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Abstract

Long intergenic non-coding RNA (lincRNA) genes are a poorly studied class of tran-
scripts, particularly in plants. Because of the low levels of expression, high tissue speci-
ficity, and rapid rate of evolution of lincRNA transcripts, the discovery and functional
annotation of these molecules is a significant challenge. Here, I report the annotation
of 201 new lincRNA transcripts in Arabidopsis thaliana discovered using the results of a
single RNA-seq experiment of a normalized library. Using these sequences, along with
the 6 480 lincRNA genes annotated by Liu et al. (2012), I performed a pairwise se-
quence alignment experiment with the genomes of 22 plant species in order to discover
highly conserved sequences within lincRNA loci. Of the 6 681 lincRNA sequences exam-
ined, 3 374 have highly conserved sequences supported by multiple genomic alignments
to other species. Six of these show evidence of ongoing reduced sequence rate evolution
when single-nucleotide variant data from the recent evolutionary history of Arabidopsis
thaliana. The rate of retention of these conserved regions within the Brassicaceae sug-
gests a much higher rate of sequence turnover in lincRNA genes compared with protein
coding genes. Structural variant data from 80 different A. thaliana ecotypes suggests
that lincRNA genes suffer deletions of the entire locus from the genome with appreciable
frequency: 570 of the lincRNA loci examined are entirely missing from at least one A.
thaliana strain. These results suggest an intriguing mixture of rapid sequence evolution
with short, highly-conserved islands in lincRNA genes.
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Preface

This project includes collaborations with David Tack, a Ph.D. candidate in the Adams
lab at UBC, and Jon Willinofsky, an undergraduate at UBC. The strategy for filtering
Illumina RNA-seq reads associated with annotated genes—described in section 2.1—
was developed in collaboration with David Tack and Jon Willinofsky. The software
implementation of this strategy was developed by Mr. Willinofsky under the supervision
of Mr. Tack and Dr. Adams. I was responsible for all further data analysis once the
filtered data were obtained.
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Chapter 1

Introduction

It was once possible for biologists to think of RNA mostly as a transitional stage be-

tween DNA and protein. With modern sequencing technology, it is becoming clear that

many transcripts do not undergo translation, but are functional as RNA. The eurkary-

otic genome produces an amazingly broad spectrum of transcript types with a great

diversity of functions related to gene expression, including transcription, translation, and

chromatin remodelling (Ponting et al., 2009). Although recent advances in nucleic acid

sequencing technology have revealed a great number of non-protein-coding RNA tran-

scripts (ncRNAs), relatively few of these have been functionally characterized.

Detailed studies of the transcription of eurkaryotic genomes using modern sequencing

technology have consistently found that transcription is surprisingly ubiquitous (Kapra-

nov et al., 2007). In humans, it has been estimated that almost every nucleotide in

the genome is transcribed in at least one developmental stage or cell type (ENCODE

Project Consortium, 2007), and a recent study suggests that ncRNA transcripts out-

number protein coding transcripts at least two-to-one in both diversity of species and

total abundance (Managadze et al., 2013). Although a number of ncRNA transcripts

have been functionally characterized, it is difficult to believe that all of these transcripts

are functionally important. This suggests the need for a method to determine which

non-coding transcripts may be functional, and which are non-functional ‘transcriptional

noise’.

Long intergenic non-coding RNAs are transcripts longer than 200 nucleotides which

do not show experimental or evolutionary evidence for translation (such as codon sub-

stitution biases consistent with protein-coding sequences), and which do not overlap

with known genic regions. This definition excludes other species of non-coding RNA,

such as anti-sense, intronic, and bi-directional transcripts, as well as comparatively well-

understood small RNA species such as miRNA, siRNA and snoRNA (Zhang et al., 2007;
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Introduction

Molnar et al., 2011; Scott and Ono, 2011). In practise, a distinction is usually drawn

between lincRNA and transcripts associated with transposable elements and other in-

tergenic repeats, as these transcripts are thought to be functionally distinct from other

non-coding RNAs (Zhang et al., 2010). Liu et al. (2012) refer to these RNA species

as ‘repeat-containing transcriptional units’ (RCTUs). RNA genes which are involved

in transcription, including rRNA and tRNA genes are also normally excluded from the

category.

1.1 Evolution of non-coding RNA

Despite recent interest in the function of non-coding RNAs, there have been few studies

of the degree to which lincRNA genes are conserved amongst species. In mice, a sequence

comparison across 29 mammal species has shown that lincRNA loci are evolutionarily

conserved at a rate higher than random intergenic non-coding sequence, but lower than

protein-coding genes (Guttman et al., 2010).

Pang et al. (2006) found that long non-coding RNAs are poorly conserved between

humans and mice compared to miRNA and snoRNA genes. This holds true for lincRNA

genes that are known to be functional as long RNAs, including Xist (see below). The

authors suggest that this may be because only short stretches of sequence may be essential

for function, with the rest of the sequence functioning in secondary structure or as spacer.

Sequence conservation based analyses have been shown to be effective in identifying

functional ncRNAs. For example, Willingham et al. (2005) were able to identify a ncRNA

with a repressor function by screening a pool of mouse ncRNAs showing sequence sim-

ilarity to human genomic sequences. NRON, the ncRNA gene which was discovered to

repress the expression of the NFAT protein coding gene, is a relatively large transcript at

3.7 kb. It contains two regions of relatively high similarity between rodents and primates:

one 289 base pair region with 90% identity between humans and mice, and one 400 base

pair region with 89% percent identity. In creating a pool of candidates, the authors used

a relatively low cutoff of 50% identity across 70% of the length of the locus (Numata

et al., 2003; Willingham et al., 2005).

1.2 Known functions of lincRNA genes

Relatively few lincRNA genes have been functionally characterized in plants. One such

gene is INDUCED BY PHOSPHATE STARVATION 1 (IPS1 ) which is involved in the

microRNA-mediated regulation of phosphorus nutrition (Kim and Sung, 2012). Over-
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expression of IPS1 results in a decrease in phosphate accumulation in the shoot, which

suggests that it is involved in the mobilization of phosphates in conditions of Pi starvation

(Franco-Zorrilla et al., 2007). The mechanism of action of IPS1 has been determined.

Franco-Zorrilla et al. (2007) found that the transcript modifies the activity of the mi-

croRNA miRNA399 by competitive inhibition. The IPS1 transcript binds to miRNA399

but does not undergo cleavage. This decreases the proportion of miRNA transcripts

which can bind to their protein-coding targets and trigger the transcript degradation

pathway.

