, and filtering by a measure of 

phylogenetic coherence (see Online Methods and Supplementary Note), 
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which yielded 240 genes from seven species. Upon addition of homologs from 

new genomes (Glycine, Carica, Lotus), complex duplication patterns required 

rejecting some genes while simple terminal duplications were resolved by 

selecting a single product. This yielded 154 genes present in at least eight of 

the ten species totaling 68,526 aligned amino acid positions. Maximum 

likelihood phylogenetic analysis produced a tree (Fig. 5) that differed from 

most earlier studies (discussed below) in placing Populus with Arabidopsis in 

the Malvidae rather than with Fragaria and legumes in the Fabidae. 

 The approximately unbiased test35 using the 154-gene set rejected the 

monophyly of the Fabidae with a q-value of 3x10-38. Analysis of the subset of 

87 genes present in nine or more species (38,840 aa positions) and the 

subset of 24 genes present in all 10 species (9,480 aa positions) yielded the 

same topology. Resampling genes from the 154- and 87-gene sets (50% 

genewise jackknifing36) fully supported all clades except Medicago-Lotus 

(98%), demonstrating robustness to gene choice. Bootstrapping the per-site 

likelihoods for the best tree versus the Fabidae topology was used to 

determine the minimum number of positions needed to reduce support for the 

Fabidae topology to less than 1% of replicates. The minimum was 5,120 

positions (55%) for 24 genes; 13,594 positions (35%) for 87 genes; and 

13,704 positions (20%) for 154 genes.  This shows a decline in resolving 

power per position as more non-universal genes were included, though the 

larger data sets accumulate more overall power. 
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Phylogenetic analyses of the angiosperms based exclusively on 

chloroplast genes have consistently resolved with strong support two large 

rosid clades, Fabidae and Malvidae37. In contrast, studies based on the 

mitochondrial gene matR38, 13 protein coding genes39, and four plastid, six 

mitochondrial, and three nuclear genes40, placed Populus (and its order, the 

Malpighiales) in Malvidae.  However, this topology had either  <50% ML 

bootstrap support38,39 or taxonomic sampling of Malvidae was limited to 

Arabidopsis40.  Thus, no prior study made a strong case for the non-

monophyly of Fabidae.  Ours is the first phylogenetic analysis to robustly place 

Populus in Malvidae and not Fabidae.  Consistent with this result, there are at 

least seven floral characters41 that suggest the Malpighiales share a common 

ancestor with Malvidae, and no shared derived characters for Fabidae 

including Malpighiales. 

These apparently conflicting results may be due to biological 

differences between chloroplast and nuclear evolution. Chloroplasts lack the 

history of frequent gene duplications and loss that can lead to errors in 

recognizing orthologs in nuclear genes. Chloroplasts, however, can 

experience inheritance at odds with the genome as a whole42 especially when 

speciation events are compressed in time, as hypothesized for the rapid 

radiation of the rosid orders 83-108 million years ago37. As more plant 

genomes are sequenced these apparent discrepancies will be clarified by 

combining the advantages of copious genomic data43 with denser taxonomic 

sampling. 
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DISCUSSION 

The genome sequence for F. vesca, at ~210 Mb, is the smallest 

sequenced plant genome other than Arabidopsis and represents a gateway to 

functional gene studies within the Rosaceae.  Like Arabidopsis, F. vesca is 

rapidly transformable, grows with a small footprint and has a short generation 

time from seed to seed, which are all traits that make it particularly useful for 

functional genomics research.  Unlike Arabidopsis, F. vesca is perennial. Its 

nearest relatives are high-value fruit crops with cumbersome polyploid 

genomes such as cultivated strawberry, or large statured crops with long 

generation times and/or spatial requirements such as apple, rose, cherry or 

peach.  Economically important traits including disease resistance, 

developmental controls and fruit flavor/quality can be addressed with this agile 

system. Completion of the strawberry genome also illustrates that a plant 

genome can be sequenced and assembled using exclusively short-read 

technology without a physical map or reference genome.   
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METHODS 

Methods and any associated references are available in the online version of 

the paper at http://www.nature.com/naturegenetics/  
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Appendix VI: Figure 1. Anchoring the F. vesca genome to the diploid 
Fragaria reference map, FV×FN.  
Scaffolds representing 198.1 Mb of scaffolded sequence with embedded gaps 
(99.2% of all contiguous sequence over 10 kb in length) were anchored to the 
genetic map with 390 genetic markers. Blue scaffolds were anchored and 
oriented using map positions of markers in the full FV×FN progeny, while the 
yellow scaffolds were anchored to mapping bins.  
 



 287 

 

 

Appendix VI: Figure 2. F. vesca linkage map. 
A schematic representation of the positions of 389 RosCOS markers on the 
seven pseudochromosomes (FC1-7) of F. vesca in relation to their bin map 
positions on the eight linkage groups (PG1-8) of the Prunus T×E reference 
map. The diagram was plotted using Circos; map positions from the Prunus 
reference map were converted to approximate physical positions for 
comparison by multiplying the marker positions in cM by 400,000. Markers 
were spaced at 100,000 nucleotide intervals within each T×E mapping bin. 
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Appendix VI: Figure 3. Over-represented gene ontology categories in 
fruit (a) and root (b) expressed genes.  
The circles are shaded based on significance level (yellow = FDR below 0.05), 
and the radius of each circle denotes the number of genes in each category. 
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Appendix VI: Figure 4. Venn diagram showing unique and shared gene 
families between, and among, rice, grape, Arabidopsis and strawberry. 
Comparative analysis with rice, Arabidopsis, grape, and strawberry genes 
revealed that a total of 103,570 genes from those four species was shared 
among all four species. In the case of strawberry, 18,170 genes of the total 
33,264 protein coding genes aligned in 9,895 clusters. Comparison of the four 
species revealed 681 gene clusters unique to strawberry. There were 663 
gene clusters unique to strawberry and Arabidopsis while there were 262 
unique to rice with strawberry. Additionally, there were 6,233 gene clusters 
that were shared among all four species.  The analysis was done using a total 
of 21 species to find the clusters. 
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Appendix VI: Figure 5. Maximum likelihood phylogeny relating Fragaria 
to seven other eudicot genomes with two monocot outgroups.   
The tree is based on alignments of 154 genes present in at least eight of ten 
genomes.  Genes were selected to exhibit little duplication, with existing 
duplicates, primarily involving Glycine, removed.  Species in the Fabidae clade 
are colored red and species in the Malvidae clade are colored blue. The 
placement of Populus in Malvidae, and not Fabidae as found in previous 
studes, was strongly supported by topology and resampling tests. Bootstrap 
values are shown at nodes; the scale is amino acid substitutions per site. 
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ABSTRACT 

Plants possess two myosin classes, VIII and XI. The myosins XI are 

implicated in organelle transport, filamentous actin organization, and cell and 

plant growth. Due to the large size of myosin gene families, knowledge of 

these molecular motors remains patchy. Using deep transcriptome 

sequencing and bioinformatics, we systematically investigated myosin genes 

in two model plants, Arabidopsis (Arabidopsis thaliana) and Brachypodium 

(Brachypodium distachyon). We improved myosin gene models and found that 

myosin genes undergo alternative splicing. We experimentally validated the 

gene models for Arabidopsis myosin XI-K, which plays the principal role in cell 

interior dynamics, as well as for its Brachypodium ortholog. We showed that 

the Arabidopsis gene dubbed HDK (for headless derivative of myosin XI-K), 

which emerged through a partial duplication of the XI-K gene, is 

developmentally regulated. A gene with similar architecture was also found in 

Brachypodium. Our analyses revealed two predominant patterns of myosin 

gene expression, namely pollen/stamen-specific and ubiquitous expression 

throughout the plant. We also found that several myosins XI can be 

rhythmically expressed. Phylogenetic reconstructions indicate that the last 

common ancestor of the angiosperms possessed two myosins VIII and five 

myosins XI, many of which underwent additional lineage-specific duplications. 
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INTRODUCTION 

One of the most prominent features of plant cell biology is extensive 

dynamics of the cell interior. This dynamics involves trafficking of organelles, 

including endoplasmic reticulum (ER), mitochondria, peroxisomes, Golgi 

stacks, and endomembrane vesicles, collectively called cytoplasmic streaming 

(Shimmen and Yokota, 2004). Using chemical inhibitors, it has been shown 

that the organelle trafficking relies primarily on the actomyosin motility system 

(Lee and Liu, 2004; Sparkes, 2010). Plant myosins are traditionally partitioned 

into three classes: algal class XIII myosins and two classes of flowering plant 

myosins, VIII and XI (Bezanilla et al., 2003; Foth et al., 2006). However, recent 

sequencing of the several complete genomes of the green algae, mosses, 

dicots, and monocots provided the necessary data for a much deeper insight 

into myosin evolution and classification (Avisar et al., 2008b). It was found that 

the flowering plants generally possess large families of myosin genes. For 

instance, Arabidopsis (Arabidopsis thaliana) has 13 class XI myosin motors 

compared with only two in the moss Physcomitrella patens (Reddy and Day, 

2001; Vidali et al., 2010). The myosins XI are the fastest known processive 

motors (Tominaga et al., 2003; Shimmen and Yokota, 2004). However, the 

biological significance of the organelle trafficking and other myosin-dependent 

processes in plants remained poorly understood, in part because the 

pharmaceutical approach is unsuitable for identification of the functions of 

myosins in plant development. 
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Recent progress in plant myosin research (Sparkes, 2010) is due to the 

use of RNA interference and dominant negative inhibition approaches (Avisar 

et al., 2008a, 2008b, 2009; Sparkes et al., 2008; Natesan et al., 2009; 

Sattarzadeh et al., 2009) as well as the power of gene knockout technology 

(Ojangu et al., 2007; Peremyslov et al., 2008, 2010; Prokhnevsky et al., 2008; 

Ueda et al., 2010). The first genome-wide characterization of the myosins XI in 

Arabidopsis yielded a surprising outcome: none of the 13 myosin gene 

knockouts had a discernible developmental phenotype under optimal growth 

conditions (Peremyslov et al., 2008). However, a closer analysis of the mutant 

plants revealed reduced root hair growth in the plants with inactivated myosins 

XI-K and XI-2 (Ojangu et al., 2007; Peremyslov et al., 2008). These same 

myosins have been shown to contribute to the transport of Golgi stacks, 

peroxisomes, and mitochondria (Peremyslov et al., 2008). Taken together, 

these results suggested that the functions of myosins in plants are redundant 

and that the analysis of multiple knockouts is needed to obtain an adequate 

functional map of the entire set of plant myosins. 

The following characterization of the double knockout mutants revealed 

that myosins XI-1 and XI-B also contribute to organelle transport and root hair 

growth, respectively. Furthermore, it was found that simultaneous inactivation 

of the pair of closely related myosin paralogs, XI-K and XI-1, caused a 

moderate reduction in plant stature (Prokhnevsky et al., 2008). The most 

recent work on the triple and quadruple myosin XI gene knockouts highlighted 

critical contributions of the highly expressed myosins XI-K, XI-1, XI-2, and XI-I 
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to both diffuse and polarized cell expansion as well as to plant growth and 

development (Peremyslov et al., 2010). Inactivation of these myosins resulted 

in stunted plants, delayed flowering, and dramatic reductions in cell sizes, up 

to 10-fold in the case of root hairs. In addition, quadruple knockouts had 

virtually immobile organelles and exhibited cell type-specific changes in the 

architecture of F-actin bundles (Peremyslov et al., 2010). The myosins XI-K, 

XI-1, and XI-2 were also shown to be responsible for the bulk ER flow along 

thick F-actin bundles in the elongated cells of cotyledonal petioles (Ueda et al., 

2010). Interestingly, a recent study of the two myosins XI in the moss P. 

patens revealed functions in polarized cell growth and F-actin organization 

that are analogous to those of Arabidopsis myosins XI (Vidali et al., 2010). 

Parallel studies using dominant negative inhibition generally concurred 

with the conclusions of the gene knockout analyses and, in addition, 

implicated myosins XI-C, XI-E, and XI-I in the transport of Golgi stacks and 

mitochondria (Sparkes et al., 2008; Avisar et al., 2009). Both dominant 

negative inhibition and RNA interference were used to show that myosins XI 

contribute to the dynamics of the chloroplast extensions called stromules 

(Natesan et al., 2009; Sattarzadeh et al., 2009). 

With the rapid growth of interest in plant myosin motors, it also became 

clear that this field would benefit from a more systematic, genome-wide 

approach. Because myosins are relatively large proteins, the gene maps 

based on existing bioinformatics predictions (e.g. The Arabidopsis Information 

Resource [TAIR] 8 gene models) are complex and not entirely reliable. This 
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problem is further exacerbated by the rapidly growing number of plant genome 

sequences with different qualities and degrees of completeness. Although 

there are multiple genome-wide microarray databases of plant gene 

expression profiles, including those of myosins, these data are scattered and 

not always easily accessible. 

In this work, we employed bioinformatics and data from deep 

transcriptome sequencing (RNA-seq) of Arabidopsis and the model grass 

Brachypodium distachyon (referred to as Brachypodium in the rest of this 

paper) to investigate the genome-wide patterns of splicing, expression, and 

phylogeny of the plant myosins. We amend myosin gene maps and provide 

the data in an easy-to-use format. We combined RNA-seq data with our and 

other publicly available microarray analyses to deduce the tissue-specific and 

temporal patterns of myosin gene expression. A novel, myosin XI-K-derived 

gene of Arabidopsis that is expressed preferentially in the emerging vascular 

tissue is described. We also constructed a detailed phylogenetic tree of plant 

myosins that sheds new light on myosin evolution and classification. Our 

analysis provides a broad framework for future experimental designs aimed at 

the functional genomics of plant myosins and mechanisms through which 

these molecular motors contribute to cell growth and plant development. 

RESULTS AND DISCUSSION 

Myosin Evolution from Algae to Mosses to Angiosperms 

With several new plant genomes available (e.g. the lycopsid 

Selaginella moellendorffii, the moss P. patens, the dicot Medicago truncatula, 
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and the monocots Brachypodium and Sorghum bicolor), we are now in a 

position to validate the classification of myosins proposed previously 

(Bezanilla et al., 2003; Avisar et al., 2008b) and potentially gain new insights 

into the evolution of myosins among diverse land plants and algae. A 

maximum-likelihood tree of class VIII, XI, and XIII myosins was constructed 

using three sequences from myosin class V as an outgroup (Fig. 1). The 

topology of the resulting tree shows that the ancestors of land plants, the 

green algae, possess both class VIII and class XI myosins (blue boxes in Fig. 

1). Previously, the two algal myosins from Acetabularia peniculus that cluster 

with class XI myosins were classified as a separate class XIII (Foth et al., 

2006), but our phylogenetic analysis shows that there is no need for this 

additional class. Together with other previously unclassified algal myosins, the 

A. peniculus myosins form evolutionary lineages that clearly fall into class XI 

(Fig. 1). 

Mosses (P. patens) and lycopsids (S. moellendorffii) possess the same 

two classes of myosins, which, as expected, are closer to the flowering plant 

clade than to the corresponding algal myosins (brown boxes in Fig. 1). 

Counterintuitively, moss myosins XI in the group XI (M) cluster with the 

flowering plant group XI (I) rather than outside the flowering plant clade. 

Because this branch is weakly supported by bootstrap analysis, it likely 

represents a long-branch attraction artifact that could be corrected when more 

moss myosin sequences become available. Both P. patens and S. 

moellendorffii also exhibit conspicuous lineage-specific expansions of 
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paralogous myosin VIII gene families, and the functional implications of these 

expansions remain to be experimentally addressed. 

Importantly, with the analysis of additional available genomes, we 

confirmed all the groups detected previously for angiosperms, namely, groups 

A and B for class VIII and groups I, F, G, K, and J for class XI (Fig. 1; Avisar et 

al., 2008b). A few cases where representatives of one or another group were 

missing in certain genomes could be attributed to the state of sequence 

assembly and the annotation state of the corresponding genomes (we did not 

attempt to assemble myosin genes from unannotated genome sequences). 

For instance, apparent orthologs of Arabidopsis myosins XI-I and XI-F are 

present in Populus trichocarpa but lack the motor domain that was used for 

tree reconstruction. 

Taken together, the results of the phylogenetic analysis of plant 

myosins indicate that the origin of the flowering plants was associated with a 

burst of duplication in class XI and a single duplication in class VIII; most 

likely, these duplications were followed by subfunctionalization of the 

paralogous myosins. Subsequent, additional functional specialization in 

different groups of plants probably resulted from lineage-specific duplications. 

More detailed classification based on independent duplication events within 

dicot and monot branches is starting to emerge; for example, there are three 

paralogous clades within the group XI (K) myosins in monocots compared with 

only two in dicots. Only the myosins in group XI (F) have not been duplicated 

in any of the plant lineages analyzed so far. 
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By and large, the available experimental data confirm the proposed 

evolutionary scenario for plant myosins. A gradual subfunctionalization with a 

degree of redundancy is particularly clear within the recently characterized 

pairs of closely related paralogs that emerged via relatively recent gene 

duplications, namely, myosins XI-K/XI-1 and XI-2/XI-B. The former pair shares 

functions in organelle transport, whereas only myosin XI-K is also required for 

polarized root hair growth. In the latter pair, both myosins are required for root 

hair growth, but only XI-2 is involved in organelle transport (Prokhnevsky et 

al., 2008; Peremyslov et al., 2010). On the other hand, specific functions of the 

myosins within groups XI (I), XI (F), and XI (J) remain unknown; inactivation of 

these myosins via insertional T-DNA mutagenesis produced no discernible 

phenotypes in the vegetative Arabidopsis plants (Peremyslov et al., 2008). 

The case of the entire myosin class VIII is even more striking: the functions of 

these myosins remain obscure. Future sequencing of the fern and 

gymnosperm genomes will further refine the evolutionary scenario presented 

here, but dramatic changes seem unlikely. 

Myosin Nomenclature 

So far, there is no universally accepted classification of the plant 

myosins. The originally described Arabidopsis myosin genes designated 

MYA1/MYA2 and ATM1/ATM2 (Knight and Kendrick-Jones, 1993; Kinkema et 

al., 1994) belong to classes XI and VIII, respectively. The genome-wide 

description of Arabidopsis myosins retained these designations and named 

additional myosins as XIA to XIK and VIIIA/B (Reddy and Day, 2001). Here 
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and in our previous publications, we adopted a nomenclature that attempts to 

be more systematic and phylogenetically relevant than the currently used 

designations. We preserved the designations proposed by Reddy and Day 

(2001) but added a hyphen to separate the Roman numeral from the following 

capital letter (i.e. XI-A to XI-K). We also renamed MYA1 and MYA2 as XI-1 

and XI-2 and renamed ATM1 and ATM2 as VIII-1 and VIII-2. In accord with 

the existence of five phylogenetic lineages of myosins XI and two lineages of 

myosins VIII in higher plants (Fig. 1), we subdivide Arabidopsis myosins into 

seven groups (Table I). 

A broader adoption of this nomenclature poses formidable challenges, 

primarily due to the variability in the numbers and phylogenetic patterns of the 

myosin genes among the plant species (Fig. 1). However, we propose that the 

myosins of flowering plant species other than Arabidopsis also are assigned to 

the seven groups shown in Figure 1. Such an assignment will provide 

phylogenetic reference and will be useful to guide experimental analysis. 

Here, we adopt this approach for the Brachypodium myosins. 

Gene Models and Alternative Splicing of the Myosin Genes in 

Arabidopsis and Brachypodium 

Due to the large sizes of myosin XI genes and the complexity of 

myosin mRNA splicing patterns, currently available myosin gene models (e.g. 

at TAIR [http://www.arabidopsis.org/]) are not entirely reliable, as pointed out 

previously (Ojangu et al., 2007). To refine and optimize the myosin gene 

models for the model dicot plant Arabidopsis and the model monocot plant 
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Brachypodium, transcript evidence generated using ultra-high-throughput 

transcriptome sequencing (Fox et al., 2009) was coupled with all publicly 

available myosin transcript data to generate revised gene models using a 

reference-guided assembly approach. Briefly, public Illumina RNA-seq 

transcriptome data and public EST data downloaded from GenBank were 

combined with existing gene predictions using the Transcription-unit Assembly 

Utility (TAU) algorithm (Filichkin et al., 2010; http://mocklerlab-

tools.cgrb.oregonstate.edu/). Based on this approach, we revised the gene 

models for 17 Arabidopsis and 11 Brachypodium class XI and class VIII 

myosins. Figure 2 shows the examples of reannotated gene models for the 

genes encoding Arabidopsis myosin XI-K (Fig. 2A; AT5G20490) and its 

apparent Brachypodium ortholog (Fig. 2B; Bradi2g41980). Myosin XI-K 

attracted much attention thanks to its prominent roles in organelle and ER 

transport, F-actin organization, as well as cell and organ growth in Arabidopsis 

(Peremyslov et al., 2010; Ueda et al., 2010). It will be interesting to determine 

if similar roles are played by the ortholog of this myosin in Brachypodium 

(Bradi2g41980). 

In the case of the Arabidopsis XI-K gene, the Illumina RNA-seq 

transcript evidence (Filichkin et al., 2010) supported inclusion of a novel first 

exon that was not previously annotated and indicated that the annotated first 

exon was incorrect (Fig. 2A). In addition, the RNA-seq data revealed a novel 

intron retention event in annotated intron 26 (boxed in Fig. 2A) and an 

alternative acceptor site that changes the start position for the second exon 
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(arrow in Fig. 2A). These data were combined to generate one preferentially 

expressed (chr5.9202.1) and two new alternatively spliced (chr5.9202.2 and 

chr5.9202.3) gene models for the Arabidopsis XI-K gene, as shown in the TAU 

track of Figure 2A. 