COLDAIR is another well-characterized plant lincRNA gene. It is required for re-

pression of FLOWERING LOCUS C during vernalization. Knockdown mutants for

COLDAIR have increased expression of FLC2 following cold treatment and do not dis-

play cold-triggered flowering behaviour (Heo and Sung, 2011). COLDAIR is known to

act by physically binding the Polycomb Repressive Complex 2, resulting in the formation

of repressive chromatin at the FLC locus (Heo and Sung, 2011). Remarkably, the mam-

malian lincRNA gene HOTAIR—after which COLDAIR is named—also binds the PRC2

complex, altering chromatin state and gene expression patterns (Gupta et al., 2010). The

two loci are not apparently orthologous (Heo and Sung, 2011), which suggests that PRC

complex binding is something of a recurring theme in lincRNA function. This theme

is evident in the mammalian lincRNA gene Xist, which acts in X chromosome inactiva-

tion. Xist acts as a molecular bridge, binding both PRC2 and the YY1 protein, which

itself binds to DNA motifs along the X chromosome (Jeon and Lee, 2011). The result is

that the PRC is brought into proximity with the X chromosome, causing the chromatin

modification which inactivates the entire chromosome (Zhao et al., 2008; Jeon and Lee,

2011).

Although lincRNA genes are relatively poorly studied, those that have been func-

tionally characterized tend to be involved in epigenetic gene regulation pathways such as

chromatin modification and the miRNA pathway, rather than the “classical” transcrip-

tion factor pathways or catalytic functions. The mechanism of action of the characterized

functions tends to DNA-RNA and DNA-protein binding interactions. Because the known

functions of lincRNA genes depend on binding motifs along the length of the transcript,

I hypothesize that functional lincRNA genes may be characterized by conserved binding

regions. Such conserved regions have been observed in IPS1 (Franco-Zorrilla et al., 2007;

Hou et al., 2005; Liu et al., 1997; Burleigh and Harrison, 1997) in plants, and in many

non-coding RNAs in animals (Pang et al., 2006). Guttman et al. (2010) found evidence

in mice for short regions of reduced sequence rate evolution in many lincRNA loci, find-

ing that the average conserved region covers approximately 22% of the locus, compared
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with a figure of 70% in protein-coding exons. My work is the first systematic attempt to

identify conserved regions in plant lincRNA genes on a genome-wide scale.

1.3 Objectives

The goals of this study were to determine the patterns of evolution of lincRNA genes,

to identify regions of high evolutionary conservation in these genes, to discover whether

there is evidence for ongoing reduced sequence rate evolution in these conserved regions,

and to explore the potential of RNA-seq with library normalization for the discovery of

lincRNA transcripts. I adopted a sequence-similarity approach to identify putative ho-

mologs of Arabidopsis thaliana lincRNA genes in a wide variety of plant species. Using

the same approach to discover areas of sequence similarity in protein-coding genes allows

us to compare the patterns of sequence conservation. Using alignments across many

species has allowed me to identify conserved regions of lincRNA genes which have expe-

rienced relatively little sequence evolution over the course of macroevolutionary time. By

integrating data regarding these conserved regions with data regarding mutations which

have arisen in the recent evolutionary history of Arabidopsis thaliana, I have been able

to test the hypothesis that conserved regions are subject to decreased rates of sequence

evolution on both a microevolutionary and macroevolutionary time scale.
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Chapter 2

Methods

2.1 Identification of lincRNA transcripts

Novel lincRNA transcripts were identified using RNA-seq. The raw Illumina reads were

obtained from a prior study by (Marquez et al., 2012). This data set was chosen be-

cause the library was enriched for rare transcripts. Marquez et al. (2012) constructed

their cDNA libraries from Arabidopsis thaliana (Col-0) flowers and seedlings, and pooled

the cDNA from both tissue types. The cDNA pool was normalized using an Evrogen

Trimmer-direct Kit, and sequenced with 75-base-pair paired-end reads on five lanes using

the Illumina GA system. I mapped the Marquez et al. reads to the TAIR10 version of

the Arabidopsis genome assembly (Lamesch et al., 2012) using Bowtie (Langmead et al.,

2009).

Together with undergraduate Jon Willinofsky, I developed a strategy to filter out

reads associated with annotated genes. Our strategy was to remove all of the read pairs

which overlap with an genic region annotated in the TAIR10 genome (including 5′ and 3′

UTRs), then remove all of the read pairs which overlap with those read pairs, and so forth

until only reads which unambiguously map to intergenic regions remain. We considered

reads to be overlapping if they shared at least one base pair of their mapped positions in

common, and non-overlapping if there was no shared base pair. Overlap between reads

and annotated regions was defined in the same way. We expect this strategy to remove

not only reads associated with annotated protein coding genes, but also those associated

with unannotated 5′ and 3′ UTR regions and natural antisense transcripts which overlap

with annotated genes.

I then identified putative lincRNA loci using the Samtools pileup function (Li et al.,

2009). Every RNA molecule identified by the pileup that is at least 200 base pairs

long was treated as a putative lincRNA transcript. The genomic positions, consensus
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sequences, and average read alignment qualities for the putative lincRNA transcripts

were calculated from the pileup.

In order to remove unannotated protein-coding loci, I used GenScan (Burge and

Karlin, 1997) to predict open reading frames. I removed all loci which have an open

reading frame greater than 100 base pairs. I also removed any loci that overlap with

transposable elements annotated by TAIR10 (Lamesch et al., 2012). This is the same

strategy that was employed by Liu et al. (2012) to filter their lincRNA annotations for

protein-coding loci and transposable elements. Any loci which overlapped with repeat-

containing transcriptional units annotated by Liu et al. (2012), and any loci which were

covered to an average depth of less than five reads were also removed from further analysis.

In order to test the specificity of my lincRNA identification procedure, the remaining

putative lincRNA transcripts were compared to the set of lincRNA annotations recently

published by Liu et al. (2012). I divided my set of lincRNA loci into two categories:

‘overlapping loci’ whose genomic positions overlap with a locus in the Liu et al. data

set, and ‘novel loci’ which are non-overlapping with Liu et al. loci. I examined the

average fold coverage (the average number of reads covering any base along the length

of the locus) and the average Phred mapping quality score (Ewing et al., 1998) at each

locus in order to determine whether these measures are significantly different in novel

and confirmed lincRNA loci.

Both the Liu et al. lincRNA loci and the novel lincRNA loci discovered by my analysis

were included in downstream analyses.

2.2 Identification of lincRNA conserved regions

Conserved sequence elements of lincRNA loci were identified by alignment to the genomic

sequences of selected plant species (see table 1). Species were chosen on the basis of the

quality of the genome available, the depth of coverage of the genome, and to give a broad

phylogenetic coverage of the plant kingdom. Carica papaya, for instance, was excluded

as the genome is sequenced to an average depth of only 3× coverage (Ming et al., 2008).

Alignments were performed using the discontiguous MegaBLAST program (Zhang

et al., 2000; Ma et al., 2002) using seed optimized for non-coding sequences with a word

size of 11 and a template length of 16. I developed two criteria by which to identify

regions of high sequence similarity from MegaBLAST alignments. I call a sequence a

‘conserved block’ when it can be aligned to the genome of another plant species with an

e-value of less than 10−30. To this set of conserved blocks, I added any alignments which
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were at least 85 % identical across at least 50 base pairs. These are referred to as ‘short

highly conserved blocks’ (SHCBs).

A perennial problem in studies of evolutionary conservation is the decision as to what

constitutes a significant alignment. Because the degree of sequence similarity which is

sufficient to infer homology is dependent on the organism being studied, the class of

molecule, and the researchers’ goals, the criteria for calling a ‘significant’ alignment are

necessarily somewhat ad hoc. In almost all cases, the false-positive and false-negative

rates of a particular alignment criterion are completely unknown. In order to ameliorate

this difficulty, I elected to use two different approaches to constructing an alignment cutoff

criterion. The SHCB criterion requires a high level of sequence similarity over a relatively

small proportion of the lincRNA locus. This criterion was chosen based on what is known

about the evolutionary dynamics of known functional lincRNA genes in mammals: many

functionally characterized lincRNA genes have been found to have a relatively small

conserved region while the rest of the length of the locus is subject to a high rate of

sequence evolution (Willingham et al., 2005; Pang et al., 2006; Ponting et al., 2009). The

‘conserved block’ criterion uses a more general e-value cutoff. This is expected to allow

alignments that do not follow the expected patterns of lincRNA evolution at the expense

of failing to filter out a larger proportion of spurious alignments. For example: the e-

value criterion potentially allows for conserved blocks which are smaller than expected

by the low false-positive criterion, or for lincRNAs which have a modest rate of sequence

conservation across the entire locus—as is not uncommon in protein-coding genes.

In order to use the presence or absence of a sequence alignment to draw conclusions

about evolutionary rates, it is necessary to make comparisons among gene classes using

the same alignment criteria. In order to compare the rates of conservation of lincRNA loci

to protein coding genes, I took a random sample of 2 000 protein coding sequences anno-

tated by TAIR10 (Lamesch et al., 2012) and aligned them to the plant genomes described

above using the same discontiguous MegaBLAST strategy described for lincRNA loci.

The resulting alignments were then filtered using the same alignment criteria described

above.

2.3 Conserved regions of lincRNA loci

Putative conserved regions in other plant species, for the purposes of this study, are

defined as the longest sequence of base pairs of a lincRNA locus which overlaps with all

of the alignments in other species at a particular conservation criterion. (Note that this

is different from a conserved block, which is a region of high sequence similarity between
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a lincRNA locus and one particular genomic sequence in another species.) If I found

no region which was overlapped by all of either alignments which met the cutoff—or if

there was only one alignment to a particular locus—that locus is considered not to have

a conserved region. Conserved regions were calculated separately using conserved blocks

and SHCBs. These two data sets were combined for downstream analysis. If a single

lincRNA locus had a conserved region annotated using both cutoff criteria, the overlap

was used in downstream analysis. If the two conserved regions did not overlap, the locus

was discarded.

In order to test the hypothesis that the putative conserved regions represent areas

which are under stronger purifying selection than the rest of the locus, I used genomic

single nucleotide variant (SNV) data from the Arabidopsis 80 Genomes project (Cao

et al., 2011). Because a SNV present in two different Arabidopsis strains may represent a

single mutation in their common ancestor, I considered only unique variants. A SNV of

the same substitution base present at the same genomic location in more than one strain

is only counted as a single unique variant in my experiment. I tested the hypothesis that

putative conserved regions contain fewer unique variants than the rest of the length of

the lincRNA locus using a one-tailed binomial test and calculated Q-values using false

discovery rate correction (Benjamini and Hochberg, 1995).

In order to examine alignments of conserved regions, I used Clustal Omega (Sievers

et al., 2011) to realign lincRNA sequences to genome regions aligned by MegaBLAST.

The resulting alignments were visualized with MView (Brown et al., 1998).

2.4 Recent gain and loss of lincRNA loci

In order to study the evolutionary dynamics of lincRNA loci within the Arabidopsis

thaliana species, I used the large deletion annotations from Cao et al. (2011). This data

set lists relatively long (more than 10 nucleotide) stretches of genomic DNA which are

present in the Arabidopsis thaliana Columbia-0 ecotype, but absent in at least one other

strain, not counting deletions which are part of a more complex rearrangement. Cao

et al. (2011) employed a very similar strategy to study the recent evolution of microRNA

genes in Arabidopsis thaliana.

In order to determine whether these insertion/deletion events are more likely to repre-

sent recent insertions or recent deletions, I determined whether the locus had a significant

alignment to any other plant species. Loci which are absent in some Arabidopsis thaliana

strains but which are similar to genomic sequences in other plants likely represent re-

cent deletion events, while sequences which are present in Arabidopsis Col-0 but absent
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in other ecotypes and all other plant genomes likely represent recent insertion events.

Finally, I determined whether recently deleted lincRNA loci are less likely to contain

conserved regions (as defined in section 2.3).

9



Chapter 3

Results

3.1 Discovery of lincRNA loci through Illumina anal-

ysis of normalized libraries

Like other classes of non-coding RNA, lincRNAs are characterized by low levels of ex-

pression and, at least in animals, a high level of tissue specificity (Cabili et al., 2011;

Young et al., 2012; Liu et al., 2012). Because clone library-based methods are some-

what unreliable for the discover of low copy number transcripts, specialized techniques

are required to identify lincRNA genes on a genome-wide scale. Previously, scientists

have catalogued lincRNA genes using tiling arrays (Cawley et al., 2004; Matsui et al.,

2008), RNA-seq (Guttman et al., 2010), chromatin signature (Guttman et al., 2009),

and conserved predicted secondary RNA structure motifs (Hupalo and Kern, 2013). Al-

though the identification of lincRNA genes in plants is in its infancy, both tiling array

and RNA-seq based methods have proven effective (Liu et al., 2012). In addition to the

set of lincRNA genes annotated by Liu et al. (2012) using a combination of tiling array

and RNA-seq techniques, I used a normalized RNA-seq library (Marquez et al., 2012) in

order to annotate lincRNA genes de novo. Because normalized libraries are enriched for

rare transcripts, library normalization for RNA-seq is promising as a low-cost method for

the discovery of novel lincRNA genes (although it makes evaluation of expression level

impossible). Library normalization combined with high throughput sequencing has pre-

viously been shown to be an effective strategy for the discovery of non-coding transcripts

and other rare RNA species (Guffanti et al., 2009; Marquez et al., 2012).

The Marquez et al. (2012) data set consisted of 115 883 414 paired-end Illumina RNA-

seq reads. Of these, 50 801 105 (43.84 %) mapped concordantly to the Arabidopsis thali-

ana genome using Bowtie2 (Langmead and Salzberg, 2012). After removing reads asso-
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ciated with annotated genes, there remained 268 936 intergenic reads (0.5 % of the total

mapped reads). I assembled these reads into 1 220 lincRNA loci. The lincRNA loci which

mapped to the mitochondrion were discarded, leaving 1 142. Of these, 133 overlapped

with one of the 6 728 lincRNA loci annotated by Liu et al. (2012), 82 overlapped with

TAIR10 transposable elements, 229 had predicted open reading frames longer than 100

base pairs, and 94 overlapped with RCTUs discovered by Liu et al. These were all re-

moved from further analysis. I also discarded 828 loci which had an average fold coverage

of less than five (meaning that each base pair of the locus was covered by fewer than five

reads, on average), leaving 201 novel lincRNA loci.