To further evaluate the revised, TAU-derived XI-K gene models, we 

isolated RNA from the Arabidopsis rosette leaves, reverse transcribed, PCR 

amplified, and sequenced the entire coding region of the XI-K mRNA. The 

resulting consensus sequence fully corresponded to the TAU model 

chr5.9202.1. Furthermore, we performed 5′ RNA ligase-mediated (RLM)-

RACE to determine the correct transcription initiation site(s) and to sequence 

the adjacent cDNA region. The resulting PCR products were cloned, and 12 

independent clones were sequenced. Eleven seemingly random transcription 

initiation sites between nucleotides 6,937,789 and 6,936,808 on chromosome 

5 were identified, with the first cDNA nucleotide being a purine in all clones 

(eight clones started with A and four started with G). All 12 clones showed 

identical nucleotide sequence downstream from nucleotide 6,936,808 that 

corresponded closely to the 5′ terminus of the first exon in TAU models. A 

putative translation initiation AUG codon of the XI-K coding sequence was 

found at nucleotide 6,937,379, followed by an 834-nucleotide-long intron and 

129-nucleotide-long exon that had been considered part of an intron according 

to the TAIR gene model. Therefore, direct sequencing of the XI-K cDNA has 

fully confirmed the TAU model chr5.9202.1 (Fig. 2A, compare tracks cDNAs 

and TAU) and revealed that the myosin XI-K mRNA population possesses 5′-
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untranslatable regions of variable length exceeding 570 nucleotides. It seems 

reasonable to suggest that such an unusually long untranslatable region plays 

a role in the regulation of myosin XI-K expression. 

To determine if the alternatively spliced variants chr5.9202.2 and 

chr5.9202.3 are indeed expressed in Arabidopsis, we interrogated the 

corresponding areas of the conceptually transcribed mRNA variants using 

primer sets specific to each of the variants. The results of reverse transcription 

(RT)-PCR analysis supported occurrence of the intron 26 retention in the 

chr5.9202.2 variant as well as of an alternative acceptor site in the 

chr5.9202.3 variant (Fig. 3A). Interestingly, the former splicing event was 

present in substantial quantities, whereas the latter was barely detectable 

(asterisk in Fig. 3A). As expected, the “canonical” splicing variant chr5.9202.1 

was expressed predominantly (Fig. 3A). 

The predicted domain architectures of the three variants of Arabidopsis 

myosin XI-K are shown in Figure 3C. Of these, the dominant variant 

chr5.9202.1 possesses all domains typically found in class XI and V myosins: 

the N-terminal Src homology 3 (SH3) domain and a motor/head domain as 

well as the C-terminal tail region including IQ motifs, a coiled-coil domain, and 

a DIL domain. The alternatively spliced chr5.9202.2 and chr5.9202.3 

transcripts encode proteins that lack the DIL and SH3 domains, respectively 

(Fig. 3C). 

We conclude that the previously accepted gene model for XI-K was 

incorrect, thus affecting experiments aimed at cloning, expressing, and 
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tagging of the XI-K gene or cDNA. In particular, the 5′-terminal sequence of 

the XI-K cDNA reported by Ojangu et al. (2007) does not correspond to our 

validated model; apparently, it represents an additional minor transcription 

variant. Although we did not detect this variant among the 12 sequenced RLM-

RACE clones (see above), we were able to amplify it at very low efficiency 

using oligonucleotide primers designed by the authors (data not shown). 

A second example of reannotation illustrates the use of empirical 

transcript data to revise the gene models for the Brachypodium myosin XI 

from the XI (K) group encoded by the Bradi2g41980 gene (Figs. 1 and 2B). 

Conceptual translation of the mRNAs corresponding to two existing gene 

models (Fig. 2B, track JGIv1.0) yielded unusually large proteins with 

duplication of the tail region unseen in any previously characterized myosins 

XI or V (data not shown). The public Illumina RNA-seq data (Brachypodium 

Genome Initiative, 2010) confidently refuted the Joint Genome Institute model 

Bradi2g41980.1 and supported two additional gene models (Fig. 2B, track 

TAU; data not shown). As shown in the FUTCM Figure 2B Illumina RNA-seq 

track, a large number of RNA-seq reads aligned within the annotated intron 

38, consistent with an alternative 3′-terminal exon 38 and 3′-bias expected for 

RNA-seq data derived from oligo(dT)-primed RT products (boxed in Fig. 2B). 

Each of the initial TAU models was interrogated using RT-PCR and 

four variant-specific primer sets. The results shown in Figure 3B unequivocally 

supported only one of these models (Bd2.62282.2 in the TAU track of Fig. 2B). 

As could be expected, conceptual translation of the Bd2.62282.2 transcript 
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yielded a full-size myosin XI possessing all domains also found in its apparent 

Arabidopsis ortholog XI-K (Fig. 3D). Strikingly, it was demonstrated that the 

transcript encoding an additional tail region (shaded in Fig. 2B) was indeed 

expressed in Brachypodium, but as a separate mRNA (Bd2.62282.1 in the 

TAU track of Fig. 2B; see also Fig. 3B). 

Thus, combined empirical transcript evidence enabled modification of 

the myosin gene models in Arabidopsis and Brachypodium, including the 

identification of new alternative splicing variants. The next challenge is to 

investigate the functional relevance of the predicted myosin variants and to 

determine if, similar to mammalian myosins V (Wu et al., 2002; Roland et al., 

2009), alternative splicing is involved in functional regulation of the plant 

myosins XI. 

We developed the complete, genome-wide sets of the amended gene 

models for all Arabidopsis and Brachypodium myosins XI and VIII to facilitate 

further experimental inquiry into functional genomics of the plant myosins. The 

detailed information on these models, including amino acid sequences of 

myosins corresponding to each splicing variant, can be found at 

http://myosins.cgrb.oregonstate.edu. 

Patterns of Myosin Gene Expression 

To investigate the patterns of myosin gene expression in Arabidopsis, 

we mined public Affymetrix DNA microarray data using the Genevestigator 

suite of tools (https://www.genevestigator.com; Hruz et al., 2008). The 

resulting expression heat map for the individual anatomical categories and 
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distinct developmental stages that combined all available data is shown in 

Figure 4. This heat map revealed that six myosin XI genes, XI-K, XI-1, XI-2, 

XI-H, XI-I, and XI-F, are transcribed at varying but substantial levels in distinct 

organs and tissues. The expression pattern of the XI-G gene was difficult to 

evaluate due to low levels of the microarray signals (Fig. 4). The remaining six 

myosin XI genes, XI-A, XI-B, XI-C, XI-D, XI-E, and XI-J, exhibited particularly 

high expression levels in pollen and stamen (Fig. 4), suggesting a degree of 

tissue specialization and involvement in male reproductive function. 

We also investigated global relative expression levels of Arabidopsis 

and Brachypodium myosins in whole plants. Initially, we compared the 

estimated average expression levels of Arabidopsis myosins measured by 

either Affymetrix DNA microarrays (https://www.genevestigator.com) or 

Illumina RNA-seq transcriptome analysis (Filichkin et al., 2010). In general, 

there was a substantial correlation between the expression levels estimated 

using these different technologies (Fig. 5A). However, whole plant 

comparisons also gave an additional insight into myosin expression patterns 

with potential functional relevance. 

According to their whole plant expression levels, Arabidopsis myosin XI 

genes could be roughly separated into three categories. The first category 

includes five genes (XI-K, XI-1, XI-2, XI-I, and XI-H) with highly abundant 

transcripts (Fig. 5A), suggesting broad roles in plant development and 

physiology. Indeed, data available for four of these myosins showed that they 

collectively provide important, albeit redundant, contributions to intracellular 
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dynamics, cell expansion, and aerial organ growth (Peremyslov et al., 2010). 

The functions of the highly expressed myosin XI-H remain to be determined. 

The second category includes four genes (XI-F, XI-G, XI-B, and XI-J) 

transcribed at intermediate levels (Fig. 5A), which could be interpreted as an 

indication of less central roles, perhaps limited to specialized cell types. The 

functions of the XI-F, XI-G, and XI-J myosin genes remain uncharacterized, 

whereas XI-B has been shown to provide important contributions to root hair 

elongation (Prokhnevsky et al., 2008; Peremyslov et al., 2010). On the other 

hand, the XI-B and XI-J genes are preferentially expressed in pollen (Fig. 4), 

implying a role in pollen tube growth. A potential dual function of XI-B (and, 

perhaps, also XI-J) is in line with the prominent mechanistic parallels in the tip 

growth of the root hairs and pollen tubes (Cole and Fowler, 2006; Lee and 

Yang, 2008). Comparative investigation of the myosin XI-B and XI-E functions 

in these cell types is a promising area for future research into the mechanisms 

of polarized cell elongation in plants. 

The third category of Arabidopsis myosin XI genes includes XI-A, XI-D, 

XI-C, and XI-E, for which the transcription levels at the entire plant level are 

extremely low (Fig. 5A). Given that each of these genes is expressed almost 

exclusively in stamen and pollen (Fig. 4), specialized function in pollen 

formation and/or growth seems very likely. Indeed, preliminary experiments 

with the mutants in which genes XI-C and/or XI-E were inactivated suggested 

that these myosins are required for efficient pollen tube growth (R. Cole, J. 

Fowler, V.V. Peremyslov, and V.V. Dolja, unpublished data). 
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Among four myosin VIII genes in Arabidopsis, VIII-1, VIII-A, and VIII-2 

are transcribed to relatively high levels, whereas VIII-B transcription is 

relatively low (Fig. 5A). Similar to myosins XI, it can be suggested that the 

former three myosins VIII function throughout the plant, whereas VIII-B is 

more specialized, in accord with its preferential expression in pollen (Fig. 4). It 

should be mentioned that the genes encoding myosins XI-G and VIII-2 show 

barely detectable expression in organ-specific Affymetrix assays (Fig. 4) but 

substantial expression levels in whole plants, as supported by both Affymetrix 

and RNA-seq data (Fig. 5A). This apparent discrepancy appears to be an 

artifact due to a relatively low sensitivity of the Affymetrix assays done with 

isolated tissues, a nearly uniform accumulation of corresponding transcripts 

throughout plants, or both. 

A global expression analysis was also performed for Brachypodium by 

comparing Affymetrix DNA microarray data for whole seedlings (S.E. Fox and 

T.C. Mockler, unpublished data) with public Illumina RNA-seq data 

(Brachypodium Genome Initiative, 2010). Similar to Arabidopsis, the relative 

expression estimates made using the two platforms were well correlated (Fig. 

5). Moreover, separation of the Brachypodium myosin genes into categories 

expressed to high, intermediate, and low levels revealed striking 

correspondence to the pattern seen in Arabidopsis. Indeed, Brachypodium 

possessed five highly expressed myosin genes XI, with two from groups XI (K) 

and XI (G) each and one of group XI (I) (Bradi2g41980, Bradi2g48080, 

Bradi3g55350, Bradi3g29700, and Bradi3g57240, respectively), exactly 
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mimicking the distribution of five highly expressed Arabidopsis myosin XI 

genes (Fig. 5). This result suggests conservation of the high expression levels 

and, perhaps, broad functions in cell dynamics and plant growth among 

myosins from the evolutionarily related myosin XI groups (Fig. 1) in a monocot 

and dicot plants. 

The two Brachypodium myosin genes XI transcribed to intermediate 

levels (Bradi1g08710 and Bradi1g45120; Fig. 4B) belonged to two out of three 

groups of such myosins, XI (F) and XI (J), in Arabidopsis. Finally, two 

Brachypodium myosin XI genes with low transcript abundance were 

Bradi1g00610 and Bradi2g18520 from groups XI (G) and XI (K) (Fig. 5B). By 

analogy to Arabidopsis, it could be expected that these latter genes and 

probably the group XI (J) gene from Brachypodium are pollen specific. It will 

be interesting to see if future analyses confirm the existence of the three 

pollen-specific myosins in Brachypodium compared with six such genes in 

Arabidopsis. 

Diurnal Regulation of the Myosin Gene Expression 

To determine whether the expression of plant myosins is regulated by 

light and temperature, we investigated the accumulation of myosin transcripts 

under different diurnal conditions. This has been done with all 17 Arabidopsis 

myosin genes and their apparent orthologs from rice (Oryza sativa subspecies 

japonica; a monocot); analogous data from Brachypodium are not yet 

available. The analysis of mRNA profiles using whole genome expression 

microarrays showed that the transcripts of a majority of myosin genes in both 
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Arabidopsis and rice accumulated in a cyclical fashion under the diurnal 

conditions, suggesting that their expression can be driven by photocycles 

and/or thermocycles (Table II). 

Interestingly, expression levels of myosins XI that showed strong 

cycling behavior peaked at a similar phase in Arabidopsis and rice, as 

illustrated for the Arabidopsis XI-K gene and its apparent rice ortholog in 

Figure 6. This phase corresponded to dawn and/or morning hours, suggesting 

that many myosin genes are transcribed actively in anticipation of the 

photosynthetic activity during the light period. In contrast, only a minority of the 

tested myosins showed rhythmic expression under continuous 

light/dark/temperature conditions, suggesting that their cycling is regulated by 

the circadian clock (Table II). Among 17 Arabidopsis myosin genes, such 

circadian expression behavior was detected only for XI-B, XI-H, and VIII-B. 

Previously, regulation of plant myosin gene expression in a 

photoperiod-sensitive manner was reported for the rice myosin XI gene 

OSMYOXIB, which is required for normal pollen development (Jiang et al., 

2007). Our data show that many class XI family myosins are diurnally 

regulated and that the accumulation of their transcripts is driven by 

photocycles and/or thermocycles. Because none of the tested class XI 

myosins has been implicated in chloroplast transport or positioning (Avisar et 

al., 2008b; Suetsugu et al., 2010), myosins are unlikely to directly regulate 

chloroplast performance during the photoperiod. Instead, an overall myosin-

driven intracellular dynamics could play a role in more uniform photoassimilate 
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redistribution and elevation of a metabolic status in the cells of light-exposed 

aerial organs, as recently proposed (Peremyslov et al., 2010). 

A Novel, Developmentally Regulated Arabidopsis Gene That Encodes a 

Headless Variant of Myosin XI-K 

As discussed above, gene duplication is the predominant mode of 

myosin gene family evolution in flowering plants, with many relatively recent 

events occurring in a lineage-specific manner. An example of this process is 

seen in myosin group XI (K), where a single duplication in the Arabidopsis 

lineage yielded genes XI-K and XI-1 with overlapping functions (Prokhnevsky 

et al., 2008). However, in addition to the full copy of the XI-K gene 

(AT5G20490), in the same chromosome 5 there is its “shadow” that emerged 

via partial tandem gene duplication (ATG5G20470). Because RNA-seq data 

indicated that this gene is transcribed (Fig. 7A, Illumina data track), we were 

interested in potential functions of the encoded protein. 

To validate the RNA-seq data, we reverse transcribed and PCR 

amplified the predicted cDNA corresponding to the ATG5G20470 gene 

transcript using RNA isolated from young Arabidopsis seedlings. Sequencing 

of the resulting PCR product revealed a single 1,911-nucleotide-long open 

reading frame (ORF) and supported modification of the TAIR gene model to 

include a new first intron within the annotated first exon, novel exons within the 

annotated introns 7 and 8, as well as modified boundaries for several exons 

(Fig. 7A, tracks cDNAs and TAU). 
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Reconstruction of the domain architecture of the product of the 

conceptually translated ORF using the Simple Modular Architecture Research 

Tool (http://smart.embl-heidelberg.de) revealed an N-terminal coiled-coil 

domain and a DIL domain (Fig. 7B, top). Because the predicted product 

completely lacked the motor head domain, we named it HDK for headless 

derivative of myosin XI-K. The two conserved domains of HDK were most 

closely related to those of myosin XI-K, with a 72% amino acid sequence 

identity. The phylogenetic tree for the C-terminal region of myosins 

corresponding mostly to the cargo-binding subdomains fully supports this 

observation (Fig. 7C). Thus, the HDK gene most likely evolved via a relatively 

recent partial duplication of the XI-K gene. 

The high similarity between the amino acid sequences of HDK and 

myosin XI-K suggested that these proteins bind similar cargoes. However, 

HDK cannot transport the bound cargoes due to the absence of a motor 

domain. Therefore, it could be expected that the expression of HDK would 

interfere with XI-K-dependent cargo transport, by analogy to the commonly 

used experimental approach in which ectopic expression of headless myosins 

is employed for dominant negative inhibition of myosin functions (Avisar et al., 

2008a, 2008b, 2009; Sparkes et al., 2008, 2009; Sattarzadeh et al., 2009). 

Given the intriguing possibility that HDK is involved in regulating 

myosin XI-K, we investigated the expression pattern and the potential 

functions of HDK in Arabidopsis. An expression cassette was engineered in 

which a putative promoter region of the HDK gene (a 1-kb-long genomic DNA 
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fragment starting upstream from the HDK initiation codon) designated PrHDK 

was fused to the ORF encoding bacterial GUS, a sensitive enzymatic reporter 

of gene expression. The resulting PrHDK::GUS cassette was transformed into 

Arabidopsis and used to assay HDK promoter activity in growing plants. 

Conspicuously, it was found that the expression of the HDK gene is 

regulated in a development- and tissue-specific manner. Indeed, substantial 

GUS activity was observed throughout the roots and young cotyledons of the 

PrHDK::GUS transgenic plants, with the vascular tissues showing the strongest 

in situ GUS staining (Fig. 7D). In the mature cotyledons, reporter protein 

expression was limited to the vascular bundles. A similar expression pattern 

was seen in the young true leaves. With leaf growth, GUS activity gradually 

declined, virtually disappearing in the mature leaves (Fig. 7D). 

To gain insight into the potential HDK function in plant growth and 

development, we obtained mutant Arabidopsis lines SALK_04694 and 

SALK_085824 with insertions four nucleotides upstream of the ATG start 

codon and in the fifth exon of the HDK-encoded ORF, respectively, and 

generated the corresponding homozygous lines. Characterization of these 

lines using RT-PCR showed undetectable levels of HDK mRNA expression, 

confirming the insertional inactivation of the HDK gene. However, the HDK-

deficient plants showed no discernible phenotypes compared with the 

phenotype of wild-type plants (data not shown). Given that xi-k knockouts also 

showed no obvious developmental phenotype (Peremyslov et al., 2008), this 

is not an unexpected outcome. If, as proposed, the HDK function is to 
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modulate XI-K activity via dominant negative inhibition, the effect of such 

modulation should not exceed the (undetectable) phenotypic effect of the XI-K 

inactivation. 

Because the phenotypes of the myosin-deficient (Peremyslov et al., 

2008) or HDK-deficient (this work) plants were investigated under optimal 

growth conditions, it remains possible that these proteins play more prominent 

roles in stress or pathogen responses. Even though inactivation of HDK does 

not affect plant performance in limited-scale experiments, it seems likely that 

the mutant plants are less fit than the wild-type plants. This possibility can be 

addressed in large-scale, multigeneration competition experiments under 

natural environment conditions. 

As we have shown above (Fig. 2B, shaded box), Brachypodium also 

possesses and expresses a gene that apparently emerged via partial 

duplication of the myosin XI gene. Indeed, conceptual translation of the 

Bd2.62282.1 transcript yielded a single ORF encoding an HDK-like protein 

with an IQ motif, a truncated coiled-coil domain, and a complete DIL domain 

(Fig. 7B, bottom). Phylogenetic analysis showed that this protein was most 

closely related to the monocot myosins within the XI (K) group (Fig. 7C), 

suggesting that the corresponding gene has emerged via partial duplication of 

one of the genes in this lineage. Therefore, we concluded that the Arabidopsis 

HDK and Brachypodium HDK-like genes have emerged independently, 

suggestive of a broader importance of partial gene duplication. Additional 

candidate HDK-like genes were also detected in the rice and sorghum 
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genomes (data not shown), although their expression remains to be validated 

experimentally. 

DISCUSSION 

In this work, we provide a unified view of the multigene family of key 

molecular motors, myosins, in plants. Using newly sequenced genomes of 

algae, mosses, and angiosperms, we develop a scenario of myosin evolution 

according to which all green plants possess two classes of myosins, VIII and 

XI, rather than three classes, as previously accepted. Furthermore, we show 

that angiosperms possess two groups of myosins VIII and five groups of 

myosins XI; genes in each of these groups undergo active lineage-specific 

duplication, most likely accompanied by subfunctionalization (Fig. 1). We use 

phylogenetic classification to propose a modified approach to myosin 

nomenclature (Table I) and to guide research into functional genomics of plant 

myosins. 

We show that, in addition to gene proliferation via duplication, plant 

myosin genes also exhibit an additional level of complexity due to alternative 

splicing of their corresponding transcripts. Dominated by intron retention, 

alternative splicing has a potential to yield myosin variants with distinct 

functions. Using empirical transcript data and improved gene model-building 

algorithms, we amended gene models for all known Arabidopsis and 

Brachypodium myosins (http://myosins.cgrb.oregonstate.edu). Using direct 

cDNA sequencing and mapping of the 5′ termini, we validated the revised 

gene models for the Arabidopsis myosin XI-K that plays major roles in multiple 
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myosin-dependent processes and for its ortholog in Brachypodium (Figs. 2 

and 3). 

Existence of the myosin XI splicing isoforms and HDK-like genes in 

Arabidopsis and Brachypodium highlights a possibility of regulatory functions 

executed via selective binding of myosin partners. Indeed, full-size myosins 

bind both F-actin and the cargo. In contrast, the DIL-less isoforms are likely to 

bind only F-actin, whereas the HDK-like proteins can only bind cargo, thus 

modulating the corresponding activities of the full-size myosins. 