I performed a number of tests to evaluate my confidence in the authenticity of the

novel lincRNA loci. These are summarized in figure 1. There is no significant difference

between the average Phred scores or fold coverage of the lincRNA loci which were dis-

covered de novo by my analysis and those which were confirmed by Liu et al. (2012),

but the newly discovered lincRNA genes were significantly shorter. The lengths of the

lincRNA loci—both those annotated by Liu et al. (2012) and those discovered de novo

by my analysis–vary greatly, from the minimum length of 200 base pairs up to more than

2100. The distribution in size is roughly exponential: longer lincRNA loci are relatively

rare compared to loci around 200 nucleotides.

3.2 LincRNA sequence similarity in other plant gen-

omes

I identified genomic loci in other plant genomes with a high level of sequence similarity

to lincRNA genes in Arabidopsis thaliana using a pair-wise local alignment method.

Alignments with an e-value of less than 10−30 were considered conserved blocks. In

order to identify additional, short regions of high sequence conservation, I examined any

further alignments which were at least 85 % identical to a lincRNA gene across at least

50 base pairs. Those are referred to as short highly conserved blocks (SHCBs). These

identification criteria were chosen after examination of the distributions of these statistics

over the alignments (figures 2 and 3 and table 2) as well as visual examination of the

alignments, with the goal of finding regions of high sequence similarity, erring on the side

of specificity rather than sensitivity in order to minimize false positives.

Because preliminary analysis suggested that there are very few highly conserved blocks

of primary sequence between Arabidopsis thaliana and its distant relatives, I chose to

focus on finding conserved loci in the four available Brassicaceae species with available
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genomes, aside from Arabidopsis thaliana: A. lyrata, Capsella rubella, Brassica rapa and

Eutrema parvulum. Sequence alignments were performed using MegaBLAST. Within

the Brassicaceae, I found 34 730 conserved blocks and an additional 8 279 SHCBs. As

expected, the SHCBs were identical to their targets at a larger proportion of sites, but

covered a slightly lower percentage of the lincRNA gene (table 3). Together with the fact

that SHCBs tend to be found in longer lincRNA loci than conserved blocks annotated

using the e-value criterion, this suggests that the strategy of looking for regions of high

similarity at a fixed minimum length is more effective than using the e-value of the

alignment at annotating short regions of high conservation.

Roughly 90 % of the Arabidopsis thaliana lincRNA loci examined have a conserved

block in Arabidopsis lyrata. This value falls to roughly 50 % in Capsella rubella, the next

closest relative of A. thaliana included in this study, and then to roughly 30 % in both

Brassica rapa and Eutrema parvulum (table 4).

The analysis was expanded to include the genomes of 18 other plant species (table 1) in

order to identify regions of deep conservation and compare the rates of sequence evolution

between lincRNA genes and protein coding genes. When all species are considered, there

were a total of 458 628 pair-wise genomic alignments. Table 2 summarizes the e-values of

these alignments, and the percent-identity and percent-coverage statistics are summarized

in figure 2. The e-values of the alignments follow a roughly exponential distribution, with

about half of the total alignments having a value greater than 0.005. Most alignments

cover a relatively small proportion of the locus (10–30%) of the length of the lincRNA

gene), and are identical at fewer that 50 % of the bases of the entire lincRNA locus.

In order to compare rates of evolution in lincRNA genes and protein-coding genes,

I carried out an identical pairwise-alignment experiment using the Arabidopsis thaliana

coding regions annotated by TAIR10 (Lamesch et al., 2012). I aligned the coding se-

quences to the same genomic data that were used in the alignment of lincRNA genes,

and processed the alignments using the same two criteria. The phylogenetic positions

of these alignments are summarized in figure 4. Curiously, there were far more SHCBs

than conserved blocks discovered using the e-value criterion in CDS regions (3 541 208 to

430 728), suggesting that long regions of high similarity are much more rare in lincRNA

genes than in protein coding genes. The proportions of conserved blocks confined to the

Brassicaceae was much lower in the CDS alignments (43 % of conserved blocks, 8.2 % of

SHCBs), which suggests that lincRNA loci are subject to deletions and rapid sequence

evolution much more frequently than protein-coding genes. In particular, 32 of 2000

protein coding genes had a significant conserved block in every genome analyzed, while

only 4 lincRNA loci out of more than 6 600 had such a block.
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The phylogenetic positions of conserved blocks in protein-coding genes and lincRNA

genes are markedly different. Within the Brassicaceae, there are far more Arabidopsis

thaliana lincRNA genes with conserved blocks in A. lyrata and no other species than

protein coding genes, while protein coding genes are much more likely to be shared by all

the Brassicaceae species examined (figure 4). A far larger proportion of lincRNA genes

than protein coding genes lack conserved blocks outside of the Brassicaceae than protein

coding genes. This difference is particularly striking when comparing alignments of pro-

tein coding genes and lincRNA genes between Arabidopsis thaliana and the Fabidae1.

Within this clade, at least 33 % of the protein coding genes sampled have a conserved

block, while this is true of only 0.3 % of lincRNA genes at most (table 4)

3.3 Conserved regions of Arabidopsis lincRNA loci

Because lincRNA genes with known functions tend to have relatively short, evolutionar-

ily conserved functional regions (Ponting et al., 2009), I identified putatively conserved

regions in my lincRNA data set which are present in every genomic region to which the

locus aligns. For the purposes of this study, I defined a putative conserved region as the

region of a lincRNA locus which is present in all of the significant genomic alignments

of that locus at a particular stringency. A locus was considered not to have a conserved

region if not all of the significant alignments overlapped, or if there was only one signif-

icant alignment. In total, I discovered 3178 conserved regions using the low stringency

alignments and 462 using high stringency (table 5). The majority of conserved regions

are found in close relatives of Arabidopsis thaliana.

In general, the trend in lincRNA genes is toward short regions of conservation in

the centre of the gene flanked by relatively long regions which are highly divergent in

different organisms. Outside of conserved regions, there is often evidence of dramatic

sequence evolution, possibly including large scale insertions/deletions and a high rate

of single nucleotide variation. This usually results in a long, unalignable region of the

lincRNA locus outside of the conserved region. An example alignment of this is shown in

the very deeply conserved alignment is shown in figure 5. Because the rate of interspecific

sequence variation is so high, the alignments of non-conserved regions are not of sufficient

quality to make a rigorous estimate of the rate of sequence evolution among species.