From comparative analysis of the available DNA microarray and RNA-

seq data, we conclude that there are two principal modes of myosin gene 

expression in Arabidopsis (Figs. 4 and 5). One mode involves ubiquitous 

expression throughout the vegetative plant, whereas the second mode 

pertains to myosin genes that are preferentially expressed in male 

reproductive cells of pollen and stamen (Fig. 4). In terms of the expression 

levels, myosin genes could be roughly classified into abundant, intermediate, 

and low expression categories (Fig. 5). We also show that many myosin 

genes in Arabidopsis and rice are diurnally regulated (Fig. 6; Table II), 

implicating myosins in photoperiod-related aspects of plant physiology. 

We characterize a novel Arabidopsis gene, HDK, that evolved via 

partial duplication of the XI-K gene and is preferentially expressed in young 

cotyledons and developing vascular tissue (Fig. 7). Although preliminary 

analysis of the hdk gene knockout lines did not reveal an obvious phenotype, 

we suggest that HDK might function as an accessory modulator of the myosin 
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XI-K function in early development. This notion is supported by the expression 

of the analogous, HDK-like protein in Brachypodium (Figs. 2, 3, and 7). Using 

phylogenetic analysis, we show that the HDK genes of Arabidopsis and 

Brachypodium most likely evolved independently. Together with the 

experimental results described above, these findings suggest that partial 

duplication of myosin genes converged to produce truncated myosin forms. 

Searches in protein databases suggest that HDK-like proteins are broadly 

represented in plant genomes, an observation that is compatible with the 

functional relevance of these headless myosin derivatives. 

Taken together, the experimental and computational results of this 

work provide a detailed picture of plant myosin gene evolution, splicing, and 

expression that constitutes a genome-wide framework for the future 

investigation of myosin gene function and regulation in angiosperms. The 

emerging field of plant myosin genomics yields an increasingly refined 

depiction of an evolutionarily dynamic, functionally diversified, and partially 

redundant multigene family. The evolution of the myosin family is 

characterized by ongoing processes of gene duplication followed by functional 

specialization, in particular, via the acquisition of developmental and tissue-

specific patterns of gene regulation. 

MATERIALS AND METHODS 

Phylogenetic Analysis 

Phylogenetic analysis was performed using the MOLPHY software to 

build maximum-likelihood unrooted trees (Adachi et al., 2000) on the basis of 
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multiple alignments constructed using the MUSCLE program (Edgar, 2004). 

Poorly aligned regions were removed manually; the final alignments used for 

the phylogenetic reconstructions included 620 positions for the motor domain 

tree and 348 positions for the HDK tree. The MOLPHY program was also used 

to compute the resampling estimated log likelihood bootstrap probabilities 

(Adachi et al., 2000). 

Myosin Gene Models, Expression, and Regulation 

The Arabidopsis (Arabidopsis thaliana) genome sequence, annotation, 

and annotated sequence features were downloaded from TAIR 

(ftp://ftp.arabidopsis.org/home/tair/Sequences/). The Brachypodium 

(Brachypodium distachyon) genome sequence, annotation, and annotated 

sequence features were obtained from BrachyBase 

(http://www.brachybase.org). Arabidopsis and Brachypodium RNA-seq 

transcriptome data were downloaded from the National Center for 

Biotechnology Information Short Read Archive, accession numbers 

SRA009031 and SRA010177, respectively. Arabidopsis EST and cDNA 

sequences were obtained from GenBank, and Brachypodium ESTs were 

downloaded from BrachyBase. Arabidopsis microarray data were obtained 

from and mined using the Genevestigator suite of tools 

(https://www.genevestigator.com). RNA-seq reads were mapped to the 

Arabidopsis and Brachypodium genome assemblies using HashMatch 

(Filichkin et al., 2010) and supersplat (Bryant et al., 2010). Long-read Sanger 

and 454 ESTs were mapped to the Arabidopsis and Brachypodium genome 
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assemblies using BLAT (Kent, 2002). The combined alignments of RNA-seq 

data, ESTs, and cDNAs were used to construct empirical transcription unit 

assemblies using TAU (http://mocklerlab-tools.cgrb.oregonstate.edu), which 

rapidly and accurately assembles transcript data into alternatively spliced 

(when applicable) transcript models by reference-guided assembly. The TAU 

transcript models and their supporting transcript data were loaded into a 

Gbrowse genome viewer for visualization. 

The 5′ RLM-RACE to determine the transcription initiation site of the XI-

K (At5g20490) mRNA and to sequence the downstream mRNA region was 

done using total RNA from young rosette leaves of Arabidopsis var Columbia-

0 isolated with the Qiagen Plant RNA Prep kit and the First Choice RLM-

RACE kit (Ambion) according to the manufacturers’ protocols. The following 

two nested PCRs were done using primers supplied by the manufacturer in 

combination with two gene-specific primers (5′-

CACAGTTGTCAAACTGAAGCTCGAC-3′ and 5′-

GTTGCCAAAAGCTTCAAGAACT-3′). A control reaction where the tobacco 

(Nicotiana tabacum) acid pyrophosphatase treatment was omitted was 

included to ensure that no truncated transcripts lacking the 5′ cap were 

amplified. PCR products were digested with BamHI and HindIII and cloned 

into pGEM3Zf(+) (Promega); 12 independent clones were sequenced. 

To validate the mRNA splicing isoforms predicted by RNA-seq (Fig. 2), 

RNA samples prepared from leaves of Arabidopsis or Brachypodium were 

analyzed by RT-PCR. cDNA was synthesized using random hexamer primers. 
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Isoform-specific PCR oligonucleotides were designed to span the novel 

junctions and used in combination with compatible reverse primers spanning 

constitutive exon-exon junctions to amplify the predicted splicing products 

(Supplemental Table S1). To confirm the identity of PCR products, the 

resulting DNA fragments were sequenced and aligned against the genomic 

sequences of the corresponding genes. 

To investigate the cyclic regulation of myosin gene expression, plants 

were entrained for at least 7 d under the following diurnal (driven) conditions: 

LDHH, 12 h of light (L)-12 h of dark (D) and continuous temperature (HH); 

LDHC, 12 h of light (L)-12 h of dark (D) and high/low physiological 

temperature (HC); LLHC, continuous light (LL) for 24 h and high/low 

physiological temperature (HC); SD and LD, short-day (8 h) and long-day (16 

h) conditions were used for Arabidopsis only. Leaf tissues were collected at 4-

h intervals, and RNA was isolated as described previously (Filichkin et al., 

2007). 

Analyses of HDK Gene Expression and Regulation 

Total RNA purified from young Arabidopsis seedlings was used to 

amplify putative cDNA encoded by the previously uncharacterized HDK 

(At5g20470) gene. RT was reformed using random primers; the following PCR 

was done using oligonucleotides complementary to the regions flanking the 

predicted HDK ORF (5′-GTCTTTTCTGCTTTTACATGCTC-3′ and 5′-

TGCAACAACACTCAAACCAGC-3′). The PCR product was sequenced 

directly. The 1,048-nucleotide-long sequence upstream of the HDK ORF start 
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codon (nucleotides 6,921,168–6,920,120 on chromosome 5) harboring its 

putative promoter was PCR amplified using oligonucleotides 5′-

TATAGAATTCTCGTCACACGCCTTTGCC-3′ and 5′-

TATAGGATCCAAGTAGAACCATGTCCTGA-3′ and cloned into a 

promoterless expression cassette consisting of the GUS coding region 

followed by the nopaline synthase poly(A) signal in pCAMBIA-1300 binary 

vector (http://www.cambia.org/daisy/cambia/585.html). The resulting plasmid 

was transformed to Agrobacterium tumefaciens strain GV3101. Arabidopsis 

plants were transformed by the floral dipping method, and the transformants 

were selected on hygromycin-containing medium. Whole seedlings or 

detached leaves were collected at different developmental stages, and in situ 

GUS activity was detected by incubating the samples in a 5-bromo-4-chloro-3-

indolyl β-glucuronide-containing standard histochemical solution overnight at 

37°C. 
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Appendix VII: Table I. Nomenclature of the Arabidopsis class XI and 
class VIII myosins 
 

Evolutionary Group Gene Identifier Proposed 
Name 

Other 
Name 

XI(F) AT2G31900 XI-F XIF 
XI(G) AT5G43900 XI-2 MYA2 
 AT1G04160 XI-B XIB 
 AT2G20290 XI-G XIG 
 AT4G28710 XI-H XIH 
 AT1G04600 XI-A XIA 
 AT2G33240 XI-D XID 
XI(I) AT4G33200 XI-I XII 
XI(J) AT1G08730 XI-C XIC 
 AT1G54560 XI-E XIE 
 AT3G58160 XI-J XIJ 
XI(K) AT5G20490 XI-K XIK 
 AT1G17580 XI-1 MYA1 
VIII(A) AT3G19960 VIII-1 ATM1 
 AT1G50360 VIII-A VIIIA 
VIII(B) AT5G54280 VIII-2 ATM2 
 AT4G27370 VIII-B VIIIB 
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Appendix VII: Table 2. Cyclical accumulation of the myosin gene 
transcripts under diurnal conditions in Arabidopsis and rice. 
N/A, Not applicable; this probe set is not presented at the DIURNAL portal 
database; N/D, a cyclical transcript expression is not detected (i.e. a 
correlation coefficient r between the data and the model is below an arbitrarily 
selected cutoff value of 0.8 or greater). Asterisks denote putative orthologs of 
the respective Arabidopsis myosin as determined by the best mutual BLAST 
match hit. Other rice gene identifiers represent putative homologs of 
Arabidopsis as predicted by the best BLAST hit. Both orthologs (shown in 
boldface) and homologs were determined by using the Orthomap tool 
(http://orthomap.cgrb.oregonstate.edu). Percentage of similarity with the 
respective Arabidopsis protein is shown in parentheses. 
 

Arabidopsis Rice 
Locus Identifier Diurnal Profilea Locus Identifier Diurnal Profilea 

At5g20490; XI-K SD; LD; LDHC; LDHH Os03g48140* (88%) LDHC; LDHH 
At1g17580; XI-1 SD; LDHH; LLHC Os03g48140 (84%) LDHC; LDHH 
At5g43900; XI-2 LD Os02g34080 (79%) LLHH_LDHH 
At1g04160; XI-B LL-LDHC Os02g34080* (79%) LLHH_LDHH 
At2g20290; XI-G LLHC; LDHH Os02g34080 (75%) LLHH_LDHH 
At4g28710; XI-H LD; LL_LDHC Os02g34080 (85%) LLHH_LDHH 
At1g04600; XI-A LD; LLHC Os02g34080 (57%) LLHH_LDHH 
At2g33240; XI-D N/D Os02g34080 (62%) LLHH_LDHH 
At2g31900; XI-F LD; LLHC Os03g53660* (83%) LDHC; LDHH 
At4g33200; XI-I LDHC Os03g48140 (72%) LDHC; LDHH 
At1g08730; XI-C N/D Os06g29350 (90%) LLHH_LDHH 
At1g54560; XI-E LDHC Os06g29350* (90%) LLHH_LDHH 
At3g58160; XI-J LLHC Os06g29350 (78%) LLHH_LDHH 
At3g19960; VIII-1 LLHC; LDHC; LDHH Os10g34710* (86%) LDHC; LDHH 
At1g50360; VIII-A N/A Os10g34710 (85%) LDHC; LDHH 
At5g54280; VIII-2 LDHC Os07g37560* (73%) LDHC; LDHH 
At4g27370; VIII-B LL_LDHC Os07g37560 (68%) LDHC; LDHH 
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Appendix VII: Figure 1. Phylogenetic tree of the motor domains of plant 
myosins.  
Each terminal node of the tree is labeled by the two-letter abbreviation of the 
corresponding species name and the unique identifier. For Arabidopsis, the 
myosin identifiers proposed in this work are also indicated. The myosin 
clusters are highlighted according to corresponding plant taxa as follows: 
algae in blue, mosses in light brown, dicots in green, and monocots in gray. 
Abbreviations are as follows: Hs, Homo sapiens; Sc, Saccharomyces 
cerevisiae; Dd, Dictyostelium discoideum; Ap, Acetabularia peniculus; Cr, 
Chlamydomonas reinhardtii; Ot, Ostreococcus tauri; Pp, Physcomitrella 
patens, Sm, Selaginella moellendorffii; At, Arabidopsis thaliana; Mt, Medicago 
truncatula; Pt, Populus trichocarpa; Vv, Vitis vinifera; Sb, Sorghum bicolor; Bd, 
Brachypodium distachyon; Os, Oryza sativa. For selected major branches, 
bootstrap support values (percentage) are shown. Braces at the right 
designate corresponding subfamilies of the class VIII and XI myosins. 
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Appendix VII: Figure 2. Transcript evidence and gene models for 
Arabidopsis and Brachypodium myosins.  
Gbrowse genome viewer screenshots depicting Arabidopsis and 
Brachypodium myosin genes, supporting transcript evidence, and inferred 
gene models are shown. A, Arabidopsis XI-K (AT5G20490). A box and an 
arrow mark alternative splicing events. B, Brachypodium XI-K ortholog 
(Bradi2g41980). A box denotes novel exon 38; the area corresponding to a 
separate transcript, Bd2.62282.1, is shaded. The TAIR 8 Gene Models track 
represents the annotated Arabidopsis gene models 
(http://www.arabidopsis.org). The JGIv1.0 Genes track shows the annotated 
Brachypodium gene models provided by the Brachypodium Genome Initiative 
(2010; http://www.brachypodium.org). The cDNAs track represents the 
transcript structures supported by cloned cDNAs. The Illumina Data track 
represents the raw Illumina RNA-seq transcriptome data aligned to the 
genome. The TAU track shows the gene models assembled from available 
empirical transcript data using the TAU algorithm. 
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Appendix VII: Figure 3. Splicing variants of the Arabidopsis myosin XI-K 
gene transcripts and of the Brachypodium XI-K ortholog: experimental 
validation (A and B) and protein domain structures (C and D).  
A, Gel analysis of the RT-PCR products validates splicing isoforms of XI-K 
transcript in Arabidopsis. M, DNA size markers; A1 to A5, primer sets used to 
interrogate each splicing site (Supplemental Table S1); cDNA, the major 
isoform identified by cDNA sequencing; 92021.1 and 92021.2, isoforms 
corresponding to TAU models in Figure 2A. The asterisk marks a faint band 
corresponding to isoform 9202.1. The PCR product sizes are shown at the 
bottom. B, Similar analysis validates the splicing isoform Bd2.6228.2 of the XI-
K ortholog (Bradi2g41980) in Brachypodium. The isoforms shown in Figure 2B 
were interrogated using primer sets B1 to B4 (Supplemental Table S1). C and 
D, Domain structures of the protein isoforms corresponding to validated 
splicing variants for Arabidopsis XI-K (C) and its Brachypodium ortholog (D). 
The domain borders are shown at the bottom. 
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Appendix VII: Figure 4. Development- and anatomy-specific expression 
profiles of Arabidopsis myosins.  
Public Affymetrix DNA microarray data sets for Arabidopsis were mined to 
generate an expression heat map using the Genevestigator 
(https://www.genevestigator.com) Meta-Profile Analysis tool with default 
settings. Myosin genes are organized according to their class, and blue 
indicates that a gene is expressed specifically in a particular developmental 
stage or organ. 
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Appendix VII: Figure 5. Relative expression levels of Arabidopsis and 
Brachypodium myosins in whole plants.  
A, The microarray expression values for Arabidopsis seedlings were estimated 
using the Genevestigator Meta-Profile Analysis tool. The RNA-seq values 
were estimated from published data (Filichkin et al., 2010), using the RPKM 
(reads per kilobase transcript per million mapped reads) approach. B, The 
microarray expression values for Brachypodium seedlings grown in light-dark 
cycles and sampled over a diurnal time course were estimated from 
Brachypodium Affymetrix data (S.E. Fox and T.C. Mockler, unpublished data). 
The RNA-seq values were estimated from published RNA-seq data 
(Brachypodium Genome Initiative, 2010) using the RPKM approach. 
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Appendix VII: Figure 6. Cyclical regulation of the transcript abundance 
for the Arabidopsis myosin XI-K gene and its putative ortholog in rice 
(locus identifier Loc_Os03g48140).  
Diurnal conditions were as follows: LDHH, 12 h of light (L)-12 h of dark (D) 
and continuous temperature (HH); LDHC, 12 h of light (L)-12 h of dark (D) and 
high/low physiological temperature (HC); LLHC, continuous light (LL) for 24 h 
and high/low physiological temperature (HC); SD, short day (8 h); LD, long 
day (16 h). SM, According to the Smith et al. (2004) protocol 
(http://diurnal.cgrb.oregonstate.edu/diurnal_details.html). 
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Appendix VII: Figure 7. Expression, evolution, and regulation of the HDK-
like genes in Arabidopsis and Brachypodium.  
A, Gene models of Arabidopsis HDK (AT5G20470). B, Conserved protein 
domains in the Arabidopsis HDK and Brachypodium HDK-like proteins. C, 
Phylogenetic tree of the tail fragments of plant myosins including HDK-like 
proteins (shaded). Designations and abbreviations are the same as in Figure 
1. D, The expression of a GUS reporter driven by a putative HDK gene 
promoter is observed primarily in young seedlings and the vasculature of 
young leaves as visualized by in situ staining. 
 



 335 

 

BIBLIOGRAPHY 

Adachi J, Waddell PJ, Martin W, Hasegawa M (2000) Plastid genome 
phylogeny and a model of amino acid substitution for proteins encoded by 
chloroplast DNA. J Mol Evol 50: 348–358 

Avisar D, Abu-Abied M, Belausov E, Sadot E, Hawes C, Sparkes IA (2009) A 
comparative study of the involvement of 17 Arabidopsis myosin family 
members on the motility of Golgi and other organelles. Plant Physiol 150: 
700–709 

Avisar D, Prokhnevsky AI, Dolja VV (2008a) Class VIII myosins are required 
for plasmodesmatal localization of a closterovirus Hsp70 homolog. J Virol 
82: 2836–2843 

Avisar D, Prokhnevsky AI, Makarova KS, Koonin EV, Dolja VV (2008b) Myosin 
XI-K is required for rapid trafficking of Golgi stacks, peroxisomes, and 
mitochondria in leaf cells of Nicotiana benthamiana. Plant Physiol 146: 
1098–1108 

Bezanilla M, Horton AC, Sevener HC, Quatrano RS (2003) Phylogenetic 
analysis of new plant myosin sequences. J Mol Evol 57: 229–239 

Brachypodium Genome Initiative (2010) Genome sequencing and analysis of 
the model grass Brachypodium distachyon. Nature 463: 763–768 

Bryant DWJ Jr., Shen R, Priest HD, Wong WK, Mockler TC (2010) Supersplat: 
spliced RNA-seq alignment. Bioinformatics 26: 1500–1505 

Cole RA, Fowler JE (2006) Polarized growth: maintaining focus on the tip. 
Curr Opin Plant Biol 9: 579–588  

Edgar RC (2004) MUSCLE: a multiple sequence alignment method with 
reduced time and space complexity. BMC Bioinformatics 5: 113 

Filichkin SA, DiFazio SP, Brunner AM, Davis JM, Yang ZK, Kalluri UC, Arias 
RS, Etherington E, Tuskan GA, Strauss SH (2007) Efficiency of gene 
silencing in Arabidopsis: direct inverted repeats vs. transitive RNAi 
vectors. Plant Biotechnol J 5: 615–626 

Filichkin SA, Priest HD, Givan SA, Shen R, Bryant DW, Fox SE, Wong WK, 
Mockler TC (2010) Genome-wide mapping of alternative splicing in 
Arabidopsis thaliana. Genome Res 20: 45–58 

Foth BJ, Goedecke MC, Soldati D (2006) New insights into myosin evolution 
and classification. Proc Natl Acad Sci USA 103: 3681–3686 



 336 

 

Fox S, Filichkin S, Mockler TC (2009) Applications of ultra high throughput 
sequencing in plants. Methods Mol Biol 553: 79–108 

Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L, Widmayer P, 
Gruissem W, Zimmermann P (2008) Genevestigator v3: a reference 
expression database for the meta-analysis of transcriptomes. Adv 
Bioinformatics 2008: 420747 

Jiang SY, Cai M, Ramachandran S (2007) ORYZA SATIVA MYOSIN XI B 
controls pollen development by photoperiod-sensitive protein 
localizations. Dev Biol 304: 579–592 

Kent WJ (2002) BLAT: the BLAST-like alignment tool. Genome Res 12: 656–
664 

Kinkema M, Wang H, Schiefelbein J (1994) Molecular analysis of the myosin 
gene family in Arabidopsis thaliana. Plant Mol Biol 26: 1139–1153  

Knight AE, Kendrick-Jones J (1993) A myosin-like protein from a higher plant. 
J Mol Biol 231: 148–154 

Lee YJ, Yang Z (2008) Tip growth: signaling in the apical dome. Curr Opin 
Plant Biol 11: 662–671 

Lee YRJ, Liu B (2004) Cytoskeletal motors in Arabidopsis: sixty-one kinesins 
and seventeen myosins. Plant Physiol 136: 3877–3883 

Natesan SK, Sullivan JA, Gray JC (2009) Myosin XI is required for actin-
associated movement of plastid stromules. Mol Plant 2: 1262–1272 

Ojangu EL, Järve K, Paves H, Truve E (2007) Arabidopsis thaliana myosin 
XIK is involved in root hair as well as trichome morphogenesis on stems 
and leaves. Protoplasma 230: 193–202 

Peremyslov VV, Prokhnevsky AI, Avisar D, Dolja VV (2008) Two class XI 
myosins function in organelle trafficking and root hair development in 
Arabidopsis. Plant Physiol 146: 1109–1116 

Peremyslov VV, Prokhnevsky AI, Dolja VV (2010) Class XI myosins are 
required for development, cell expansion, and F-actin organization in 
Arabidopsis. Plant Cell 22: 1883–1897 

Prokhnevsky AI, Peremyslov VV, Dolja VV (2008) Overlapping functions of the 
four class XI myosins in Arabidopsis growth, root hair elongation, and 
organelle motility. Proc Natl Acad Sci USA 105: 19744–19749  



 337 

 

Reddy AS, Day IS (2001) Analysis of the myosins encoded in the recently 
completed Arabidopsis thaliana genome sequence. Genome Biol 2: 
RESEARCH0024 

Roland JT, Lapierre LA, Goldenring JR (2009) Alternative splicing in class V 
myosins determines association with Rab10. J Biol Chem 284: 1213–
1223 

Sattarzadeh A, Krahmer J, Germain AD, Hanson MR (2009) A myosin XI tail 
domain homologous to the yeast myosin vacuole-binding domain interacts 
with plastids and stromules in Nicotiana benthamiana. Mol Plant 2: 1351–
1358 

Shimmen T, Yokota E (2004) Cytoplasmic streaming in plants. Curr Opin Cell 
Biol 16: 68–72 

Smith SM, Fulton DC, Chia T, Thorneycroft D, Chapple A, Dunstan H, Hylton 
C, Zeeman SC, Smith AM (2004) Diurnal changes in the transcriptome 
encoding enzymes of starch metabolism provide evidence for both 
transcriptional and posttranscriptional regulation of starch metabolism in 
Arabidopsis leaves. Plant Physiol 136: 2687–2699 

Sparkes I, Runions J, Hawes C, Griffing L (2009) Movement and remodeling 
of the endoplasmic reticulum in nondividing cells of tobacco leaves. Plant 
Cell 21: 3937–3949  

Sparkes IA (2010) Motoring around the plant cell: insights from plant myosins. 
Biochem Soc Trans 38: 833–838 

Sparkes IA, Teanby NA, Hawes C (2008) Truncated myosin XI tail fusions 
inhibit peroxisome, Golgi, and mitochondrial movement in tobacco leaf 
epidermal cells: a genetic tool for the next generation. J Exp Bot 59: 
2499–2512 

Suetsugu N, Dolja VV, Wada M (2010) Why have chloroplasts developed a 
unique motility system? Plant Signal Behav 5: 1190–1196 

Tominaga M, Kojima H, Yokota E, Orii H, Nakamori R, Katayama E, Anson M, 
Shimmen T, Oiwa K (2003) Higher plant myosin XI moves processively on 
actin with 35 nm steps at high velocity. EMBO J 22: 1263–1272 

Ueda H, Yokota E, Kutsuna N, Shimada T, Tamura K, Shimmen T, Hasezawa 
S, Dolja VV, Hara-Nishimura I (2010) Myosin-dependent endoplasmic 
reticulum motility and F-actin organization in plant cells. Proc Natl Acad 
Sci USA 107: 6894–6899 



 338 

 

Vidali L, Burkart GM, Augustine RC, Kerdavid E, Tüzel E, Bezanilla M (2010) 
Myosin XI is essential for tip growth in Physcomitrella patens. Plant Cell 
22: 1868–1882 

Wu XS, Rao K, Zhang H, Wang F, Sellers JR, Matesic LE, Copeland NG, 
Jenkins NA, Hammer JA III. (2002) Identification of an organelle receptor 
for myosin-Va. Nat Cell Biol 4: 271 

 



 339 

 

Appendix VIII: Global profiling of rice and poplar transcriptomes 
highlights key conserved circadian-controlled pathways and cis-

regulatory modules. 
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ABSTRACT 
Background 

Circadian clocks provide an adaptive advantage through anticipation of 

daily and seasonal environmental changes. In plants, the central clock 

oscillator is regulated by several interlocking feedback loops. It was shown 

that a substantial proportion of the Arabidopsis genome cycles with phases of 

peak expression covering the entire day. Synchronized transcriptome cycling 

is driven through an extensive network of diurnal and clock-regulated 

transcription factors and their target cis-regulatory elements. Study of the 

cycling transcriptome in other plant species could thus help elucidate the 

similarities and differences and identify hubs of regulation common to monocot 

and dicot plants.  

Methodology/Principal Findings 

Using a combination of oligonucleotide microarrays and data mining 

pipelines, we examined daily rhythms in gene expression in one 

monocotyledonous and one dicotyledonous plant, rice and poplar, 

respectively. Cycling transcriptomes were interrogated under different diurnal 

(driven) and circadian (free running) conditions (light and temperature cycles). 

Collectively, photocycles and thermocycles regulated about 60% of the 

expressed nuclear genes in rice and poplar. Depending on the condition 

tested, up to one third of oscillating Arabidopsis-poplar-rice orthologs were 

phased within three hours of each other suggesting a high degree of 

conservation in terms of rhythmic gene expression. We identified clusters of 

rhythmically co-expressed genes and searched their promoter sequences to 
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identify phase-specific cis-elements, including elements that were conserved 

in the promoters of Arabidopsis, poplar, and rice.  

Conclusions/Significance  

Our results show that the cycling patterns of many circadian clock 

genes are highly conserved across poplar, rice, and Arabidopsis. The 

expression of many orthologous genes in key metabolic and regulatory 

pathways is diurnal and/or circadian regulated and phased to similar times of 

day. Our results confirm previous findings in Arabidopsis of three major 

classes of cis-regulatory modules within the plant circadian network: the 

morning (ME, GBOX), evening (EE, GATA), and midnight (PBX/TBX/SBX) 

modules. Identification of identical overrepresented motifs in the promoters of 

cycling genes from different species suggests that the core diurnal/circadian 

cis-regulatory network is deeply conserved between mono- and 

dicotyledonous species. Supplemental material is available online at 

www.plosone.org. 

 

INTRODUCTION 

Organisms living at the surface of the Earth evolved circadian clocks to 

synchronize internal biology with the external environmental cycles of light and 

temperature. Plants experience daily changes in photo- and thermocycles that 

encode valuable information in regards to time of day and season. The 

circadian clock is coupled to gene expression and helps coordinate 

physiological and metabolic processes with daily and seasonal environmental 
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changes. This coordination results in increased fitness, growth vigor and 

enhanced adaptation to the changing environment (Michael et al., 2008b).  

 Prior studies in Arabidopsis suggested that a large proportion of the 

transcriptome was subjected to diurnal/circadian regulation. Early microarray 

time course data in Arabidopsis estimated that between 6% and 15% of the 

Arabidopsis transcriptome is regulated by the circadian clock (Harmer et al., 

2000; Edwards et al., 2006; Covington, Harmer, 2007). In comparison, an 

enhancer trap study predicted that the circadian clock regulates about 36% of 

Arabidopsis genes (Michael, McClung, 2003). Looking at light/dark-entrained 

seedlings, Blasing et al. (2005) estimated that 30-50% of the Arabidopsis 

transcriptome cycled under photocycles and continuous temperature. More 

recent microarray experiments involving an extensive panel of diurnal (light, 

temperature) and free running (circadian) conditions showed that rhythmically 

expressed Arabidopsis genes cover all times of day (Michael et al., 2008b), 

with collectively, up to 89% of detectable Arabidopsis transcripts cycling under 

at least one diurnal or circadian condition. Whether or not a similar pattern is 

present in other higher plants is still an unanswered question. 

 The plant core clock is regulated by several interconnected negative 

and positive feedback loops resulting in circadian rhythms with a period of 

about twenty-four hours (reviewed in Pruneda-Paz and Kay, 2010). 

Environmental signals such as light and temperature are integrated by a clock 

input while the output circuits modulate multiple biochemical and regulatory 

pathways. The core oscillator feedback loop is regulated by the two morning-
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expressed transcription factors: CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) 

and LATE ELONGATED HYPOCOTYL (LHY) (Alabadi et al., 2001; 2002; 

Mizoguchi et al., 2002) and by the evening-expressed TIMING OF CAB 

EXPRESSION 1 (TOC1). In line with this model, the oscillating patterns of 

most Arabidopsis cycling genes peak near dusk and dawn (Mockler et al., 

2007; Michael et al., 2008b).  

 In this study we interrogated the transcriptomes of the 

monocotyledonous plant rice, Oryza sativa ssp. Japonica (International Rice 

Genome Sequencing Project, 2005) and a dicotyledonous plant poplar, 

Populus trichocarpa Nisqually1 (Tuskan et al., 2006) using a genome-scale 

microarray time course approach. A sizable proportion of rice and poplar 

genes displayed daily oscillations in transcript abundance under different 

diurnal and circadian conditions. Similar to Arabidopsis, the rhythmic 

expression of rice and poplar transcripts encompassed all hours of the day, 

with most genes peaking just before dawn or dusk. Conspicuously, a large 

proportion of the transcripts encoding putative transcription factors in both 

species also showed regulation by light and temperature. We identified 

clusters of genes co-expressed at specific times of day and searched their 

promoter sequences for overrepresented potential cis-regulatory elements. 

Comparisons of the distributions of phase-specific cis-elements in the 

promoters of co-expressed genes in Arabidopsis, rice, and poplar genomes 

revealed numerous circadian-associated promoter elements. The 

conservation of the circadian clock across plant phyla coupled with the 
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resolution of the diurnal/circadian time courses enabled genome-scale 

identification of co-regulated genes and present a robust system to study the 

evolution of transcriptional networks.  

   

RESULTS 

Photocycles and thermocycles drive diurnal gene expression in poplar 

and rice. 

To enable side-by-side comparisons between poplar and rice, we 

employed similar diurnal and circadian time course schemes (under the 

respective species-specific physiological ranges of temperature and light 

intensity) (see Figure S1 and Materials and Methods). Three time courses 

were performed in diurnal (driven) conditions for each species: photocycles 

alone (12 hrs light/12 hrs dark; 12 hrs hot/12 hrs hot: LDHH), 

photo/thermocycles together (12 hrs light/12 hrs dark; 12 hrs hot/12 hrs cold: 

LDHC), and thermocycles (12 hrs light/12 hrs light; 12 hrs hot/12 hrs cold: 

LLHC). To capture the circadian-regulated transcriptome oscillations a 

circadian (free running; LL continuous 24 hrs of light) segment under 

continuous light followed each diurnal time course. Total RNA was sampled 

every four hours during both driven and free running segments of each time 

course. To ensure a complete transition from driven to free running conditions 

and to identify transcripts that cycle robustly in both diurnal and circadian 

segments, plants were exposed to continuous light for forty eight hours prior to 

sampling for the circadian time course. 	  
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 To interrogate daily changes in transcript abundance in rice and poplar, 

we adapted the computational pipeline previously developed for Arabidopsis 

(Mockler et al., 2007; Michael et al., 2008b). Normalized genome-scale 

microarray time course datasets were processed using the model-based 

pattern-matching algorithm HAYSTACK (Mockler et al., 2007; Michael et al., 

2008b; http://haystack.cgrb.oregonstate.edu/). A series of statistical tests were 

used to identify the best-fit model, phase-of-expression, p-value, and false 

discovery rate (FDR) for each gene. Identification of oscillating transcripts was 

done using the best matching HAYSTACK model with a correlation cutoff 

value of ≥ 0.75 corresponding to a ~5% FDR (derived by permutation analysis; 

Michael et al., 2008b). 

 Analyses of the resulting diurnal datasets showed that photocycles and 

thermocycles drove rhythmic expression of a sizable proportion of rice and 

poplar transcriptomes (Figure 1). The maximum number of rhythmic 

transcripts in both species was detected under driven (diurnal) conditions. All 

circadian (free running) conditions produced 2- to 4-fold fewer rhythmic 

transcripts than their respective diurnal conditions. In both rice and poplar the 

highest and the lowest proportions of the rhythmic transcripts under driven 

(diurnal) conditions were associated with photo- and thermocycles, 

respectively. The number of transcripts regulated by photo/thermocycles 

(LDHC) was intermediate as compared to photo- (LDHH) and thermocycles 

(LLHC) alone. Collectively, 60.9% (21,683 out of total 38,581 unique gene 

models) of P. trichocarpa and 59.5% (21,364 out of 35,928 unique gene 
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models) of O. sativa ssp. Japonica transcripts represented on arrays were 

expressed rhythmically under at least one diurnal condition (Figure 2). Using 

the phase calls provided by HAYSTACK algorithm (Mockler et al., 2007; 

Michael et al., 2008b) we determined that rhythmic rice and poplar genes 

encompassed all phases of the day (Figure 3). Notably, a significant 

proportion of transcripts peaked a few hours before the light/dark transitions 

(dawn and dusk) resembling the bimodal distribution observed in Arabidopsis 

(Michael et al., 2008b) and consistent with the expression of some circadian 

regulated genes in anticipation of the dawn and dusk light/dark transitions.  

Conserved phasing of gene expression across monocot and dicot 

plants.  

To investigate whether orthologs can be phased to the same time of 

day under similar environmental conditions, we generated a list of 4,835 

putative Arabidopsis-rice-poplar orthologs. These genes were defined as 

orthologous if they were found to be mutual best BLAST hits using the 

ORTHOMAP tool (Mockler et al., 2007). Cycling genes were identified among 

the list of putative orthologs and their phasecalls were compared between 

species. Under LDHH, most of the orthologs between species had similar 

phases with a concentration of conserved phasing of genes peaking around 

dusk. In this condition (LDHH), 605 of the 4,835 orthologs were expressed and 

cycled in all three species and one third of these were expressed with peak 

phases within three hours of each other (Figure 4). This proportion was 

increased for pairwise ortholog comparisons limited to only two species 



 347 

 

(Arabidopsis-rice; Arabidopsis-poplar, rice-poplar; data not shown). Under 

thermocycles alone and photo/thermocycles (LLHC and LDHC, respectively), 

the orthologs' phases were separated into two groups: a set of orthologs 

expressed at the same phase of day; and another group expressed before 

dusk in Arabidopsis but in the morning in both rice and poplar. Collectively, a 

total of 41-46% (depending on the diurnal condition) of putative Arabidopsis-

rice, Arabidopsis-poplar, and rice-poplar orthologs cycled under at least one 

diurnal condition. Among those, 21 to 36% (depending on condition) were 

phased within three hours of each other (data not shown). 

Rice, poplar and Arabidopsis clock-associated genes are expressed at a 

similar phase of day.  

The majority of predicted poplar and rice circadian clock and clock-

associated genes displayed highly conserved cycling profiles under all tested 

diurnal and circadian conditions (Figure 5). Moreover, under similar conditions 

(LDHH) the cycling profiles of circadian genes derived from the genome-scale 

microarray timecourse datasets from the monocot Brachypodium distachyon 

(Fox and Mockler, manuscript in preparation) reproducibly showed very similar 

cycling expression patterns as well (Figure 5).  

 To further assess the conservation of expression of clock-associated 

genes within species, we compared the cycling profiles of clock and clock-

associated genes between the Japonica and Indica subspecies of rice. 

Microarray profiles and phase calls of eight selected clock genes (Murakami et 

al., 2007) (CCA1/LHY, GI, TOC1, RVE1, LUX, FKF1, PRR3, and PRR9) were 
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highly conserved between the Japonica and Indica rice subspecies (Figure 

S2).  

Diurnal and circadian control of genes involved in metabolic and 

regulatory pathways.  

We found many orthologs associated with specific metabolic processes 

with peak expression at the same time of day. For example, transcripts for 

several genes involved in cell wall biosynthesis cycled with strikingly 

conserved phasing in both dicots and monocots (Figure 6). Among the most 

broadly represented pathways were those associated with auxin, for which all 

steps including biosynthesis, perception, conjugation and transcriptional 

regulation included at least one pair of rhythmic Arabidopsis/poplar and 

Arabidopsis/rice orthologs (Figure 7). Among transcription factors implicated in 

auxin pathways, both the Aux/IAA and ARF families of TFs contained 

conserved rhythmic members.  

 The analysis of gene ontology (GO) categories associated with cycling 

genes revealed several GO terms overrepresented among oscillating rice 

(ssp. Japonica) genes. Thus, under photocycles (LDHH) rice cycling genes 

were associated with GO categories such as lipid and carbohydrate metabolic 

processes, photosynthesis, nucleotide binding, translation, and amino acid 

and nucleotide metabolism (Figure 8). Under photocycles, these and several 

other overrepresented GO categories overlapped between rice and poplar 

(Figure S3). Mapping of oscillating genes to the 339 currently defined 

metabolic pathways in the RiceCyc database 
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(http://www.gramene.org/pathway/; Jaiswal, 2011) suggested that many of the 

major metabolic pathways in rice are under diurnal and/or circadian control. 

Under photocycles a total of 2,078 rhythmically expressed genes mapped to 

defined metabolic pathways of rice (Figure S4). We found multiple examples 

of metabolic pathways that were broadly represented at every step by cycling 

genes, although secondary metabolic pathways showed the least 

representation by cycling genes (Figure S5).  

A large proportion of transcription factor transcripts exhibit daily 

rhythms in mRNA abundance. 

We further investigated rhythmic expression of transcription factors 

(TFs). For Populus trichocarpa, 2,052 (out of total predicted 2,576) TF genes 

(http://dptf.cbi.pku.edu.cn/; Zhu et al., 2007) were represented on the 

Affymetrix poplar array. The O. sativa (ssp. Japonica) microarrays represented 

2,134 out of 2,384 predicted Japonica rice TFs (http://drtf.cbi.pku.edu.cn/; Gao 

et al., 2006). Among those, 64.2% (1,318 non-redundant P. trichocarpa gene 

models) and 61.2% (1,307 non-redundant O. sativa ssp. Japonica gene 

models) of putative TF transcripts detectable on the microarrays cycled under 

at least one diurnal condition in poplar and rice, respectively. The proportions 

and partitioning of oscillating TFs among the different timecourse conditions 

was broadly consistent with the distributions among all cycling genes, i.e., the 

highest number of rhythmically expressed was driven by photocycles, the 

lowest – by thermocycles (Figure 9A). Several hundred genes encoding TFs 

displayed oscillating expression patterns under all tested diurnal conditions. 
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Similar to the bulk of all nuclear-encoded genes, the expression profiles of 

cycling rice and poplar TFs showed a bimodal frequency distribution peaking 

at dusk and dawn (Figure 9B).    

An examination of TF gene family representation among the 328 rice 

TFs that cycled robustly under all three diurnal conditions showed that the set 

of core cycling TFs was enriched for members of the CONSTANS-like  (C2H2-

CO-like; p < 1x10-6), heat shock (HSF; p < 3x10-6), and MYB-related (MYB; p 

< 3.7x10-5) TF families (http://plntfdb.bio.uni-potsdam.de). To demonstrate the 

conservation of rhythmic expression in some TFs across species, we 

randomly selected a group of poplar transcripts that cycle robustly with high 

amplitude across all diurnal conditions. The transcript abundance profiles 

among these TFs represented all phases of day with many transcripts peaking 

at light/dark transition periods (Figure S6). Next, we identified putative rice 

orthologs for this group of genes based on mutual best BLAST hits. 

Interestingly, predicted rice orthologs also showed robust cycling under 

photocycles (Figure S6) peaking at a similar phase (within three hours) as 

their respective poplar counterparts, consistent with deep conservation of 

transcriptional regulatory networks among mono- and dicotyledonous species. 

Conserved cis-regulatory elements in promoters of co-expressed genes.  

To identify cis-regulatory elements associated with diurnal/circadian 

regulation of rice and poplar gene expression, as well as motifs conserved 

with those in Arabidopsis (Michael et al., 2008b), we mined the promoters of 

cycling poplar, rice, and Arabidopsis genes to identify DNA elements that 
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could be associated with expression at a specific time of day. Using the 

HAYSTACK algorithm we identified clusters of co-expressed cycling genes in 

rice, poplar, and Arabidopsis. The putative promoters (500 base pairs 

upstream of the annotated gene model) for genes in each phase bin were 

searched for overrepresented 3-8-mer promoter elements (or words) using 

ELEMENT (Michael et al., 2008b). The resulting Z-scores were assembled 

into Z-score profiles corresponding to the 24 1-hour phases of the day and 

these Z-score profiles were further analyzed to identify profiles in which 

multiple consecutive Z-scores exceeded a threshold corresponding to a 5% 

false-discovery rate. The Z-score profiles were also compared between 

species using HAYSTACK to identify promoter elements with conserved 

enrichment profiles. This analysis revealed conserved diurnal- and circadian-

associated promoter elements that were overrepresented among co-

expressed genes in rice, poplar, and Arabidopsis at specific times of day 

(Figure 10). Motifs representing all phases of the day included the Morning 

Element (ME; Harmer, Kay, 2005), Evening Element (EE; Harmer et al., 

2000), GBOX (Giuliano et al., 1988; Michael, McClung, 2002, 2003; Hudson, 

Quail, 2003), GATA motif (Schindler and Cashmore, 1990; Anderson and Kay, 

1995), CBS (Andronis et al., 2008), and SBX/TBX  (Michael et al., 2008b).  

 

DISCUSSION 

Photocycles and/or thermocycles drive oscillations of a large proportion 

of expressed nuclear genes in rice and poplar. The maximum number of 
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rhythmically expressed transcripts in both species was detected under driven 

(diurnal) conditions while free running conditions were associated with fewer, 

circadian-regulated, cycling transcripts. The peak phases of expression for 

cycling transcripts represented all phases of the day, with the greatest 

numbers of cycling genes exhibiting peak expression phased to a few hours 

before dusk and dawn, consistent with anticipation of the light/dark transitions.  