In order to detect conserved regions with reduced sequence rate evolution, I compared

the number of intraspecific variations from the Arabidopsis 80 genomes project (Cao et al.,

1The Fabidae species included in the analysis are Glycine max, Phaseolus vulgaris, Cannabis sativa,
Malus domestica, Populus trichocarpa, and Ricinus communis
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2011) in the conserved regions to the number of variants in the surrounding lincRNA

locus. The results are summarized in table 6. In total, I found 6 conserved regions which

have experienced significantly fewer recent single-nucleotide mutations than the rest of

the gene (6, P ≤ 0.05, false discovery rate= 0.10). The alignments of these six conserved

regions are shown in figure 6.

3.4 Recent evolutionary dynamics of lincRNA genes

I was able to use Arabidopsis thaliana ecotype resequencing data to examine the degree

to which lincRNA loci are subject to large structural variation. Using annotation of

structural variants among different Arabidopsis thaliana ecotypes from the 80 Genomes

project (Cao et al., 2011), I examined the frequency with which entire lincRNA loci are

deleted from the Arabidopsis thaliana genome relative to the Col-0 genome. Of the 6 681

lincRNA loci included in my analysis, I found 570 which were entirely missing in at least

one Arabidopsis thaliana ecotype. Of these, 205 lacked any significant alignments to other

plant genomes using either the high or low stringency criterion. Figure 7 summarizes the

number of ecotypes in which a sequence that is unique to Arabidopsis thaliana is deleted.

In the majority of cases, the locus is absent in only one or a few ecotypes, suggesting that

these are cases of recent deletion of a locus which is present in most Arabidopsis thaliana

individuals. In a small minority of cases, however, the locus in absent in virtually all

Arabidopsis thaliana ecotypes except Col-0.

In the majority of cases (352/580) loci with annotated large insertion/deletion events

within the Arabidopsis thaliana species lack a conserved region (see table 7). None of

the loci with annotated insertion/deletion events are among the six which were found to

have significantly fewer mutations in their conserved regions.
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Chapter 4

Discussion

4.1 Identifying lincRNA genes

In total, my analysis of the Marquez et al. (2012) normalized library RNA-seq data

reconfirmed 133 of the 6480 (2.0 %) lincRNA loci identified by Liu et al. (2012), and

provided evidence for 201 novel lincRNA genes. Liu et al. (2012) had far more success

with RNA-seq analysis: reconfirming more than 2700 loci out of the 6480 that were first

identified with tiling array data. However, this is not an entirely fair comparison, since

the two data sets differed markedly in the tissues prepared: Marquez et al. (2012) used

flowers and whole seedlings, whereas Liu et al. (2012) used flower, leaf, root and silique

samples. In addition, the two RNA-seq data sets were created using different platforms:

Marquez et al. (2012) used five lanes of 75 nucleotide paired end reads on the Illumina GA

system, whereas Liu et al. (2012) had four lanes of 101 nucleotide single end reads on the

Illumina HiSequation 2000 platform. Although these differences prevent us from making

a rigorous estimate of the degree to which library normalization improves detection of

lincRNA transcripts, the relatively large number of novel lincRNA genes discovered by

analysis of normalized RNA-seq data suggests that the procedure may provide a valuable

increase in sensitivity. The fact that 201 novel lincRNA species were discovered in a single

RNA-seq experiment when a novel tissue type is included suggests the possibility that

there are many more undiscovered lincRNA transcripts in Arabidopsis thaliana.

Although Liu et al. (2012) found evidence for many more lincRNA transcripts through

the analysis of tiling array data sets than either they or I were able to confirm through

RNA-seq, this does not necessarily indicate that tiling arrays are a more sensitive tool.

The technique which Liu et al. describe relies on an enormous volume of data: more than

200 data sets were included in the analysis, including RNA libraries from 14 different

Arabidopsis mutants, 18 stress conditions and 6 tissue types. If all of these libraries
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were submitted to an RNA-seq experiment rather than a tiling array, it is quite possible

that many more lincRNA transcripts would have be discovered. Indeed, if the recent

findings in mammals are any guide, there may be many thousands of as-yet unannotated

Arabidopsis lincRNA genes (Managadze et al., 2013).

4.2 Conserved regions in lincRNA loci

Overall, the general pattern in conserved lincRNAs is patches of higher conservation

within a poorly conserved overall sequence. The average conserved block discovered

using the e-value filtering criterion covers slightly more than half of the lincRNA locus

(table 5). Expanding the filtering criteria to include any regions of at least 85 % across

50 base pairs or more adds a large number of conserved blocks which cover only 14 %

of the locus on average (table 5). Figure 5 shows a good example of an island of high

conservation within lincRNA locus: the locus shown is 480 base pairs long, and has a

conserved region of approximately 200 base pairs which is present in every plant genome

included in this study. Across the rest of its length, however, I was unable to find any

conserved blocks. The pattern of conserved regions within loci that are relatively poorly

conserved overall is consistent with patterns of sequence evolution that have been found in

functional lincRNA genes in mammals (Pang et al., 2006). Curiously, microRNA genes

have also been observed to show a high rate of sequence evolution in the nucleotides

flanking conserved hairpin structures (Berezikov et al., 2005).

That many lincRNA genes in my analysis lack a conserved region does not necessarily

indicate a lack of functional importance, since many of these transcripts could have

conserved functional regions too short to detect by primary sequence analysis alone, or

that they have conserved secondary structure motifs that function without conserved

regions of primary structure. Detecting the evolutionary conservation of such structures

will doubtless be extremely challenging. It seems likely that, if any lincRNA genes which

are functional only because of extremely short conserved regions or secondary structure, it

will not be possible to effectively study the degree to which these structures are preserved

by natural selection until they are characterized experimentally in a functional biology

setting.

Although lincRNA genes in general have a high rate of sequence evolution, there

are many lincRNA transcripts with known function which have short, conserved regions

(Pang et al., 2006), and the annotation of conserved regions has been shown to be an

effective strategy for finding functional lincRNA transcripts (Willingham et al., 2005).

Therefore, the detection of areas of reduced sequence rate evolution within lincRNA loci is
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a promising strategy for the discovery of transcripts of functional importance. Several of

the conserved regions that were discovered through genomic alignments with other species

show signs of reduced sequence rate evolution among different Arabidopsis thaliana lines.

This is consistent with the hypothesis that these regions are of functional importance,

possibly representing miRNA or protein binding sites (although, of course, this can only

be conclusively demonstrated with functional studies). Although many conserved regions

do not show reduced rates of sequence evolution compared to the rest of the locus, I

cannot reject the hypothesis that these regions are of functional importance on this basis

alone. In many cases, there is no variant data available at all for a particular lincRNA

locus, making it impossible to draw a conclusion one way or the other regarding recent

evolutionary conservation of the locus. It is possible that many more of the conserved

regions in my data set are under purifying selection that is invisible due to lack of data.