Approximately 60% of the rice and poplar transcripts represented on the 

microarrays used in this study displayed rhythmic expression in at least one of 

the six tested diurnal/circadian time courses. This observation is broadly 

consistent with earlier studies estimating that at least 10 – 30% of the 

expressed genes in Arabidopsis are circadian regulated (Harmer et al., 2000; 

Schaffer et al., 2001; Michael, McClung, 2003; Covington, Harmer, 2007; 

Covington et al., 2008) as well as more recent studies (Mockler et al., 2007; 

Michael et al., 2008b) indicating that under a broad set of environmental 

conditions (a total of eleven diurnal/circadian time courses) up to 89% of 

transcripts in Arabidopsis can display rhythmic expression patterns. Because 

our current survey was limited to fewer diurnal/circadian conditions, it is likely 

that the number of cycling transcripts in rice and poplar could be significantly 

higher under more diverse environmental conditions. 

The major distinctions regarding rhythmic gene expression patterns in 

rice and poplar as compared to Arabidopsis (Mockler et al., 2007; Michael et 

al., 2008b) included a lower proportion of transcripts that cycle under circadian 

(free running) conditions. This apparent discrepancy can, in part, be explained 
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by two major differences in the experimental design. First, to decrease 

residual diurnally driven oscillations and to identify the most robust cyclers, we 

provided a spacer period comprising 48 hours of continuous conditions 

between the diurnal sampling and the circadian sampling segments of the time 

courses. In contrast, such a spacer segment was not included in the 

Arabidopsis time courses (Michael et al., 2008b). Since in the latter studies, 

the first light period is preceded by a dark period, it is thus indistinguishable 

from a regular light/dark transition and could be driving expression of some 

genes in a non-circadian fashion. We reason that a spacer period preceding 

the free running time course could thus contribute to the apparent decreased 

proportion of circadian cycling transcripts in rice and poplar because of the 

expected dampening of the circadian harmonics and reducing amplitude of the 

oscillations, which occurs under continuous light or dark conditions (Alabadi et 

al., 2002). Second, for both poplar and rice we used high fluence light (but 

within the physiologically acceptable range). The intensity of ambient light can 

influence the pace at which the clock runs in constant conditions and in many 

light-active organisms including plants, higher fluences of continuous light 

shortens the free running period (Aschoff, 1960). This phenomenon could 

have changed the period of some genes to such an extent that they escaped 

our analysis.  

For each condition tested, there were cycling genes with peak 

expression at each phase of day. The abundance of cycling genes whose 

expression was phased to just prior to dawn and dusk compared to other 



 354 

 

times of the day was consistent with similar bimodal profiles of cycling gene 

abundance observed in Arabidopsis (Michael et al., 2008b). This observation 

supports a general notion that the plant circadian clock correctly matches 

physiological processes to the external environmental transitions. In turn, 

anticipation of evening and morning environmental changes provides a 

competitive advantage and increases organism fitness (Dodd et al., 2005).  

In higher plants, the circadian clock is regulated by at least three 

interconnected transcriptional regulatory feedback loops (reviewed in 

Pruneda-Paz and Kay, 2010). The central oscillator loop is formed by the 

CCA1/LHY, TIMING OF CAB EXPRESSION 1 (TOC1) and CCA1 HIKING 

EXPEDITION (CHE) transcription factors (Alabadi et al., 2001; Mizoguchi et 

al., 2002; Pruneda-Paz et al., 2009). CCA1 and TOC1 reciprocally regulate 

each other’s expression and peak in the morning and evening phases, 

respectively (Alabadi et al., 2001; 2002; Mizoguchi et al., 2002). The clock 

integrates environmental inputs such as light and temperature while output 

circuitry regulates physiological processes through an expansive regulatory 

network of transcription factors. Consistent with this model, a large proportion 

of cycling transcripts in Arabidopsis, rice and poplar peaked at dusk and dawn. 

Interestingly, a similar trend was observed among the transcription factors of 

all three species. The finding that large proportions of transcription factors in 

plants exhibit rhythmic expression patterns is consistent with extensive diurnal 

and circadian regulation and plasticity of transcriptional circuits and biological 

networks. 
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The expression patterns of most clock and clock-associated genes 

were remarkably similar among both mono- (rice and Brachypodium) and 

dicotyledonous (Arabidopsis and poplar) species suggesting strong 

conservation of circadian networks in higher plants. This similarity was even 

more striking among the rice subspecies. The oscillation profiles and phase 

calls among O. sativa subspecies Japonica and Indica were nearly 

indistinguishable.  

 Under photocycles alone, 28-34% of the three-species (Arabidopsis-

rice-poplar) orthologs were co-expressed with phases within three hours of 

each other, suggesting strong conservation of phased expression for some 

transcriptional circuits. In contrast, under diurnal conditions with a temperature 

component (thermocycles and photo/thermocycles) another subset of 

orthologs was expressed before dusk in Arabidopsis but in the morning in both 

rice and poplar.  This phenomenon may reflect a difference in temperature 

sensitivity or perception between Arabidopsis, poplar and rice.  Temperature is 

an important environmental time cue and plants can be entrained to 

temperature cycles. Moreover, the transcription of genes in Arabidopsis can 

be regulated by two different circadian clocks distinguishable by their 

sensitivity to environmental temperature signals (Michael et al., 2003a). 

Although we found many examples of phase-conservation among rice, 

Arabidopsis, and poplar transcription factor orthologs, in other instances 

Arabidopsis-rice-poplar orthologs were phased to different times of day (data 
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not shown) suggesting species-specific diversification of some 

diurnal/circadian-associated transcriptional circuits. 

GO analysis confirmed that from a signaling perspective, light, 

temperature and the circadian clock have deep regulatory ramifications for 

almost all pathways in plants including transcriptional regulation, hormone 

signaling, and metabolic pathways. Strong conservation of circadian phasing 

among most clock genes and many transcription factors suggests that 

circadian-regulated transcriptional networks play a major role in plant 

adaptation to daily and seasonal environmental changes.  

We found many cases of rice-poplar-Arabidopsis orthologs involved in 

the same metabolic process or reaction that were phased to the same time of 

day in all three species. These examples demonstrate a high degree of 

conservation of circadian regulation for some metabolic pathways among di- 

and monocotyledonous species. We found examples of diurnal and circadian 

regulated rice-poplar-Arabidopsis orthologs and homologs at each step of 

auxin pathways including biosynthesis, efflux, perception and transcriptional 

regulation (for both Aux/IAA and ARF TFs). Our findings in rice and poplar are 

consistent with the results from others that circadian regulated genes involved 

in auxin signaling are disproportionately overrepresented in Arabidopsis 

(Covington, Harmer, 2007; Covington et al., 2008).  

Closer examination of functional annotations revealed that several GO 

categories were overrepresented among oscillating genes. The major 

overrepresented GO categories included photosynthesis, lipid and 
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carbohydrate metabolic processes, nucleotide binding, translation, and amino 

acid and nucleotide metabolism. Moreover, these and other categories broadly 

overlapped between rice and poplar. Conversely, mapping cycling genes to 

rice metabolic pathways suggested that many metabolic pathways are 

saturated with circadian regulated genes. Altogether, these findings confirm 

conservation of the circadian control of at least several main metabolic 

pathways among mono- and dicotyledonous plants. 

Even though large-scale nucleotide sequence homology over the 

lengths of promoters of orthologous Arabidopsis, rice and poplar genes can be 

very limited (data not shown), we were able to identify conserved short 3-8-

mer cis-elements overrepresented in promoters of specific sets of co-

expressed genes. Out study confirmed the importance of previously known 

and uncharacterized promoter motifs in diurnally regulated gene expression 

that were predicted to be conserved in prior in silico analyses (Michael et al., 

2008b; Zdepski et al., 2008). One of the cis-elements, the PBX motif 

(ATGGGCC), representing the midnight regulatory module (PBX/TBX/SBX) 

has been shown to be sufficient to drive diurnal and circadian condition-

dependent expression of a luciferase reporter in transgenic Arabidopsis 

seedlings (Michael et al., 2008b). Notably, the GBOX Z-score profile was more 

“noisy” than the profiles of other cis-elements. Considering the high frequency 

of occurrence of the GBOX in plant genomes and its ubiquitous regulatory 

nature (reviewed in Menkens et al., 1995; Priest et al., 2009) this observation 

was unsurprising. However, the morning prevalence of the GBOX over 
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background was nevertheless evident. Identification of orthologous cis-

regulatory motifs in rice and poplar promoters further strengthens the notion 

that the diurnal/circadian regulatory network is strongly conserved among 

mono- and dicotyledonous plants. Moreover, the confirmation of the earlier in 

silico predictions of diurnal/circadian regulatory circuitry in rice and poplar 

validates the bioinformatic methods employed and suggests that the approach 

could be employed to find other transcriptional regulatory modules in plants.  

In summary, using a combination of genomics and bioinformatics tools, we 

have demonstrated the profound conservation of the transcriptional regulatory 

network in dicot and monocot plants that allows global adaptation to the ever-

changing daily environment. Further studies of the conservation and 

diversification of diurnal and circadian regulated pathways among different 

plant phyla will ultimately facilitate engineering of plants with increased fitness 

for diverse environments. 

 

MATERIALS AND METHODS  

Plant material, growth conditions and time course sampling. 

Rice (Oryza sativa, ssp. Japonica, cv. Nipponbare 1 and ssp. Indica, 

cv. 93-11) and poplar (Populus trichocarpa, genotype Nisqually-1) plants were 

grown in a Conviron PGR15 growth chamber using precise control of 

temperature, light, and humidity.  

Three-month-old rice plants were entrained for at least one week under 

the respective conditions prior to initiation of each experiment. Leaves and 
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stems from individual rice plants were collected every four hours for 48 hrs 

followed by a two day free running spacer period. The sampling continued for 

another 48 hours under the same free running conditions. Diurnal rice 

conditions included three combinations of 12 hours light (L):12 hours dark (D) 

cycles and 31oC/20oC thermocycles (Figure S1). These were: photocycles 

(LDHH), 12L:12D at constant temperature (31oC; HH); photo/thermocycles 

(LDHC): 12L:12D with a high day temperature (31oC) and a low night 

temperature (20oC); and thermocycles (LLHC): continuous light (LL) with 12 

hours high: 12 hours low temperature (31oC, day; 20oC, night). Light intensity 

and relative humidity were 1000 µmol m-2s-1 and 60%, respectively. Circadian 

(free-run) conditions were under continuous light and constant high 

temperature (31oC). 

 Three-month-old poplar (Populus trichocarpa, clone Nisqually-1) plants 

grown from fresh cuttings were entrained for at least one week under the 

respective conditions prior to initiation of each experiment. Young poplar 

leaves (including petioles) were collected every four hours for 48 hrs in diurnal 

(driven) conditions followed by a two day free running spacer period. The 

sampling continued for another 48 hours under the same free running 

conditions. Diurnal (driven) conditions for poplar were: 12L:12D light cycles 

and 25oC:12oC thermocycles in three different combinations. These were: 

photocycles (LDHH), 12L:12D at a constant temperature (25oC; HH); 

photo/thermocycles (LDHC): 12 hours light (L):12 hours dark (D) with a high 

day temperature (25oC) and a low night temperature (12oC); and thermocycles 
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(LLHC): continuous light (LL) with 12 hours high:12 hours low temperature 

(25oC, day; 12oC, night). Light intensity and relative humidity were 700 µmol 

m-2s-1 and 50%, respectively. Circadian (free-run) conditions were under 

continuous light and constant high temperature (25oC). 

RNA preparation, cRNA synthesis, and microarray hybridization 

Leaf tissues were pulverized in liquid nitrogen. Total cellular RNA was 

extracted and treated with RNase-free DNase essentially as previously 

described (Filichkin et al., 2010). RNA integrity was evaluated using an Agilent 

Bioanalyzer. RNA was labeled and fragmented using Affymetrix one-cycle 

labeling protocol, and hybridized to whole genome Affymetrix arrays. 

Hybridization was performed using GeneChip® Fluidics Station 450. Arrays 

were scanned using GeneChip® Scanner 3000 and quality-controlled 

according to the standard Affymetrix protocols (Affymetrix GeneChip® 

Expression Analysis Technical Manual, 701021 Rev. 5; 

http://www.affymetrix.com) at the Oregon State University Center for Genome 

Research and Biocomputing, Central Service Laboratory (detailed protocols 

are available at http://www.cgrb.oregonstate.edu/).  

RNA Labeling and Affymetrix Expression Array processing.  

Two µg of total RNA was used to generate biotinylated complementary 

RNA (cRNA) for each treatment group using the One-Cycle Target Labeling 

protocol (Affymetrix, Santa Clara, CA) from the GeneChip® Expression 

Analysis Technical Manual (701021 Rev. 5). Isolated total RNA was checked 

for integrity and concentration using the RNA 6000 Nano LabChip kit on the 
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Agilent Bioanalyzer 2100 (Agilent Technologies, Inc., Palo Alto, CA). RNA was 

reverse transcribed using a T7-(dT) 24 primer and Superscript II reverse 

transcriptase (Invitrogen, Carlsbad, CA) and double stranded cDNA was 

synthesized and purified with GeneChip® Sample Cleanup Modules 

(Affymetrix, Santa Clara, CA). Biotinylated cRNA was synthesized from the 

double stranded cDNA using T7 RNA polymerase and a biotin-conjugated 

pseudouridine containing nucleotide mixture provided in the IVT Labeling Kit 

(Affymetrix, Santa Clara, CA). Prior to hybridization, the cRNA was purified 

with GeneChip® Sample Cleanup Modules (Affymetrix, Santa Clara, CA), and 

fragmented. 10 µg from each experimental sample along with Affymetrix 

eukaryotic hybridization controls were hybridized for 16 hours to Affymetrix 

poplar or rice genome arrays in an Affymetrix GeneChip® Hybridization Oven 

640. An Affymetrix GeneChip® Fluidics Station 450 was used to wash and 

stain the arrays with streptavidin-phycoerythrin (Molecular Probes, Eugene, 

OR), biotinylated anti-streptavidin (Vector Laboratories, Burlingame, CA) 

according to the standard antibody amplification protocol for eukaryotic 

targets. Arrays were scanned with an Affymetrix GeneChip® Scanner 3000 at 

570nm. The Affymetrix eukaryotic hybridization control kit and Poly-A RNA 

control kit were used to ensure efficiency of hybridization and cRNA 

amplification. All cRNAs from each 13-time point batch were synthesized at 

the same time. Hybridizations were conducted with one replicate of all times 

and treatments concurrently. Each array image was visually screened to 

identify signal artifacts, scratches or debris. 
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Data Analysis  

Array quality control and normalization 

Standard Affymetrix quality control procedures were performed using 

the BioConductor packages simpleaffy and affyPLM (www.r-project.org). Data 

manipulations were performed using R, a language and environment for 

statistical computing (www.r-project.org; Ihaka, Gentleman, 1996), Perl, and 

MySQL. Arrays were normalized and expression estimates for each time point 

were calculated using the RMA algorithm (Bolstad et al., 2003).  

 

Identification of cycling genes and co-expression analysis 

Expression level time series were assembled and cycling genes were 

identified using the HAYSTACK algorithm (Mockler et al., 2007; Michael et al., 

2008b). HAYSTACK calculates a Pearson correlation value between the 

model series values and the expression data series values for each probeset. 

This calculation is amplitude-independent, allowing for comparisons between 

the model series and any gene expression profile, regardless of the 

expression level. All microarray datasets were assembled into a public 

database of diurnal and circadian regulated genes in rice (Oryza sativa, both 

ssp. Japonica and Indica), Populus, and Arabidopsis 

(http://www.diurnal.cgrb.oregonstate.edu). Gene Spring 7.3 (Agilent 

Technologies, USA), software was used for further data analysis of 

HAYSYACK output and graphical display of results. Pattern analysis of gene 
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expression data was performed using a hierarchical centroid-clustering 

algorithm with average linkage and within-gene averaging and scaling.  

 

Functional analysis, protein comparisons, ortholog predictions 

Functional enrichment/overrepresentation analysis was carried out 

using the network visualization program Cytoscape with GO plugins. For over 

representation determination, the Benjamini and Hochberg FDR-adjusted 

significance level cutoff was set at 0.05. The circles (Figure 9 and Figure S5) 

were shaded based on significance level (yellow indicates FDR < 0.05), and 

the radius of each circle denotes the number of genes in each category. 

Arabidopsis-rice, Arabidopsis-poplar, and poplar-rice orthologs were predicted 

using a mutual best BLAST match approach using ORTHOMAP 

(http://orthomap.cgrb.oregonstate.edu/) as described (Michael et al., 2008a). 

Three-way Arabidopsis-rice-poplar mutual orthologs were predicted using 

three-way mutual best BLAST matches. Phase calls for three-way orthologs 

were determined by querying the Diurnal database 

(http://diurnal.cgrb.oregonstate.edu/). The lists of predicted Arabidopsis-

poplar-rice orthologs generated for each condition were further selected based 

on phase calls falling within a three hours range for all three orthologous 

genes. The lists of putative rice (Orysa sativa, ssp. Japonica) TFs was 

obtained from The Database of Rice Transcription Factors (DRTF; 

http://drtf.cbi.pku.edu.cn/; Gao et al., 2006) and the Plant Transcription Factor 

Database (http://plntfdb.bio.uni-potsdam.de/v3.0/; Pérez-Rodríguez et al., 
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2009). The list of predicted poplar (Populus trichocarpa) TFs was obtained 

from Database of Poplar Transcription Factors (http://dptf.cbi.pku.edu.cn/; Zhu 

et al., 2007).  

 

Detection of conserved motifs in promoter sequences 

To determine overrepresentation of a putative cis-regulatory elements 

(i.e. motifs, words), the ELEMENT algorithm 

(http://element.cgrb.oregonstate.edu; Mockler et al., 2007; Michael et al., 

2008b) calculates and scores the frequency of occurrences of the specific 

word among promoters of genes co-expressed at the same phase of day. The 

Z-score profiles associated with specific motifs were generated using the 

following method. A Z-score was calculated for each motif, for each phase of 

the day, using the ELEMENT tool and the sets of genes co-expressed in each 

phase-bin (corresponds to a one hour increment). For each 3-8-mer motif, this 

generated 24 discrete Z-scores. To generate a continuous enrichment profile 

the Z-scores for each motif were plotted over the phases of the day. To select 

profiles with phase-dependent enrichment, the profiles were computationally 

filtered as follows. Only Z-score profiles which had three consecutive phases 

of significant enrichment was selected. A ‘significant enrichment’ in a single 

phase was determined if the Z-score value was equal or greater than 2.33. 
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Datasets and accession numbers 

Genome scale data for rice, poplar and Arabidopsis can be analyzed 

and downloaded using DIURNAL portal at http://diurnal.cgrb.oregonstate.edu. 

Rice and poplar array datasets are deposited in the ArrayExpress database 

(http://www.ebi.ac.uk/miamexpress/) under the accession numbers E-MEXP-

2506 (Japonica) and E-MTAB-275 (Indica) for rice and E-MEXP-2509 for 

poplar.  
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Appendix VIII: Figure 1. Sizable proportions of poplar and rice 
transcriptomes display daily oscillations in RNA abundance with peak 
expression encompassing all phases of the day.  
Proportions of poplar and rice genes rhythmically (red segment) expressed 
under diurnal and free running (circadian) conditions. Transcripts were 
considered cyclically expressed if the coefficient of regression r between the 
data and respective HAYSTACK pattern model (Mockler et al., 2007; Michael 
et al., 2008b; http://haystack.cgrb.oregonstate.edu/) was 0.75 or greater. The 
proportions were calculated as ratios of the number of the unique cycling 
genes to the total number of unique gene models represented on array. 
Diurnal and circadian segments of each time course were separated by a 
spacer period of forty eight hours of continuous light as described in the 
Materials and Methods.  
 



 368 

 

 

 

Appendix VIII: Figure 2. Overlap of oscillating transcripts under various 
driven conditions. 
Venn diagrams show distribution of oscillating transcripts in poplar (left) and 
rice (right) under photo-, thermo- and photo/thermocycles. Collectively, 20,619 
and 21,364 (for poplar and rice, respectively) unique gene models were 
rhythmically expressed under all diurnal conditions. Of these, 1,942 poplar 
(11.7%) and 5,176 rice (24.6%) transcripts oscillated under all three tested 
diurnal conditions. To compile the lists of genes cycling under each condition, 
the array probesets displaying cycling patterns of expression were matched to 
their respective gene models as described in the Materials and Methods. 
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Appendix VIII: Figure 3. Rhythmic rice and poplar transcripts encompass 
all phases of the day peaking a few hours before light/dark transitions.  
Histograms of phase call frequency distributions among cycling poplar and 
rice genes according. The distribution of the phase frequencies is broadly 
consistent with that of Arabidopsis plants grown under similar conditions 
(Michael et al., 2008b). Each phase bin corresponds to a one-hour increment.  
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Appendix VIII: Figure 4. Comparison of phasing among Arabidopsis, 
rice, and poplar orthologs.  
Under similar diurnal conditions Arabidopsis-rice-poplar orthologs are phased 
to similar times of day. 28 - 34% of rhythmically expressed Arabidopsis-rice-
poplar orthologs were phased within three hours of each other under photo- 
(LDHH), thermo-(LLHC) and photo/thermocycles (LDHC).  The plots depict the 
number of orthologs between Arabidopsis and poplar or Arabidopsis and rice 
for every phase of the day under LDHH, LDHC and LLHC. The number of 
genes is represented by a color code (below). The red line represents 
positions of identical phases between both species being compared. Only 
orthologs present in all three species were selected in order to allow 
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comparisons between all three species. The sum of every phase call 
combination between orthologs was compiled and plotted using a Microsoft 
Excel surface contour plot. The color scale was adjusted depending on the 
number of orthologs found under each condition.  
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Appendix VIII: Figure 5. The diurnal expression profiles of the core 
circadian clock and clock-associated genes are conserved among rice, 
poplar and Arabidopsis.  
Putative rice (ssp. Japonica), poplar, and Brachypodium clock gene orthologs 
were identified using criterion of the best mutual BLAST hit against the 
respective Arabidopsis counterparts. Putative poplar/rice/Brachypodium 
orthologs correspond to Arabidopsis CCA1 (AT1G01060)/LHY 
(AT2G46830)/estExt_Genewise1_v1.C_LG_XIV1950/LOC_Os08g06110/Brad
i3g16510, GI (AT1G22770)/estExt_fgenesh4_pg.C_LG_V1131/ LOC_ 
Os01g08700/Bradi2g05230, TOC1 (AT5G61380)/fgenesh4_ pg.C_scaffold 
_129000038/LOC_Os02g40510/Bradi3g48880, RVE1 (At5g17300)/gw1.I 
V.3973/LOC_Os02g46030/Bradi3g51960, LUX (AT3G46640)/gw1.IX.4105/ 
LOC_Os01g74020/Bradi2g62070, FKF1 (At1g68050)/estExt_fgenesh4_pg.C_ 
LG_X0958/LOC_Os11g34460/Bradi4g16630, PRR5 (AT5G24470)/gw1.XII. 
1231/LOC_Os09g36220/Bradi4g36080, ELF3 (AT2G25930)/estExt_fgenesh4 
_pm.C_LG_VI0700/LOC_Os06g05060/ Bradi2g14290), and ERP1 
(At1g18330)/fgenesh4_pg.C_scaffold_122000043/LOC_Os06g51260/Bradi1g
29680, respectively.  
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Appendix VIII: Figure 6. Several Arabidopsis, rice, poplar and 
Brachypodium orthologs are phased to similar times of day.  
A. An example of the cycling expression profile of a gene involved in cellulose 
biosynthesis (Arabidopsis gene AT2G32530, CELLULOSE SYNTHASE LIKE 
B3) under multiple diurnal/circadian conditions. B, C, and D. Expression of 
orthologs involved in cell wall biosynthesis in Arabidopsis, rice, poplar, and 
Brachypodium. B. Beta-fructofuranosidase/invertase, involved in sucrose 
catabolic process (Arabidopsis/poplar/rice, ssp. Japonica/Brachypodium loci: - 
AT1G12240/estExt_fgenesh4_pg.C_LG_III0902/rice/LOC_Os04g45290/Bradi
5g16900). C. Trehalose-6-phosphate synthase, involved in trehalose 
metabolism (AT1G78580/estExt_fgenesh4_pg.C_1680018/ LOC_Os05g 
44210/Bradi2g19640). D. Cinnamoyl CoA reductase, involved in lignin 
biosynthesis (AT1G15950/estExt_fgenesh4_kg.C_LG_III0056/ LOC_Os08g 
34280/Bradi3g36890).  
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Appendix VIII: Figure 7. All major steps of auxin biosynthesis and 
response pathways in rice, poplar, and Arabidopsis include at least one 
cycling ortholog.  
Only array probesets identified by HAYSTACK as cycling under the tested 
diurnal conditions are shown.  
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Appendix VIII: Figure 8. Gene ontology categories overrepresented 
among rice (ssp. Japonica) cycling genes under photoperiods (LDHH).  
The shaded circles indicate overrepresented GO categories (categories with 
FDR ≤ 0.05 are shown in yellow) based on significance level. The radius of 
each circle denotes the number of genes in each category. The list of cycling 
genes was generated using HAYSTACK with best fitting model cutoff value r ≥ 
0.9.  
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Appendix VIII: Figure 9. Rhythmic expression of poplar and rice 
transcription factor transcripts.  
A. A large portion of the P. trichocarpa and O. sativa TFs represented on 
arrays are rhythmically expressed under photo-, thermo-, and 
photo/thermocycles. B. Rhythmic TF transcripts encompass all phases of the 
day peaking a few hours before light/dark transitions. The lists of all and 
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overlapping TFs cycling under each driven condition in poplar and rice are 
summarized in Table S1 of the Supplemental Materials. B. Peak expression of 
cycling TFs occurs at all phases of the day. Expression heat maps of Populus 
trichocarpa and O. sativa (ssp. Japonica) TFs oscillating under photocyles 
(LDHH). Mean centered expression levels are depicted in red (high 
expression) and green (low expression). The heatmap was generated using 
HAYSTACK output filtered using a correlation cutoff value r ≥ 0.9.  
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Appendix VIII: Figure 10. Identification of conserved cis-elements in 
promoters of Arabidopsis, rice and poplar genes cycling in the LDHH 
condition.  
ELEMENT-based enumerative promoter analysis and Z-score profile 
comparisons between rice, poplar and Arabidopsis. Z-score profiles were 
summarized for diurnal and circadian associated elements exhibiting 
conserved time-of-day overrepresentation across rice, poplar and Arabidopsis. 
A Z-score cutoff threshold value 2.33 was selected arbitrarily. 
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ABSTRACT 

 

Background 

Snakes provide a unique vertebrate system for studying a diversity of 

extreme adaptations, including those related to development, metabolism, 

physiology, and venom. Despite their importance as research models, 

genomic resources for snakes are few. Among snakes, the Burmese python is 

the premier model for studying extremes of metabolic fluctuation and 

physiological remodelling. In this species, the consumption of large infrequent 

meals can induce a 40-fold increase in metabolic rate and more than a 

doubling in size of some organs. To provide a foundation for research utilizing 

the python, our aim was to assemble and annotate a transcriptome reference 

from the heart and liver. To accomplish this aim, we used the 454-FLX 

sequencing platform to collect sequence data from multiple cDNA libraries.  

 

Results 

We collected nearly 1 million 454 sequence reads, and assembled 

these into 37,245 contigs with a combined length of 13,409,006 bp. To identify 

known genes, these contigs were compared to chicken and lizard gene sets, 

and to all Genbank sequences. A total of 13,286 of these contigs were 

annotated based on similarity to known genes or Genbank sequences. We 

used gene ontology (GO) assignments to characterize the types of genes in 

this transcriptome resource. The raw data, transcript contig assembly, and 
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transcript annotations are made available online for use by the broader 

research community. 

 

Conclusion 

These data should facilitate future studies using pythons and snakes in 

general, helping to further contribute to the utilization of snakes as a model 

evolutionary and physiological system. This sequence collection represents a 

major genomic resource for the Burmese python, and the large number of 

transcript sequences characterized should contribute to future research in this 

and other snake species.  

 

INTRODUCTION 

A major innovation enabled by next-generation sequencing 

technologies has been the ability to assemble extensive genomic resources 

for non-traditional model species. This expanding ability has in turn enabled a 

renaissance in the use of diverse model species to deliver novel insights not 

previously possible. Among the emerging model species archetypes are 

species that demonstrate extreme phenotypes. There is widespread interest in 

generating necessary genomic resources to facilitate research on these new 

models of extreme vertebrate phenotypes.  

One such group for studying extreme phenotypes are the snakes. 

Snakes have become increasingly prominent model systems [1], primarily 

because they represent a vertebrate model system that possesses numerous 
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important extreme adaptations at the morphological and developmental [2-4], 

physiological and metabolic [5, 6], and molecular levels [7-11]. The Burmese 

python (Python molurus bivittatus) in particular has become a focal model 

system for studying extreme physiological remodelling and metabolic 

fluctuations that accompany feeding [12-14]. A major problem in studying 

snakes, however, is that they are highly divergent from other model vertebrate 

systems that already have genomic resources. The closest vertebrate to 

snakes with an available complete genome sequence is the Anolis lizard (just 

now being formally published [15]), which last shared a common ancestor with 

the python ~166 MYA [9, 16]. Otherwise, the next closest vertebrates with 

complete genomes are birds (chicken, finch), which last shared a common 

ancestor with snakes ~275 MYA [16]. Although some studies have utilized 

high-throughput sequencing with short reads to study snake transcriptomics, 

prior to the Anolis genome they have been constrained to using bird reference 

genomes, and have not produced sets of assembled and annotated 

transcripts [17, 18]. Other than the Anolis genome, the only existing 

genomic/transcriptomic resource relevant for studying snakes is a 

transcriptome data set for the garter snake (Thamnophis sirtalis) [19]. 

Although more closely related than the lizard, this species is also highly 

evolutionarily distant from the python, as these two species last shared a 

common ancestor 60-100 MYA [9, 16]. Thus, to advance prospects for 

research utilizing pythons as a model system, a python-specific transcriptome 

set is needed.  
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Here, we have assembled a moderate-sized set of transcriptome data 

from 454 pyrosequencing to create a robust transcriptome reference for future 

studies utilizing pythons as models for research. We specifically chose to use 

the more expensive per-base 454 platform for its longer read lengths, which 

should favor higher assembly accuracy and de novo assembly of transcripts. 

Since our primary goal was to establish a relatively large well-annotated 

baseline set of snake transcript sequences, we sequenced cDNA libraries 

generated from multiple sources (heart and liver) and various time points 

before and after feeding. These sequences were assembled into a combined 

set of annotated transcript contigs.  

 

RESULTS AND DISCUSSION 

 

Sequencing and contig assembly 

In sum, 983,979 reads totaling >210 megabases (Mbp) were 

sequenced from python cDNA libraries from heart and liver tissue (Table 1). 

Combining all cDNA sequences from python heart and liver samples, we 

assembled 37,245 contigs with a total length of 13,409,006 bp, and with an 

average GC content of 41.52%. This assembly included 669,607 of our reads, 

leaving 314,372 singleton reads not incorporated into contigs. Among these 

contigs, most were sampled by multiple reads, a large number (805) had 100 

reads or more (Fig. 1). The top 5,000 contigs had lengths greater than 573 bp, 

and the top 1,000 contigs were longer than 1,420 bp (Fig. 1 and 2A). 
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In the bulk of the data, there is a clear correlation between contig size 

and read number (Fig. 1A), as is expected from random sequencing. The 

nucleotide-level contig coverage (estimated based on the average read length 

of ~235 bp) had a mean of 10.5 and a median of 3.5, with 8,084 contigs 

having > 5 fold average nucleotide coverage. Most contigs are probably close 

to but not quite full length, since most are covered 2-12 fold with reads at the 

nucleotide level (Fig. 1B).  

 

Annotation of contigs 

We annotated genes based on BLAST similarity to known genes in a 

hierarchical fashion, first based on best tBLASTx hits to known Ensembl 

Anolis and chicken genes that are thought to be one-to-one orthologs with 

human genes. Transcript contigs were also matched to known genes based 

on BLASTx searches against the Genbank non-redundant (nr) protein 

database (and annotated based on matches), and any remaining genes were 

annotated based on megaBLAST hits to the entire nr nucleotide collection. Of 

the 37,245 assembled transcript contigs, 13,286 were matched to some 

known gene through this hierarchical process, and were thus annotated based 

on similarity to known genes. Thus, we were able to assign some annotation 

to 35.7% of all contigs. Compared to the length distribution of all contigs (Fig. 

2A), the distribution of contig lengths for those with any annotation shows a 

notable enrichment for the annotation of longer contigs (>1,000 bp; Fig. 2B).  
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Among the contigs that were annotated, 3,822 had a best BLAST match to 

known chicken genes that are one-to-one human orthologs, and 4,302 hit 

known Anolis lizard one-to-one human orthologs. Ensembl gene IDs were 

assigned to transcript contigs based on hits with chicken and Anolis genes, 

and human orthologs were assigned to each contig based on the Ensembl 

orthologous gene relationship estimates. We considered the annotation of our 

contigs to be “high confidence annotations” when Ensembl IDs from Anolis 

and chicken BLAST hits both linked back to the same human ortholog; 3,046 

of our contigs fell into this class (Fig. 2C).  

For contigs with high-confidence annotations, we compared the protein 

sequence divergence between our python contigs and the lizard and chicken 

matches. It is estimated that the python and the Anolis lizard last shared a 

common ancestor ~166 MYA [9, 16], whereas the chicken and python last 

shared an ancestor ~275 MY [16] (Fig. 3A). Thus, as expected, the protein 

sequence divergence between the lizard and python proteins (mean = 0.73) is 

notably less than that between chicken and python proteins (mean = 0.66), 

although the variation in divergence is quite large (Fig. 3B-C). There also is a 

fairly consistent linear relationship (R2 = 0.35389; Fig. 3C) between the 

python-lizard and python-chicken protein divergence. This indicates that, 

overall, the protein sequence divergence between python and lizard BLAST 

matches tends to be proportional to that between the corresponding python 

and chicken BLAST matches. This correlation fits the expectation that the 

chicken and lizard BLAST matches tend to be orthologs of one another, 
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wheras poor correlations might indicate BLAST matches to lizard and chicken 

paralogs. 

 

Gene ontology (GO) analysis 

For the purpose of GO annotation, we were able to associate GO 

terms to 12,370 python contigs that were BLASTx-matched with known 

proteins in the NCBI nr database. The frequencies of second-level GO term 

annotations for our set of 12,370 python matched contigs are shown in Fig. 4. 

Pythons are important models for studying physiological and metabolic 

remodelling. It is therefore notable that our set of annotated genes includes 

high frequencies of genes with Biological Process GO annotations that include 

metabolism, development, cell organization, and morphogenesis that are all 

likely categories of genes likely to be important for later functional studies of 

adaptations in pythons (Fig. 4). 

 

Data deposition and accessibility  

Raw data from heart cDNA libraries is accessioned in the NCBI 

Sequence Read Archive (SRA: SRX018167). A minority of the data analysed 

here, from liver cDNA, were published previously, although not previously 

assembled [20], and related raw data is accessioned in the SRA (SRA: 

SRX057862). The set of assembled transcript contigs from this study, together 

with an extensive table with coordinated information and annotation for 

contigs, are available online via the journals website (as Additional File 1 and 
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Additional File 2, respectively); these files are also available at 

www.snakegenomics.org/SnakeGenomics/Processed_Data.html.  

 

DISCUSSION 

Our ultimate goal is to use the python, and other snake species, as 

models for studying extreme adaptation at various biological levels, from the 

extreme evolution of proteins [8, 10, 11] to the extreme systems biology of 

physiological redesign accompanying feeding [12, 21]. We therefore consider 

it a necessary first step to establish baseline resources, such as this 

transcriptome set. Here, we chose to use the relatively long sequences 

available from the 454 platform to conduct de novo assembly of transcripts for 

the python because having such longer sequences is expected to generally 

favor longer and more accurate transcript assemblies. Additionally, having 

longer transcript reconstructions is also expected to lead to greater success in 

identification of orthologous genes in other more well-studies model species, 

particularly in the case of the python, which is more than ~160 MY diverged 

from the next closest reference genome of the Anolis lizard (Fig. 3C).  

The results of our de novo assembly did indeed produce a relatively 

large number of long reconstructed transcripts, with nearly 2,000 contigs 

greater than 1 kb in length. Contrary to expectation, however, we had 

relatively low success in matching these contigs to known vertebrate genes, 

with ~35% of contigs matching known genes. Similarly, in a recent analysis of 

454-based transcriptome data from diverse tissues for the garter snake, only 
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34% of transcript contigs were matched to known genes [19]. These numbers 

for snakes are relatively low compared with percentages of gene identification 

from other recent transcriptome projects. For example, a recent study on the 

heart transcriptome of the vole was able to identify ~43% of transcripts based 

on homology with known mouse transcripts [22].  

One obvious explanation for the difficulty in identifying transcripts to 

known genes for snakes is the relatively low numbers of known genes 

deposited in NCBI for snakes and reptiles in general. For example, of the 

~2.35 million vertebrate proteins on NCBI, 1.61 million are from mammals, 

compared to ~195,000 for birds, ~90,000 for squamate reptiles (lizards and 

snakes), and ~24,000 for snakes. Furthermore, because a large proportion of 

proteins deposited from reptiles are from phylogenetic studies (with one gene 

sequenced from many species), the diversity of proteins represented is even 

lower than might be expected from the above numbers. This paucity of genetic 

information for reptiles highlights the importance for deposition of data from 

studies like this one, and further argues for the need for additional data to 

complement our knowledge of amniote genetic diversity.  

There are ongoing initiatives to sequence the genomes of the Burmese 

python [20], as well as the garter snake [1], which should collectively 

contribute substantial information on reptilian and snake genomics helping to 

fill a void in our current knowledge of the genomics of amniotes. The genome 

project for the python will include the addition of more transcriptome data from 

diverse tissues, and the transcriptome set here will be combined with future 
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data for annotating the python genome [20], and serve as a valuable 

reference for thousands of annotated python genes in the meantime.  

 

MATERIALS AND METHODS 

 

RNA isolation and cDNA library creation 

Tissues were procured from a total of 4 animals (one sample per 

tissue, each tissue from a distinct animal) obtained from commercial pet trade 

breeders under approved animal care protocols, and stored in RNAlater or 

snap-frozen in liquid nitrogen prior to RNA extraction. Prior to tissue 

extraction, two animals were fed and then euthanized either 1 day or 3 days 

after feeding [13], following existing IACUC protocols in place at the University 

of Texas Arlington and The University of Colorado.  

Total RNA was extracted using Trizol Reagent (Invitrogen), following 

the manufacturer’s protocol. Extracted RNA was enriched for mature mRNA 

transcripts using three successive rounds of purification with Oligo dT25 

beads (PureBiotech), precipitated using linearized acrylamide (Ambion) 

sodium acetate, and ethanol, and analyzed using a BioAnalyzer pico-RNA 

chip (Agilent).  

The mRNA was reverse transcribed with random heptamers and 

modified oligonucleotide-dT primers (5’-/Phos/NNNNNNN-3’ and 5’-

/Phos/TTTTTVN-3’) in a 2:1 ratio, using the SuperScript III reverse 

transcriptase kit (Invitrogen). The remaining RNA was destroyed using RNAse 
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A and RNAse H, and the sample was purified using RNA Clean beads 

(Ambion). Two pairs of double-stranded adapter oligonucleotides with single-

stranded overhang were directionally ligated onto the previously synthesized 

first strand using T4 DNA Ligase (Invitrogen). Adapter oligonucleotide 

sequences were: Adapter-A (5-prime adapter), oligo A-prime 5'-

NNNNNNCTGATGGCGCGAGGGAGG-dideoxyC-3', and oligo A 5'-

GCCTCCCTCGCGCCATGAG-3'; and Adapter-B (3-prime adapter) oligo B 5'-

biotin-GCCTTGCCAGCCCGCTCAGNNNNNN-phosphate-3', and oligo B-

prime 5'-phosphate-CTGAGCGGGCTGCAAGG-dideoxyC-3'.  

Following adapter ligation, ligation products were purified using RNA 

Clean beads three successive times, and then with streptavidin beads 

(PureBiotech). Samples were then melted from the streptavidin beads using 

0.1M NaOH and precipitated (as above). Completed libraries were then 

quantified and checked for appropriate size distribution using the DNA-nano 

chip on a BioAnalyzer (Agilent). Where necessary, libraries were PCR 

amplified using Platinum Taq polymerase (Invitrogen) using a minimal number 

of amplification cycles (less than 25 cycles).  

 

454-sequencing of cDNA libraries 

All cDNA libraries were sequenced using the 454 GS FLX sequencer 

using the LR70 sequencing kit and 70x75 mm PicoTiterPlate (Roche). 

Emulsion PCR kits II and III (Roche) were used for sequencing cDNA libraries 

to obtain sequence from both ends of transcripts, because cDNA libraries 
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were directional (with kit II sequencing from the 5’ end, and kit III sequencing 

from the 3’ end).  

 

Assembly of cDNA contigs, and identification of orthologous genes 

All of our python cDNA data were assembled into contigs using the 

Newbler de novo assembler algorithm of the gsassembler (Roche 454). Contig 

coverage was estimated by multiplying the number of reads per contig by the 

average read length divided by contig length. All contigs were compared to the 

set of Anolis (lizard) and chicken Ensembl protein-coding genes that are 

estimated by Ensembl Compara to be one-to-one orthologs with Human 

genes using BLASTx. When contigs had hits to both chicken and Anolis one-

to-one orthologs, Ensembl IDs were used to link back to the predicted human 

ortholog using Ensembl Compara’s one-to-one ortholog predictions. If both 

chicken and Anolis hits liked to the same human gene, these were considered 

‘high-confidence annotated contigs’. Contigs were also compared to the 

complete NCBI nr database first using BLASTx against all proteins (at an E-

value threshold 10-5). If contigs had no hits to nr proteins, they were 

compared at the nucleotide level to all nr sequences megaBLAST. We 

preferentially annotated contigs (with best BLAST hits) based first on similarity 

to Anolis and chicken one-to-one orthologs, then based on nr proteins, and 

finally on nucleotide comparisons where available.    

For gene ontology analysis, results of the NCBI nr protein database 

BLASTx search were used to connect python transcript contigs with known 
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gene ontology annotations. Gene ontology annotations were identified using 

the Blast2GO bioinformatics suite based upon the BLASTx output [23]. For the 

purpose of annotating and displaying GO annotations, we used GO-slims, 

which depicts second level GO terms that are most conducive to graphical 

interpretation. 
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Appendix IX: Figure 1. Contig length versus reads per contig (A) and 
contig coverage depth (B).  
Results shown on a log scale for all contigs.  
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Appendix IX: Figure 2. Contig length distributions for various contig 
sets.  
Frequency distribution of contig lengths for (A) all contigs, (B) all annotated 
contigs, and (C) all contigs with “high-confidence annotations” in which 
chicken and lizard one-to-one human orthologous genes BLAST results both 
link to the same human ortholog. 
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Appendix IX: Figure 3. Comparison of protein divergence between the 
python, chicken and lizard, and the evolutionary context of the python.  
Comparisons of the distribution (A), and linear relationship (B) of protein 
sequence similarity of the python-chicken versus python-lizard presumed 
orthologous protein pairs. Only ‘high confidence annotated contigs’, in which 
the lizard-snake and chicken-snake matches were to Ensembl orthologous 
genes, were used for comparisons. Evolutionary context for snakes in relation 
to major amniote lineages (C); images from Wikimedia Commons. 
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Appendix IX: Figure 4. Gene ontology (GO) categories of the 
transcriptome set.  
Second-level GO annotations are shown based on hits to the Genbank nr 
database.  
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Appendix IX: Table 1. Summary of the number of reads and base pairs 
(bp) collected for tissues and conditions.  
Data tabulated includes post quality filtered 454 sequence reads. Raw data 
are deposited in the NCBI Sequence Read Archive (SRA: SRX018167 and 
SRX057862). 
 