Although reduced sequence rate evolution is not sufficient evidence to conclude that

these lincRNA genes are functionally important, these results are very suggestive. The ex-

perience of animal researchers suggests that examining evolutionary conserved lincRNA

genes is an effective strategy for discovering novel functionally important transcripts

(Willingham et al., 2005). Similar studies of lincRNA conservation in animals suggest

that there are thousands of non-coding transcripts whose functions have yet to be anno-

tated (Guttman et al., 2009, 2010; Managadze et al., 2013). It would therefore be well

worth exploring this set of evolutionarily conserved lincRNA genes in the context of a

functional study.

Although evolutionary conservation of primary sequence has been shown to be an

effective criterion for the discover of functional lincRNA transcripts, there are other

avenues which are worth exploring. Many lincRNA transcripts in mammals have sub-

stantial predicted secondary structure (Ponting and Belgard, 2010; Tsai et al., 2011),

and enrichment in secondary structures is known to be correlated with both evolutionary

conservation and specificity of expression (Marques and Ponting, 2009). However, it has

not been demonstrated in vivo that disrupting the secondary structure of any lincRNA

gene disrupts its function. Nonetheless, it is well worth mining the set of conserved plant

lincRNA genes for conserved secondary structural motifs.
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4.3 Interpreting conserved sequence between lincRNA

transcripts and genomic regions

My strategy for identifying lincRNA homologs is based on pair-wise genomic alignments.

It is not possible to conclude with confidence that an alignment between an Arabidopsis

thaliana lincRNA gene and the genome of another species represents a lincRNA gene in

that species. It is possible that the locus is not transcribed in the other species, or even

that it is both transcribed and translated into a short peptide. At present the transcrip-

tome data available for non-Arabidopsis plant species are too thin to attempt a compre-

hensive genome-wide analysis of transcription and translation of lincRNA homologs in

the rest of the plant kingdom on the scale that can be accomplished with a study of con-

served genomic DNA elements. As deeper transcriptome and data sets become available

in a variety of plant species, it will be interesting to see to what degree lincRNA genes

transition between non-transcribed intergenic space, non-coding transcribed region and

protein-coding sequence.

As an alternative to using publicly available transcriptome data, it may be possi-

ble to use comparable, matched RNA-seq data sets from two related plant species and

compare the rate of conservation of lincRNA genes discovered de novo. Although these

experiments would necessarily involve a smaller number of species than my approach,

this would provide direct evidence that the lincRNA loci in question are expressed in

both species. This approach is also likely to identify far fewer lincRNA loci than a tiling-

based approach, which, as discussed, is more sensitive but requires many more individual

experiments and depth of data.

High sequence similarity between lincRNA genes and genomic regions may be caused

by the origins of the lincRNA gene, rather than because the gene really is shared amongst

plant species. For example, the lincRNA gene At3NC056191 identified by Liu et al.

(2012) has an alignment in every genome included in my study, but a BLAST search of

the sequence suggests that these conserved regions are highly similar to ribosomal RNA

sequence. This suggests that the locus in question may be descended from an rRNA gene,

or possibly a previously unannotated gene copy in the rRNA family. In other cases, the

sequence similarity may be due to the inclusion of partial, unannotated repeats, or even

the inclusion of conserved DNA elements—such as promoters—in the locus. As with any

other sequence alignment, researchers should be cautious about interpreting sequence

similarity to be indicative of direct homology without independent confirmation.
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4.4 Evolutionary comparisons of lincRNAs to pro-

tein coding genes and miRNAs

In contrast to protein coding genes, alignments of lincRNA genes are generally quite short.

This is consistent with the hypothesis that lincRNA genes have only short stretches of

primary sequence which are required for function, while the rest of the locus is relatively

unconstrained in terms of evolution. This is not the case for protein coding genes, in which

point mutations along much of the length can cause a disruptive frame shift mutation,

dramatically altering the function. However, a similar pattern can be seen to a lesser

extent in protein coding genes, in which the rate of sequence evolution is relatively slow in

regions where the three dimensional structure of the protein is required for function and

relatively rapid in ‘intrinsically disordered’ regions with no consistent tertiary structure

(Brown et al., 2002).

My analysis shows that, compared with protein coding loci, lincRNA loci are gener-

ally less broadly conserved. This is consistent with the hypothesis that, in addition to a

high rate of primary sequence evolution, lincRNA genes have a very rapid rate of emer-

gence and decline within lineages (Hyashizaki, 2004; Ponting et al., 2009). Compared

with protein coding sequences, lincRNA genes are apparently lost very frequently, as is

evident in the relatively large number of deletions of lincRNA loci in different Arabidopsis

thaliana ecotypes (figure 7). This raises the question of how lincRNA genes maintain

their diversity in Arabidopsis thaliana despite a relatively high rate of loss.

Small RNA transcriptome sequencing studies of microRNA genes have shown that

conservation is highly variable: some families are highly conserved throughout the plant

kingdom while others are absent from the databases outside of Arabidopsis thaliana

(Zhang et al., 2006). Although my alignments do not include secondary structure pre-

dictions, I find no evidence of a similar core group of highly conserved lincRNA genes.

However, lincRNA genes apparently share a tendency with microRNA genes for rapid

evolution, and frequent loss within different Arabidopsis thaliana ecotypes (Cao et al.,

2011). Cao et al. (2011) found that microRNA genes which are deleted in at least one

Arabidopsis thaliana ecotype are either not conserved in other plant species, or are mem-

bers of large gene families. In microRNA genes, loss within A. thaliana is correlated with

the presence of multiple-copy families. If lincRNA genes are also found in large families,

that could partly explain their apparent tendency toward frequent deletion. It is also

possible that lincRNA genes are frequently deleted due to redundancy in function with

unrelated genes (which may or may not be lincRNAs), or that they have nonessential or

nonexistent functions.
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4.5 The origins of lincRNA genes

My analysis of structural variants in different Arabidopsis thaliana ecotypes suggests that

there are a small number of lincRNA loci which are absent in the majority of strains aside

from Col-0, and which do not appear to be highly conserved in any other plant species

(figure 7). This suggests that these loci may have originated very recently as a result of

large-scale structural mutations. Although it is extremely challenging to predict lincRNA

genes which arose from such sequence rearrangements, there is at least one known case

of a lincRNA gene which arose from a chromosomal rearrangement bringing together two

previously untranscribed genomic regions (Ponting et al., 2009).

In mammals, lincRNAs do not apparently form large families by comparison to protein

coding genes, which has lead to speculation that, while protein coding genes typically

arise by duplication and divergence, lincRNAs and other non-coding genes may arise

from intergenic space (Ponting et al., 2009). The extent to which lincRNA genes form

families in plants is unclear. Research is underway in the Adams lab to determine the

extent to which lincRNA genes are conserved after whole-genome and other duplication

events. If indeed lincRNA genes are frequently duplicated, this could help to explain the

apparently great diversity of lincRNA genes in Arabidopsis despite the frequency with

which they undergo deletions. On the other hand, if lincRNA genes are not frequently

duplicated and retained, they must commonly originate from other classes of genes or

intergenic DNA.

There is already evidence for the origins of some lincRNA genes in coding sequences.

The Xist gene in mammals, for example, has its origins in the pseudogenization of a

protein-coding gene (Duret et al., 2006; Elisaphenko et al., 2008). It is also known that

protein-coding genes can arise de novo from intergenic sequences (Carvunis et al., 2012),

a process in which lincRNA genes may play a transitional role. Detailed studies of the

origins of specific lincRNA genes are needed to address the issue of how these transcripts

maintain their diversity in the face of frequent loss.
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Studies in mammal suggest that assembling a comprehensive catalogue of the lincRNAs in

a transcriptome requires a tremendous depth of sequencing coverage across many experi-

ments due to the low expression levels and high tissue specificity of lincRNA transcripts.

My results suggest that the situation is no different in Arabidopsis : a single lane of Illu-

mina analysis has added 201 transcripts to the catalogue of known lincRNAs. There is

every reason to expect that deeper coverage of the Arabidopsis non-coding transcriptome,

aided by library normalization, will uncover many more lincRNA transcripts.

Although lincRNA loci clearly have a much higher rate of sequence evolution and

turnover than protein coding genes, many have stretches of highly conserved nucleotides,

and a few show signs of ongoing reduced sequence rate evolution. These patterns of

evolution are consistent with what has been found in functional lincRNA genes in animals.

On the other hand, the relatively high proportion of lincRNA loci which have experienced

deletion in the recent evolutionary history of Arabidopsis thaliana suggests that many

of these transcripts are non-functional, or have redundant functions. As more lincRNA

genes are functionally characterized in plants, it will become clear what proportion of

lincRNA transcripts have. However, the high rate of deletion of lincRNA loci among

Arabidopsis thaliana ecotypes suggests that many such loci are not under strong purifying

selection.

The high rate of turnover of lincRNA loci in plant genomes suggests that these tran-

scripts may play a role in providing variation in the non-coding transcriptome which pro-

vides natural selection with raw material for the evolution of new functions. If lincRNA

and other ncRNA transcripts arise frequently from intergenic space, transcripts which,

by chance, have secondary structure or binding properties with beneficial functional con-

sequences could be preserved by natural selection, resulting in de novo gene birth. New

lincRNA loci may be the result of the evolution of new promoter elements in intergenic

space by random drift. MicroRNA genes have been found to have originated in this way

in Drosophila (Nozawa et al., 2010). Detailed studies of the origins of lincRNA tran-

scripts from intergenic space are difficult (Ponting et al., 2009), but will be required in
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order to determine the evolutionary roles of lincRNA genes.

Although the importance of lincRNA genes as a class is still unclear, we have tan-

talizing hints that these transcripts may be of evolutionary and functional importance.

Studies of the evolutionary dynamics and degree of sequence conservation of lincRNA

genes, such as this one, are the first step in determining what role they play in the

function of organisms and the evolution of new genes.
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Arabidopsis lyrata Hu et al. (2011)
Capsella rubella Slotte et al. (2013)
Brassica rapa Wang et al. (2011)
Eutrema parvulum Dassanayake et al. (2011)
Citrus clementia International Citrus Genome Consortium (2011)
Gossypium raimondii Wang et al. (2012)
Eucalyptus grandis Eucalyptus grandis Genome Project (2010)
Glycine max Schmutz et al. (2010)
Phaseolus vulgaris DOE-JGI and USDA-NIFA (2013)
Malus domestica Velasco et al. (2010)
Populus trichocarpa Tuskan et al. (2006)
Ricinus communis Chan et al. (2010)
Cannabis sativa van Bakel et al. (2011)
Vitis vinifera Jaillon et al. (2007)
Mimulus guttatus Mimulus Genome Project and DOE-JGI (2013)
Solanum lycopersicum Tomato Genome Consortium (2012)
Aquilegia coerulea DOE-JGI (2013)
Brachopodium distachyon International Brachypodium Initiative (2010)
Oryza sativa Goff et al. (2002)
Zea mays Schnable et al. (2009)
Selaginella moellendorfii Banks et al. (2011)
Physcomitrella patens Rensing et al. (2008)
Chlamydomonas reinhardtii Merchant et al. (2007)

Table 1: Plant genomes used in the identification of Arabidopsis thaliana lincRNA con-
served blocks by pairwise alignment.
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e value Frequency Cumulative Frequecy Relative Frequency
(0,1e-100] 3125 3125 0.01
(1e-100,1e-50] 18385 21510 0.04
(1e-50,1e-30] 27024 48534 0.06
(1e-30,1e-20] 22006 70540 0.05
(1e-20,1e-15] 18549 89089 0.04
(1e-15,1e-05] 85748 174837 0.19
(1e-05,0.0001] 19794 194631 0.04
(0.0001,0.001] 25307 219938 0.06
(0.001,0.01] 30525 250463 0.07
(0.01,0.1] 57089 307552 0.12
(0.1,1] 67078 374630 0.15
(1,10] 83708 458338 0.18

Table 2: Summary of the e values of the BLAST pairwise alignments. The breaks
are exclusive at the lower limit, and inclusive at the upper limit. The total number of
alignments at each e-value level includes both lincRNAs identified by Liu et al. (2012)
and by my analysis of the Marquez et al. (2012) data (see text).

Conserved Blocks SHCBs
n 50955 29653

query length 356.42 ± 310.15 379.31 ± 271.38
% coverage 0.55 ± 0.31 0.14 ± 0.10
% identity 0.82 ± 0.062 0.87 ± 0.024

Table 3: Summary of the results of the two methods of annotating regions of high se-
quence similarity. ‘Conserved blocks’ are regions of a lincRNA locus with a MegaBLAST
pairwise alignment to another genome with an e-value less than 10−30. ‘SHCBs’ (short
highly conserved blocks) are regions which were not annotated as conserved blocks at
the first step, but which have a MegaBLAST alignment of at least 85 % identity across
at least 50 base pairs. n is the total number of conserved blocks annotated at each step.
‘Query length’ is the average length of the lincRNA locus. ‘% coverage’ is the average
fraction of the lincRNA locus which is aligned. ‘% identity’ is average fraction of bases
which are identical in the lincRNA and genomic sequence. All measures of error are one
standard deviation.
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lincRNA CDS
Species Blocks SHCBs Blocks SHCBs
Arabidopsis lyrata 5320 1033 1897 994
Capsella rubella 2547 491 1766 862
Brassica rapa 1655 427 1649 946
Eutrema parvulum 1945 301 1657 792
Citrus clementia 21 41 818 353
Gossypium raimondii 25 45 801 440
Eucalyptus grandis 20 38 689 341
Glycine max 21 45 730 410
Phaseolus vulgaris 18 28 675 327
Malus domestica 25 51 790 387
Populus trichocarpa 15 41 811 398
Ricinus communis 23 43 776 341
Vitis vinifera 21 38 758 378
Mimulus guttatus 18 40 622 296
Solanum lycopersicum 35 47 672 331
Aquilegia coerula 19 44 648 301
Brachopodium distachyon 10 21 383 189
Oryza sativa 14 23 383 224
Zea mays 16 27 380 283
Selaginella moellendorfii 7 16 151 108
Physcomitrella patens 4 22 178 137
Chlamydomonas reinhardtii 1 3 14 53