  Heart Fasted Heart Fed (24h) Heart Fed (72h) Liver  Total 

Reads 446,027 215,218 148,230 174,504  983,979 

b.p. 104,623,915 38,684,247 27,785,727 38,983,279   210,077,168 
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ABSTRACT 

We conducted a comprehensive assessment of genomic repeat 

content in two snake genomes, the venomous copperhead (Agkistrodon 

contortrix) and the Burmese python (Python molurus bivittatus). These two 

genomes are both relatively small (~1.4 Gb), but have surprisingly extensive 

differences in the abundance and expansion histories of their repeat elements. 

In the python, the readily identifiable repeat element content is low (21%), 

similar to bird genomes, whereas that of the copperhead is higher (45%), 

similar to mammalian genomes. The copperhead’s greater repeat content 

arises from the recent expansion of many different microsatellites and TE 

families, and the copperhead had 23-fold greater levels of TE-related 

transcripts than the python. This suggests the possibility that greater TE 

activity in the copperhead is ongoing. Expansion of CR1 LINEs in the 

copperhead genome has resulted in TE-mediated microsatellite expansion 

(“microsatellite seeding”) at a scale several orders of magnitude greater than 

previously observed in vertebrates. Snakes also appear to be prone to 

horizontal transfer of TEs, particularly in the copperhead lineage. The reason 

that the copperhead has such a small genome in the face of so much recent 

expansion of repeat elements remains an open question, although selective 

pressure related to extreme metabolic performance is an obvious candidate. 

TE activity can affect gene regulation as well as rates of recombination and 

gene duplication, and it is therefore possible that TE activity played a role in 
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the evolution of major adaptations in snakes; some evidence suggests this 

may include the evolution of venom repertoires.  

 

INTRODUCTION 

Among vertebrates, the snake lineage represents an impressively 

speciose (~3100 sp.) and phenotypically diverse radiation, and as a result 

snakes have become increasingly important model systems for diverse 

research areas. Snakes provide a unique model system for studying extreme 

physiological remodelling and metabolic cycling (Secor and Diamond 1995; 

Secor and Diamond 1998) and in venom-related research (Fry et al. 2006; 

Ikeda et al. 2010). Snakes have also become important models for 

developmental biology, evolutionary ecology, and molecular evolution and 

adaptation (Cohn and Tickle 1999; Fry et al. 2006; Castoe et al. 2008; Vonk et 

al. 2008; Castoe et al. 2009a). Despite the importance of snakes as models 

for basic and biomedical research, there is little known about the genomes of 

snakes, and about reptile genomes in general (Shedlock et al. 2007; Janes et 

al. 2010).  

Our aim here was thus to obtain comprehensive sequence-based 

comparative insight into snake genomic diversity, particularly the diversity and 

structure of the repetitive element landscape. Such insight is important 

because repetitive elements comprise major portions of vertebrate genomes 

and exert major influences over genome evolution. Among repetitive 

sequences, transposable elements (TEs) in particular have had a tremendous 
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impact on the structural and functional evolution of genes and genomes. 

Numerous studies have documented how TE activity and ectopic 

recombination between TE copies promote small- and large-scale variation in 

the structure of genomes; such rearrangements provide a substrate for the 

emergence of new functional sequences, both coding and non-coding, 

including the birth of new protein-coding genes and the rewiring of regulatory 

networks (Feschotte 2008; Cordaux and Batzer 2009; Herpin et al. 2010).  

Despite a recent comprehensive review summarizing current knowledge about 

reptilian transposable elements (Kordis 2009), our understanding of vertebrate 

TE diversity and evolutionary dynamics remains largely dominated by 

perspectives from mammalian, and to a lesser extent, avian genomes.  

The speciose nature and evolutionary age of the snake radiation make 

it an excellent amniote lineage for comparisons to mammals. Snakes and 

mammals share a common ancestor ~310 MYA, and snakes diverged from 

other squamate reptiles about ~170 MYA (Castoe et al. 2009b), which slightly 

predates the estimated split of eutherian (placental) and metatherian 

(marsupial) mammals. In this study we chose to focus on two fairly distantly 

related snake species, the Burmese python (Python molurus bivittatus), and 

the copperhead (Agkistrodon contortrix) – these two lineages share a common 

ancestor at about the same time as do all eutherian mammals, around 100 

MYA (Castoe et al. 2009b). In comparison to mammalian genomes, snake 

genomes are generally small (Gregory et al. 2007), ranging from 1.3 

gigabases (Gbp) to 3.8 Gbp and averaging 2.1 Gbp, and the two snakes 
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chosen both have similarly sized genomes, on the small side of this range 

(~1.4 Gbp). Evidence from early DNA reassociation studies suggest that there 

may be extensive variation in the genomic repeat landscapes among snake 

species, particularly between pythons and colubroid species such as the 

copperhead (Olmo et al. 1981; Olmo 1984). These two snakes also represent 

important lineages for research. The Burmese python (Python molurus 

bivittatus) is an important model for physiological and metabolic adaptation, 

and the copperhead (Agkistrodon contortrix) is a model for metabolic 

adaptation and a viperid model for studies related to venom. Although distantly 

related, these two lineages (pythons and viperids) have convergently evolved 

extremely dynamic metabolisms to facilitate the infrequent consumption of 

large prey (Secor and Diamond 2000). 

To gain insight into the repeat landscapes of these two genomes and 

the evolutionary processes that have shaped them, we obtained low-coverage 

454 high-throughput sequencing data from genomic shotgun libraries, as well 

as 454 transcriptome sequence showing evidence of TE transcriptional activity 

in both species. Using this data, we analyzed transposable element and 

simple sequence repeat (SSR) content, diversity, and origins. The results 

reveal extraordinary differences between these two snakes. They also 

contribute to a broader understanding of vertebrate genome evolution and 

diversity by beginning to show how snake genomes compare to one another 

and to other vertebrates.  
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RESULTS 

The 60.3 Megabases (Mbp) sequenced from the A. contortrix 

(copperhead hereafter, for readability in the text) random shotgun sequence 

library amounts to about 4.5% of its estimated 1.35 Gbp genome, while the 

28.5 Mbp sequenced from the P. molurus (python hereafter) represents about 

2.0% of its estimated 1.42 Gbp genome (NCBI Sequence Read Archive 

accession SRA029568.1; also available at 

www.snakegenomics.org/SnakeGenomics/ RawData.html). Distributions of 

base call quality scores are very similar for both species, facilitating direct 

comparisons between the data for both species. To provide a baseline 

estimate for expected levels of neutral sequence divergence among the 

python, copperhead, and anole, we analyzed a previously published 12 

nuclear protein coding gene dataset (Wiens et al. 2010). We estimated an 

average synonymous divergence (i.e., dS branch lengths; see Supplementary 

Methods) of 0.709 substitutions/site between the anole and the snakes, and 

0.221 substitutions/site between the python and copperhead.  

To obtain a preliminary understanding of repetitive content in these 

genomes, we first analyzed the frequencies of 15mers in 28 Mbp samples 

from both genomes (consisting of a random 28Mbp sample from the 

copperhead, and all of the python data). We chose 15mers because, by 

chance, any one 15mer should occur only about once in a genome of this 

size, making high-copy 15mers extremely infrequent by chance and thus 

indicative of repetitive elements (Gu et al. 2008). Both species contained 
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similar amounts of single copy 15mers (15,364,028 in the python and 

17,186,377 in the copperhead), but the python had more low-to-moderate 

copy number 15-mers (i.e., 2-10 copies; Figure 1A). In contrast, the 

copperhead had more high-copy 15-mers (Figure 1A), suggesting that it has 

more highly similar (recently expanded) repeat elements, while python repeat 

elements are comparatively older and/or fewer in number. Analysis of the 

anole lizard (Anolis carolinensis) genome revealed a 15mer profile similar to 

the copperhead (Figure 1), suggesting that it too has a substantial number of 

recently expanded repeats, and thus a repetitive landscape more similar to the 

copperhead than the python.  

Identification of interspersed and tandem repeats  

The common method of identifying recognizable repeat elements is to 

scan sequences using a library of known repeat element consensus 

sequences (e.g., RepBase (Jurka 2000)) with sequence similarity-based 

algorithms such as RepeatMasker (Smit, Hubley, and Green 2004). Such 

homology-based methods cannot recognize elements not in the database, and 

have low power to identify repeat element fragments, even up to 200 bp, from 

moderately diverged repeat families (APJ de Koning, W Gu, TA Castoe, DD 

Pollock, unpublished data). For this reason, the identification of interspersed 

and tandem repeats in snakes is problematic because there are no closely 

related organisms in which repeat elements have been studied in-depth, and 

thus there are no snake-specific repeat libraries available. Since unassembled 

next-generation sequence reads likely contain many (perhaps mostly) TE 
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sequence fragments, we utilized a three-pronged strategy to evaluate repeat 

content and maximize detection and classification of repeat elements: first, we 

applied the P-clouds method, which can estimate the repeat fraction without 

knowing a priori what the repeat elements are, and which is relatively powerful 

at identifying short repeat fragments (Gu et al. 2008); second, we utilized the 

“Tetrapoda” repeat consensus library in RepBase to detect similar sequences 

by homology searching; and third, we used RepeatModeler (Smit, 

unpublished) to identify new snake-specific repeat element clusters 

(“families”). We analysed the output of RepeatModeler with RepClass 

(Feschotte et al. 2009), a tool that automates the classification of newly 

discovered TEs. Repeat family consensus sequence libraries identified are 

available at www.snakegenomics.org/SnakeGenomics/ Processed_Data.html. 

Previous analyses using the P-clouds method have estimated genomic 

repetitive content in repeat-poor bird genomes at around 40% (Warren et al. 

2010), in more repeat-rich genomes of the Anolis lizard at 73.7% (Warren et 

al. 2010), and in the human and panda genomes at about 70% (Li et al. 2010). 

In comparison, the P-clouds estimate of the repetitive content of the python 

genome is 39.8%, similar to bird genomes, while the predicted copperhead 

repetitive content is 55.2%, intermediate between birds and mammals/lizards.  

Only 4.48% of the python, and 11.81% of the copperhead, were 

identified as readily classifiable repeats (SSRs, tandem repeats, low-

complexity sequences, and known TEs from RepBase). An additional 16.73% 

of the python and 32.77% of the copperhead were identified as repeat 
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elements using the newly-identified snake-specific repeat library from 

RepeatModeler (Figures 1B), and about one third of these new “families” 

identified in both the copperhead and python were classified by RepClass into 

known TE classes (655/1996 and 203/571, respectively). It is important to note 

that the same snake-specific repeat library was used to annotate both species, 

and was derived from running RepeatModeler on data from each species 

independently and then combining the resulting libraries; this approach was 

designed to increase sensitivity and decrease bias due to different amounts of 

genomic sampling in the two species.  

All methods agree that the copperhead has considerably more 

detectable repetitive sequence than the python, and a large part of this 

repetitive fraction in both species arises from recognizable transposable 

elements. Altogether about 45% of the copperhead was annotated by the 

homology-based methods compared to only 21% of the python genome; in 

contrast, the two estimates from P-clouds are 55% and 40%, respectively 

(Figure 1B). We expect P-clouds to be more sensitive than homology-based 

methods for identifying more divergent and fragmented repeat elements, and 

the observation that the estimated python repetitive content is nearly twice as 

high based on P-clouds analysis indicates that much of its repetitive content 

may be older and/or more fragmented than that of the copperhead. There is 

substantial overlap between the methods (Figure 1B), and most (~67-76%) of 

the regions uniquely annotated by P-clouds are fairly long (> 50 bp; Figure 

1C). The P-clouds-unique sequences may also include non-TE derived 
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sequences such as tandem duplications or large multi-gene families, but given 

the level of sampling (< 5% of each genome) and the makeup of known 

complete genomes, we expect that these types of repeats make up a fairly 

small percentage of the P-clouds annotation. These results support the 

conclusion from the 15mer profile analysis that the copperhead has many 

homogeneous transposable element sequences compared to the more 

diverged and/or lower frequency repeats in the python.  

Transposable element landscapes 

The joint annotation of previously known RepBase elements, together 

with newly identified elements classified using RepClass (Feschotte et al. 

2009), revealed a substantial diversity of TEs in snake genomes (Figures 2). 

Almost all types of repeats appear to occur more frequently in the copperhead 

than the python (Figure 2), but the breadth of diversity in each of the snakes 

was similar, with most subclasses and superfamilies (e.g., Bov-B LINEs, 

DIRS1) found in the copperhead also represented in the python (Figure 2). 

Although repetitive elements in the Anolis lizard genome have not yet been 

thoroughly annotated, the diversity of repeat types observed in the snakes 

was broadly similar to preliminary estimates of the diversity of repeat elements 

in the anole lizard genome. Comparing the two snakes, there are substantial 

differences in transposable element abundance (Figure 2). The greatest 

difference lies in the abundance of CR1 LINEs that are more than four times 

as frequent in the copperhead, in contrast to Bov-B LINEs, which are similarly 

abundant in both genomes (Figure 2).  
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For in-depth analysis of snake LINEs, we manually assembled 

consensus sequences of Bov-B and CR1 LINEs for each species (now 

available in RepBase). Analysis of the distribution of sequence divergence 

(from species-specific consensus sequences, excluding subfamily-defining 

sites) within these two LINE super-families reveals contrasting expansion 

histories both between LINEs and between species (Figure 3A-B). Both snake 

lineages experienced recent (and likely independent) expansion of Bov-B 

LINEs, indicated by the low sequence divergence among these LINEs within 

each species (Figure 3A). The bulk of divergence within python Bov-B LINEs 

appears to have occurred slightly more recently than for the copperhead. In 

contrast, CR1 accumulation appears to have occurred over an extended 

period in both lineages, and likely in the ancestor of both of these species. We 

estimated 11% neutral divergence at synonymous sites of protein coding 

genes above (0.221 substitutions per site pairwise difference between 

species, divided by 2). The finding that a notable proportion of CR1 elements 

in the snakes exceed 11% divergence suggests that CR1s have been active 

over a long time period in snake genomes, including being active in the 

ancestor of these two snakes. The extended time period of CR1 activity in 

both snakes, followed by a recent decrease in activity, contrasts sharply with 

the timing of Bov-B activity, which shows predominantly recent activity in both 

snakes (Figure 3). Also, despite a similar age distribution of CR1 elements in 

both snakes, the copperhead lineage accumulated many more CR1s than the 

python lineage in every time period (Figure 3B).  
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Evidence from LINEs suggests that there may be substantially different 

genomic processes at work on the two snake genomes that results in 

truncation and possible purging of longer repeat elements along the 

copperhead lineage. Whereas about half of Bov-B LINEs appear near full 

length in the python genome based on sequence coverage in reads mapped 

to the python Bov-B LINE consensus sequence (Figure 4A), a vast majority of 

Bov-B LINEs appear to be truncated in the copperhead genome (in which the 

3-prime end of Bov-B is vastly over-represented). Copperhead CR1 LINEs are 

truncated similarly to copperhead Bov-B LINES, with the last 600-800 bp of 

the element greatly over-represented in the sampled sequences, although the 

low copy number of CR1 LINEs in the python prevents meaningful 

comparisons between species (Figure 4B).  

In addition to a greater abundance of LINEs, the copperhead also has 

a much greater abundance of both Gypsy-like (2.18% vs. 0.21%) and DIRS 

(0.84% vs. 0.03%) retrotransposons compared to the python; these families 

are also both more abundant in the python than in the anole lizard (Figure 2). 

An increased abundance of DNA transposons in the copperhead (4.58%, vs. 

1.92% in the python) is also observed, primarily due to increases in hobo-

Activator-Tam3 (hAT) transposons (Figure 2). The copperhead also 

experienced a notable expansion of SSRs and low-complexity regions relative 

to the python and lizard, and contains more unclassified elements than the 

python (16.45% vs. 9.29%). The rarity of identified SINEs may be an artefact 
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because SINEs are often difficult to classify due to their short length, rapid 

evolution and turnover, and because they don’t encode proteins.  

At the family level, over three times more new snake-specific families 

were identified (using RepeatModeler) in the copperhead (1,996) than the 

python (571). This de novo repeat identification method produces many 

potentially redundant family descriptions, but after collapsing redundant 

families, the result holds: only 82 new collapsed families from the python were 

identified by RepClass, compared to 243 in the copperhead. Many more 

element families were identified in the copperhead compared to the python for 

numerous element types, including CR1 and L1 LINEs, penelope 

retrotransposons, gypsy and DIRS retrotransposons, and hobo-Activator (hAt) 

and Mariner DNA transposons. The familial diversity of DNA transposons (16 

new python families, 48 new copperhead families), DIRS (0 new python 

families, 38 new copperhead families) and gypsy (8 new python families, 49 

new copperhead families) are particularly skewed. This indicates that the 

greater transposable element content in the copperhead compared to the 

python is based not only on greater numbers of elements but also on greater 

element diversity at the more fine-scale family level. Higher element 

abundance in the copperhead was not limited to a particular set of elements, 

but rather distributed across a diverse set of elements. Furthermore, per 

element type, there tend to be more new element families/subfamilies 

identified in the copperhead; this is especially the case for more frequent 

element types. 
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Evidence for horizontal transfer of transposable elements 

Previous studies have inferred horizontal transfer of Bov-B LINEs 

between mammals and snakes and/or squamate reptiles to explain the 

enigmatic distribution of these elements across amniote vertebrates (Kordis 

and Gubensek 1997; Kordis and Gubensek 1998b). Based on phylogenetic 

analysis of Bov-B sequences from available vertebrate genomes, we estimate 

that copperhead and anole Bov-B sequences are more closely related to each 

other than either sequence is to the python Bov-B sequences. In terms of 

organismal phylogeny, snakes are uniformly believed to form a monophyletic 

group to the exclusion of lizards (Townsend et al. 2004; Vidal and Hedges 

2005; Castoe et al. 2009a; Wiens et al. 2010). Therefore, our inference that 

there are multiple lineages of snake Bov-B elements implies multiple episodes 

of horizontal transfer of Bov-B LINEs to or from squamate reptiles. We also 

found traces of Maverick DNA transposons only in the python, and these are 

not otherwise known from squamate reptiles, although there is a report of one 

from the sister lineage of squamates, the tuatara (Pritham, Putliwala, and 

Feschotte 2007). 

Hobo-Activator Tam3 (hAT) DNA transposons are barely detectable in 

the python but comprise ~2% of the copperhead genome sample (Figure 2). 

Space invader (SPIN) elements, a type of hAT DNA transposon, are known to 

have been independently horizontally transferred into the genomes of multiple 

tetrapod lineages within the last 15-46 million years, including that of the anole 

lizard (Pace et al. 2008; Novick et al. 2010). We found evidence of numerous 
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SPINs in the genome of the copperhead (Figure 5), but found none in the 

python (corroborated by PCR and Southern hybridisations; C. Feschotte, 

unpublished data). In the copperhead, most SPIN-related sequences (1,142) 

found were MITEs (proximal ends) of SPIN elements representing deletion 

derivatives of longer and presumably autonomous elements. An additional 19 

reads mapped to (non-MITE) internal regions of the anole lizard SPIN 

transposon consensus sequence (Pace et al. 2008). SPIN MITE sequences 

from the copperhead display relatively low levels of sequence divergence 

(from a copperhead SPIN consensus), averaging around 6% (Figure 5). This 

is consistent with recent activity and invasion of SPINs into the copperhead 

genome at a similar time frame (<45 MYA) as SPINs appear to have invaded 

other tetrapod lineages, long after the ~100 MYA split between the python and 

copperhead (Castoe et al. 2009b), although the lack of a known neutral 

substitution rate for squamate genomes precludes precise dating.  

Simple sequence repeat (SSR) structure  

The frequency pattern of SSRs in snakes is similar to the frequency 

pattern of repetitive elements in that the copperhead has about four times the 

SSR content of the python, and 2 or more times that of the anole lizard, which 

itself has substantially more than other reptiles or birds examined (Figure 6A). 

As with the TEs, it is surprising to observe such an expansion in a genome 

that is smaller than most other reptile genomes. Although the number of SSRs 

identified varies somewhat depending on the identification method (e.g., 

Figures 6A), the approximate proportions remain similar. The relative 
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abundance of SSR loci in the copperhead, compared to the python and the 

anole, is also consistently higher across all repeat motif length classes, from 

2mers to 6mers. This points to a general expansion of SSR loci. The 

excessive relative enrichment of 4mers and 5mers in the copperhead, 

however, indicates a possible role for a motif-specific mechanism as well.  

SSR motif sequence frequencies are quite similar between the python 

and anole lizard, and surprisingly different in the copperhead, suggesting 

accelerated evolution of SSRs along the linage leading to the copperhead. 

Due to common descent, the frequencies of SSR motifs in different species 

are expected to be correlated, and under the assumption of a constant rate of 

evolution (birth and death) of SSRs, the degree of correlation should decrease 

with the divergence time between species. The SSR motif-specific frequency 

profiles in the anole and python have a linear regression coefficient of R2 = 

0.716, compared to R2 = 0.405 between the two snakes. The contrasting 

correlation strengths were particularly strong for comparisons of 2mers, 

4mers, and 5mers. These results are consistent with the hypothesis that SSR 

motifs are typically stable for long periods of time (e.g., the time separating the 

python and the anole), but that the copperhead lineage has undergone an 

unusual amount of SSR turnover resulting in a major change in the SSR motif 

frequencies and overall abundances in the copperhead genome. 