Table 4: The number of Arabidopsis thaliana lincRNA loci and protein coding sequences
with conserved blocks in the genomes of other species. ‘Blocks’ indicates the number
of genes with conserved blocks found using the e-value criterion described in the text,
while ‘SHCBs’ (short highly conserved blocks) indicates number of genes which were
added to the data set when any alignment with an identity of 85 % over at least 50 base
pairs was also included. ‘lincRNA’ indicates alignments to one of the 6681 lincRNA genes
included in this study, while the ‘protein coding’ alignments where made using the coding
sequences of a random sample of the 2000 protein coding genes annotated by TAIR10.
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Conserved Blocks SHCBs
Length 185.73 ± 91.70 121.98 ± 84.83
% Locus Length 58.8 ± 2.1 37.6 ± 2.6
% Identity 81.5 ± 6.1 88.3 ± 2.5

Table 5: Summary statistics of the conserved regions of lincRNA loci. ‘% Locus Length’
is the length of the conserved region divided by the length of the locus, and ‘% identity’ is
the fraction of the bases of the conserved region which are identical in all alignments. All
values are in the format ‘mean ± standard deviation’. ‘Conserved Blocks’ indicates the
conserved regions which were found using conserved blocks defined solely by the e-value
criteria described in the text, while ‘SHCBs’ indicates the additional conserved regions
which were annotated using short, highly conserved blocks (see text).

Locus ID SNVs (inside/outside) % length P Q
At5NC004520 11/21 73.2 5.00 · 10−6 6.78 · 10−3

At1NC064140 1/15 61.1 7.23 · 10−6 6.78 · 10−3

At5NC061480 9/75 31.2 9.07 · 10−6 6.78 · 10−2

At1NC027691 11/8 91.3 1.05 · 10−4 6.25 · 10−2

At1NC030450 0/25 29.4 1.68 · 10−4 8.12 · 10−2

At3NC014370 0/24 30.0 1.90 · 10−4 8.12 · 10−2

Table 6: Evidence for reduced rate of sequence evolution in conserved regions of lincRNA
genes. SNVs are the number of distinct single nucleotide variants annotated by Cao et al.
(2011) inside the conserved region and along the rest of the locus respectively. ‘% length’
is the proportion of the lincRNA locus covered by the conserved region. P is the result
of a binomial test with the null hypothesis that SNVs are equally likely or more likely
to occur within the conserved region than in the non-conserved portions of the locus.
Q values were obtained using Benjamini and Hochberg false discovery rate multiple test
correction. Only loci with significantly fewer SNVs within their conserved regions at
α = 0.05 and FDR = 0.1 are shown.

Conserved region
Present Absent

Deletion
Present 218 352
Absent 3156 3045

Table 7: Co-occurrence of conserved regions and whole-locus deletions in lincRNA loci.
‘Deletion’ refers to a deletion spanning the entire locus in at least one Arabidopsis thaliana
ecotype as annotated by Cao et al. (2011). Conserved regions are defined in the text.
Loci with conserved regions are significantly less likely to have whole-locus deletions
(P < 10−5, Fisher’s exact test).
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Figure 1: Violin plots of the differences in confidence statistics between putative lincRNA
genes which are new in my analysis and those which were discovered independently by Liu
et al. (2012). The white circle indicates the median, while the black rectangle spans the
first through third interquartile range. The thin curves represent the density estimator.
‘N ’ is the number of alignments in each category. ‘Phred score’ is the average Phred
score of the reads supporting the alignment (Ewing et al., 1998). ‘Fold coverage’ is the
average number of reads which cover the locus at any base. ‘Length’ is the length of
the locus in base pairs. The table gives the average values in each case. *** indicates a
significant difference at P < 0.0001 (Wilcoxon rank sum test).
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Figure 2: Scatter plot of the characteristics of the alignments to lincRNA genes in all
species. ‘Fraction aligned’ is the proportion of the length of the lincRNA gene which
can be aligned to a plant genome by MegaBLAST. ‘Fraction identical’ is the proportion
of the alignment which is a perfect match to the target genome. The points have been
binned into cells for ease of reading. Darker cells indicate a larger number of points.
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Figure 3: Scatter plots of the characteristics of the alignments to lincRNA genes in
Brassicaceae species. The x -axis of each plot is the is the proportion of the length of the
lincRNA gene which can be aligned to the indicated plant genome by MegaBLAST. The
y-axis is the proportion of the alignment which is a perfect match to the target genome.
The points have been binned into cells for ease of reading. A black cell indicates more
than 1 000 hits, while the lightest grey shading indicates a single hit.
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Figure 4: Phylogenetic positions of conserved blocks of lincRNA genes and protein coding
sequences within the Brassicaceae. Internal node labels indicate the number of loci with
a conserved block in all of the members of that clade, but none of the other species
in the phylogeny. The lincRNA genes are the 6681 Arabidopsis thaliana lincRNA loci
annotated by Liu et al. (2012) and myself (see text). The protein coding genes are 2000
randomly selected coding sequences from the TAIR10 Arabidopsis annotations (Lamesch
et al., 2012).
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Figure 5: Partial alignment of a very broadly conserved lincRNA locus. The entire
alignment is shown for the Arabidopsis thaliana locus, while the only the aligned portion
of the locus is shown in other species. Alignments were performed using Clustal Omega
(Sievers et al., 2011) and visualized using MView (Brown et al., 1998). Highlighting
indicates identity to the reference Arabidopsis thaliana lincRNA sequence. When there
were multiple alignments in a single species, the alignment with the fewest gaps is shown.
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Figure 6: Alignments of the Arabidopsis thaliana lincRNA genes which have evidence
of reduced sequence rate evolution within their conserved regions. The entire alignment
is shown for the Arabidopsis thaliana locus, while the only the aligned portion of the
locus is shown in other species. A gap in the alignment outside of the conserved region
therefore does not necessarily indicate that the lincRNA gene is shorter in that species,
only that the sequence is so different as to be unalignable. Alignments were performed
using Clustal Omega (Sievers et al., 2011) and visualized using MView (Brown et al.,
1998). Highlighting indicates identity to the reference Arabidopsis thaliana lincRNA
sequence. When there were multiple alignments in a single species, the alignment with
the fewest gaps is shown.
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Figure 7: Frequency of deletions of Arabidopsis thaliana lincRNA loci which do not have
a significant alignment to any other plant genome. Grey bars represent loci which do
not have low stringency alignment while white bars represent loci which are unaligned
using the high stringency criterion. A deletion of the locus is defined as a deletion event
predicted by Cao et al. (2011) which includes the entire lincRNA locus in at least one of
the 80 strains examined.
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