Microsatellite seeding by CR1 LINEs  

Certain SSR sequence motifs were greatly expanded in the 

copperhead, including ATA, ATAG, AATAG (Figures 6B and S6), which are 
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notably similar to one another. Analysis of the flanking sequences of these 

highly expanded copperhead SSR loci showed that the 3mer (ATA)n and 

5mer (AATAG) n were associated with other non-SSR repetitive sequences: 

these SSR motifs are found in the 3’ tails of a snake-specific family of CR1 

LINEs that we refer to as snake1 CR1 LINEs (Figure 6C). Snake1 CR1s are 

found at low levels in the python sample (196 element fragments; ~7 element 

fragments/Mbp), but found ~25 times more often in the copperhead sample 

(11,324 element fragments; ~189 element fragments/Mbp); since the number 

of times an element was sampled multiple times by different fragments in 

these samples is expected to be negligible, we therefore estimate there to be 

~10,000 snake1 CR1 LINEs in the python genome versus ~254,000 in the 

copperhead (Figure 6C). In the copperhead, 41.4% of all ATA SSR loci, and 

22.7% of all AATAG SSR loci were flanked by readily identifiable snake1 CR1 

LINEs; only a small fraction of ATAG SSRs were flanked by snake1 CR1 

LINEs (0.9%), and it is thus unclear whether LINEs directly seed these ATAG 

repeats, or if they are mutated versions of related 3mers or 5mers. The most 

extreme perturbations in microsatellite frequencies between the two snakes 

thus seems to be due to the “microsatellite-seeding” (Arcot et al. 1995) activity 

of these snake1 CR1 LINEs. 

The elements that we are calling snake1 CR1 LINEs have been 

identified previously (Nobuhisa et al. 1998; Fujimi, Tsuchiya, and Tamiya 

2002; Ikeda et al. 2010), but were conflated with Bov-B LINEs because of a 

mis-annotation of a novel Bov-B LINE that was actually a Bov-B LINE flanked 
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by two snake1 CR1 LINE fragments (Figure S9). Snake1 CR1 LINEs are also 

notable because our data confirms previous speculation that they occur at 

high frequency throughout phospholipase venom genes in viperid snakes 

(Ikeda et al. 2010), numerous other venom genes in viperids and elapids 

(based on BLAST analysis; Table S10), and in HOX gene clusters of colubrid 

snakes (Di-Poi et al. 2010). Although it would be ideal to test for significant 

enrichment of CR1 elements adjacent to venom genes, this is currently not 

possible because the lack of diversity of available sequences for venomous 

snake genomes that include both genic and inter-genic annotated regions.  

We also found that snake Bov-B LINEs tend to have a (CAA)n 

microsatellite repeat at their 3-prime end, and thus appear to be capable of 

seeding (CAA)n microsatellites. Despite this, we do not find evidence for any 

substantial expansion of (CAA)n SSRs in the genomes of either snake species 

surveyed here (Figure S6). It is also notable that even when all known LINE-

associated SSR motifs are excluded from consideration, there are still large 

differences in SSR motif abundance between the snakes (e.g., Figures S6-

S8). This implies that in addition to the major impact of LINEs, other LINE-

independent effects have altered SSR abundances in the lineage leading to 

the copperhead. 

Evidence of transposable element transcriptional activity 

Transcription levels in liver tissue samples from both species were 

evaluated to determine whether TE elements are actively transcribed in living 

snake tissues (NCBI Sequence Read Archive accession SRA029568.1; also 
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available at www.snakegenomics.org/SnakeGenomics/Raw_Data.html). 

Transcripts with sequence homology to every TE class were more frequent in 

the copperhead liver transcriptome (Figure 7; Table S11), with 23-fold greater 

overall levels of transcription of TEs in the copperhead compared to the 

python, including many different TE classes that were inferred to be recently 

active from the genomic data. For example, LINEs in the copperhead 

represent ~4.6% of all transcripts (47-fold more than in the python). In 

addition, CR1s are particularly frequent in the copperhead, comprising ~3% of 

the copperhead transcriptome sample; this frequency is 122-fold greater than 

in the python transcripts (Figure 7; Table S11). Bov-B LINEs were also 

observed in both species, but were 16-fold more abundant in the copperhead 

(at 0.8% of transcripts; Table S11). From the genomic data we inferred that 

Gypsy and DIRS1 LTR retroelements had expanded recently in the 

copperhead, and transcriptional data shows moderately high levels of both of 

these in the copperhead (at 0.54% and 0.18% of transcript reads, 

respectively) yet these were either barely detected or not detected at all in the 

python transcriptome (Figure 7). We also found transcriptional evidence of 

hAT DNA transposon activity (which includes SPIN element activity) in the 

copperhead (0.64% of reads) at 280-fold greater levels than the python. The 

highest abundance of presumably TE-related transcripts were those that were 

“unclassified” TEs; we found 28-fold greater relative abundance of unclassified 

repeats in the copperhead (5.6% of reads) versus the python (0.2% of reads; 

Figure 7). While we cannot interpret exactly what these unclassified elements 
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represent, we expect this category to contain a substantial proportion of 

SINEs. Although the liver is not where TEs need to be expressed to make new 

inherited copies, and these transcripts do not necessarily arise from the TE’s 

own promoters, this data suggests the possibility that TE activity in the 

copperhead continues to be high compared to the python.  

 

DISCUSSION 

Comparison of two snake genomes, spanning ~100 MY of snake 

evolution, revealed extensive differences in their genomic repeat landscapes. 

Although both snakes contain diverse sets of repeat elements distributed 

across most major element types and super-families, the copperhead genome 

contains more of essentially all of these repeats (occupying 45% of the 

copperhead genome, versus 21% of the python genome), and many repeats 

have expanded recently. In comparison, the largest known difference in 

genomic repeat content between placental mammalian genomes occurs 

between the human and mouse (46% versus 38%, respectively), which are 

separated by ~75 MY (Waterston et al. 2002). Thus, for similar levels of 

temporal divergence, the difference in repeat content in these two snakes is 

exceptional. Furthermore, the greater repetitive content in the copperhead is 

not due to one or a few expanded repeat families, but is distributed among a 

diversity of element families and subfamilies (243 collapsed TE families in the 

copperhead, versus 82 in the python).  
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Transposable element related transcripts appear to be expressed at 

much higher levels in copperhead tissue compared to python tissue, even 

when the greater genomic TE abundances in the copperhead genome are 

accounted for. Although we surveyed liver rather than gametic tissues for TE 

activity, the 23-fold greater overall levels of TE-related transcripts in the 

copperhead than in the python (Figure 7) suggests that TE transcription may 

be generally more active in the copperhead. This is true even in the case of 

CR1, for which there are 25 times more elements in the copperhead than in 

the python genome; there are 122 times more CR1-related transcripts in 

copperhead tissues than in python tissues (Figure 7, Table S11). If 

transcription levels have also increased in germline tissues, they may have 

contributed to increased genomic TE insertion activity. One hypothesis to 

explain the observations that TEs have higher transcription levels and have 

been more active in the copperhead versus python genomes, is that 

mechanisms known to control TE proliferation (e.g., CpG methylation and 

chromatin structural regulation (Yoder, Walsh, and Bestor 1997; Lippman et 

al. 2004; Feschotte 2008)) may be differentially effective in the two snakes. It 

is also possible that TEs may occur in greater proximity to transcriptional units 

in the copperhead genome, driving greater levels of read-through 

transcription. It is unclear, however, what mutational or selective force would 

have made TEs land and become fixed nearer transcriptional units in the 

copperhead than in the python. The increased transcription levels in the 
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copperhead also suggest that TEs are more likely to influence flanking gene 

expression in the copperhead than in the python.  

Prior to the present study, at least two plausible instances of horizontal 

transfer implicating snake TEs have been reported, involving Bov-B LINEs 

(Kordis and Gubensek 1998b) and Sauria SINEs (Piskurek and Okada 2007). 

This study provides novel evidence for additional horizontal transfer of TEs, 

and by adding genomic data from two snake species in addition to the anole 

lizard, it provides the first large-scale comparative view into TE dynamics 

within squamate reptiles. Together, our sequence-based data and PCR-based 

confirmation of the absence of SPIN elements in the python (C. Feschotte, 

unpublished), in contrast to the abundance of recently-inserted SPIN elements 

in the copperhead, provide compelling new evidence that, as with mammalian 

genomes (Pace et al. 2008; Gilbert et al. 2010), reptilian genomes have been 

differentially invaded by these elements. While previous studies have already 

suggested horizontal transfer of Bov-B LINEs between squamate reptiles and 

mammals (Kordis and Gubensek 1997; Kordis and Gubensek 1998a; Kordis 

and Gubensek 1998b), our analysis suggests the possibility of multiple 

transfer events into and/or out of squamate genomes (Figure S5). The 

previous report of a poxvirus-mediated transfer of Squam1 SINE elements 

from viperid snakes to rodents demonstrates that viruses may sometimes 

mediate such horizontal transfer events (Piskurek and Okada 2007). This 

transfer is thought to be dependent on the enzymatic machinery of a Bov-B 

LINE (Piskurek and Okada 2007), and high transcript levels of Bov-B reverse 
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transcriptase in snake tissues, such as those found in the copperhead, may 

thus increase the probability of horizontal transfer events. 

The copperhead lineage also appears to have modified microsatellite 

evolutionary dynamics, including microsatellite seeding (Arcot et al. 1995; Tay 

et al. 2010) by a snake-specific CR1 LINE family (Figure 6). Our analyses 

show that a high percentage of expanded microsatellite motifs were adjacent 

to readily-identifiable snake1 CR1 LINEs (41.4% of all ATA, and 22.7% of all 

AATAG SSR loci). These findings suggest that microsatellite seeding by these 

LINEs in the copperhead has occurred at a scale that is several orders or 

magnitude greater than any other example that we are aware of (Nadir et al. 

1996; Tay et al. 2010). The similar SSR motif frequencies between the python 

and anole lizard are consistent with previous suggestions that SSR evolution 

and turnover rates in non-avian reptiles are generally lower than in mammals 

(Matsubara et al. 2006; Shedlock et al. 2007). In contrast, the increase in SSR 

content and radically different motif frequencies in copperhead indicate that 

SSR turnover rates in squamates can evolve even more rapidly than what is 

known from mammalian genomes.  

Despite it’s substantial and recently expanded repeat content, the 

copperhead has a genome size that is among the smallest of snakes. This is 

surprising, as it is reasonable to expect that small genomes should have low 

repetitive content, as is the case in pythons and birds. We suggest that 

unidentified processes must be acting differentially in the copperhead to 

remove genomic sequence, potentially due to mechanistic differences in the 
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biology of the two snake lineages and/or differences in selection on mutations 

that alter genome size. Further evidence of differential processes operating in 

these two snake lineages comes from our observation of differences in the 

relative abundance of 3’ truncated LINEs between species (Figure 4). The 

excess of short LINEs in the copperhead is consistent with pressure to limit 

genome expansion, although 3’ LINE truncation has not been sufficient to 

balance the genome size equation (the total LINE element sequence is still 

considerably greater in the copperhead). The relative bias towards short 

elements in the copperhead could be caused by a greater tendency to 

generate shorter elements (at the time of insertion), a greater probability to fix 

shorter elements, and/or a greater probability to delete long elements at any 

time via ectopic recombination, which has been proposed to occur in the anole 

lizard genome (Novick et al. 2009). Selection could be more effective in the 

copperhead than the python due to a larger effective population size, rather 

than stronger selection against genome expansion, but this seems unlikely. It 

is expected that the Nearctic-distributed copperhead lineage suffered small 

effective population sizes due to bottlenecks during glacial cycles (Guiher and 

Burbrink 2008), and the likelihood of large and stable effective populations in 

tropical lineages such as the python also contraindicates a primary role for 

population size differences as a sole explanation.  

Selection to maintain a smaller genome size has been hypothesized 

numerous times in relation to extreme metabolic demands in flighted birds 

(Hughes and Hughes 1995), although there is some controversy (Organ et al. 
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2007). Previous studies have suggested that extreme metabolic demand in 

snakes (Secor and Diamond 1995; Secor and Diamond 1998) has resulted in 

selection to decrease their mitochondrial genome size (Jiang et al. 2007), 

extensive evolutionary redesign (Castoe et al. 2008) and previously 

unprecedented molecular convergence in snake metabolic proteins (Castoe et 

al. 2009a). It is therefore plausible that selection related to metabolic demands 

could have shaped snake nuclear genomes. Broader understanding of 

genomic repeat landscapes in snakes may shed greater light on this question. 

There are a range of alternative theories about the evolution of genome size 

and complexity (Lynch and Conery 2003), and thus the role of selection in 

snake genome size and structure is a topic of considerable interest. 

It is also an open question whether the biology of snake genomes may 

have contributed to the evolution of their extreme phenotypes and adaptations 

(Secor and Diamond 1995; Cohn and Tickle 1999; Fry et al. 2006; Castoe et 

al. 2008; Vonk et al. 2008; Castoe et al. 2009a). Among the most conspicuous 

adaptations in snakes is that some lineages, including the ancestors of the 

copperhead, have evolved complex venom repertoires, largely by duplicating 

and re-purposing existing genes to produce deadly toxins. Our evidence 

(Table S10), and that of others (Nobuhisa et al. 1998; Fujimi, Tsuchiya, and 

Tamiya 2002; Ikeda et al. 2010), shows a tentative association between CR1 

LINEs and venom genes. Our genomic sampling suggests that CR1 LINEs (as 

well as SSRs and other TEs) have expanded substantially in the copperhead 

lineage, and this expansion might be expected to lead to increased rates of 
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recombination, unequal crossing over and gene conversion (Witherspoon et 

al. 2009; Stevison and Noor 2010). These events could have, at least in part, 

facilitated the expansion and regulatory rewiring of venom gene families in 

venomous snakes.  

 

MATERIALS AND METHODS 

Shotgun library creation and sequencing  

Whole genome random shotgun libraries were made from two snake 

species, Agkistrodon contortrix (the copperhead; from a Texas population) and 

Python molurus bivittatus (the Burmese python; obtained from the pet trade); 

animals and tissues were procured and processed through the Amphibian and 

Reptile Diversity Research Center at The University of Texas Arlington. Total 

DNA was prepared from liquid-nitrogen snap-frozen liver tissue by standard 

phenol-chlorophorm-isoamyl alcohol extraction methods. 454 FLX-LR and 454 

Titanium-XLR genomic shotgun libraries were prepared using the 454 shotgun 

library preparation kit and protocol (Roche). Libraries were sequenced on the 

Roche 454-FLX sequencing platform. From the Agkistrodon FLX-LR shotgun 

library, 60.3 Mb (megabasepairs) from 280,303 sequence reads were 

collected using Roche/454 FLX-LR sequencing kits, amounting to about 4.5% 

of the estimated 1.35 Gbp (Gregory et al. 2007) genome (Table 1). Two 

libraries from the same individual (one FLX and one Titanium) were 

sequenced for the Python; from the FLX-LR library, we sequenced 61,256 

reads, totalling 13.3 Mbp, and from the Titanium-XLR library we sequenced 
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57,717 reads, totalling 15.2 Mbp. In sum, 28.5 Mbp of Python sequence from 

118,973 reads were collected, representing ~2.0% of its estimated 1.42 Gbp 

genome (based on estimates of the related P. reticulatus genome, Table 1). 

Comparisons of repeat annotations of FLX-LR and FLX-XLR data for Python 

indicated extremely little difference between the two data types (Figure S10). 

Sequence reads with similarity to the mitochondrial genome were filtered out 

prior to analyses. 

Repeat analyses  

We used the current release of the Tetrapoda RepBase (version 12.12, 

01-17-2008) as the repeat library for RepeatMasker (Smit, Hubley, and Green 

2004) to identify known repeat elements in the snake genomes. For 

comparisons, we also ran Repeatmasker on ~50 Mbp of the Anolis genome 

(AnoCar1.0) from four combined genome scaffolds. For SSR analysis, we 

used a previously written Perl script (Castoe et al. 2010) that was modified to 

identify SSR loci with repeated sequence motifs of 2 - 6 bases in length, and a 

minimum of 12 bases in length (for 2-4mers) or containing 3 or more tandem 

repeats (for 5-6mers). We used the program RepeatModeler (A. Smit, 

unpublished) to identify de novo repeat sequences in our snake datasets, 

based on the run parameters suggested as defaults by the program. The 

approach essentially couples two de novo repeat finding methods, RECON 

(Bao and Eddy 2002) and RepeatScout (Price, Jones, and Pevzner 2005), 

together with Tandem Repeat Finder (Benson 1999). We modified 

RepeatModeler’s RepeatMasker parameters to specify the Tetrapoda library. 
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For all RepeatModeler analyses, we combined the new Python and 

Agkistrodon libraries into a single joint snake library to recover as many 

elements as possible, and control for differences in sequencing depth. 

Consensus sequences from RepeatModeler were classified using RepClass 

(Feschotte et al. 2009). By identifying novel “families” that hit the same known 

TE family we were able to reduce the original count of new family consensus 

sequences by 18.6% and 20.3% in Python and Agkistrodon respectively. We 

also used the program P-clouds for identifying de novo repeats, with the 

following parameter settings: 2, 3, 6, 12 and 24 for low, core, step-1, step-2 

and step-3 cutoffs (Gu et al. 2008).  

Consensus sequences for select transposable elements were 

assembled in an iterative fashion, using successive rounds of mapping reads 

to existing element sequences to extend element alignments, and then taking 

the consensus of these alignments. Mapping was conducted using gsmapper 

software (Roche), and used to estimate read coverage across the length of 

elements. For estimation of sequence divergence from element consensus 

sequences, sequences were aligned using POA (Lee, Grasso, and Sharlow 

2002). In the case of LINEs, for which we expected multiple subfamilies to 

exist, sequence divergence was estimated excluding sites inferred to define 

element subfamilies, similar to (Aleshin and Zhi 2010).  

cDNA sequencing and analysis  

RNA was extracted, poly-A enriched and cDNA libraries were prepared 

from Agkistrodon contortrix and Python molurus liver tissue samples using 
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standard techniques. Libraries were bi-directionally sequenced using the FLX-

LR reagents on the 454 FLX instrument. All steps were carried out on both 

samples, side-by-side, from RNA extraction through sequencing. Transcript 

contigs were assembled using the 454 GSAssembler, and we searched for TE 

sequences using our snake-specific libraries in RepeatMasker. 
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Appendix X: Figure 1. Comparison of repeat analyses.  
Equal size samples of the genomes of the two snakes copperhead 
(Agkistrodon) and python (Python), and the lizard (Anolis) were considered. 
Simple sequence repeats were removed from the analysed data using 
RepeatMasker/RepBase. A) The frequency of each different 15mer sequence 
was counted, and the number shown is the number of different 15mers having 
a particular count. B) The repeat annotation methods (P-clouds and 
RepeatModeler/RepeatMasker) in the two snakes were compared to 
determine the percent of the genome (in nucleotides) that was masked by 
either method alone, both methods, or neither method (i.e., remained 
unannotated). C) The size distribution of P-clouds results in the two snakes 
are shown.  
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Appendix X: Figure 2. Comparison of the transposable element and 
simple repeat content in copperhead (Agkistrodon) and python (Python) 
genomes.  
Transposable element families were determined based on the combined 
annotations of Repbase, RepeatScout, RepeatModeler, and RepClass, and 
coverage in the genome was annotated using RepeatMasker.  
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Appendix X: Figure 3. Sequence divergence of selected transposable 
elements.  
The species-specific consensus sequences were determined for A) Bov-B 
LINEs, and B) CR1 LINEs, and the sequence divergence levels were 
calculated for all alignable sequences of these types, excluding sites that 
appeared to define subfamilies. 
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Appendix X: Figure 4. Depth of sequence coverage.  
The coverage depth per megabase of genomic sequence is shown for the 3’ 
ends of A) Bov-B and B) snake1 CR1 LINEs for both the copperhead 
(Agkistrodon) and python (Python) genome samples. 
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Appendix X: Figure 5. Sequence divergence between SPIN DNA 
transposon (MITE) sequences in the copperhead genome.  
Divergences from the consensus sequence were calculated as in figure 3. 
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Appendix X: Figure 6. Expansion of specific SSR motifs in the 
copperhead genome.  
A) The number of SSR loci per Mbp for a sampling of amniote genomes is 
shown along with a phylogenetic tree of their relationships. Estimates for 
squamate reptiles based on RepeatMasker analyses; estimates for non-
squamates taken from Shedlock et al., 2007. B) The 3mer and 5mer SSR loci 
of python (Python) and copperhead (Agkistrodon) are shown sorted first by 
SSR sequence motif and then by SSR length (in bp). The height of each bar 
corresponds to the length of each SSR (in bp), and the width is proportional to 
the identified number of sequence with a particular motif and length. The width 
of the portion of the graph devoted to each motif is proportional to the motif’s 
relative abundance among SSRs (in terms of number of loci). The regions of 
the graph devoted to motifs ATA and AATAG are indicated with double 
arrows.  C) Two alternative SSR tails at the 5’ ends of snake1 CR1 LINEs are 
shown along with the estimated copy number of this LINE family in anole 
lizards and the two snakes. 
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Appendix X: Figure 7. Relative frequencies of transposable elements in 
liver cDNA transcripts.  
Relative transcript frequencies in the two snakes are shown in a radar graph 
on a logarithmic scale. Sequences shown had long regions of high similarity to 
known transposable elements. 
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