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Abstract 

Non-coding RNAs (ncRNAs) consist of microRNAs, lincRNAs (long intergenic 

non-coding RNA), rRNAs, tRNAs and the RNAs from other types of genes that do not 

have the potential to be protein-coding. Non-coding RNAs play various roles in cellular 

processes. Gene duplication is a major force in gene evolution and the evolution of 

duplicated protein-coding genes has been studied extensively. Whether the same 

evolutionary principles hold true for ncRNAs, especially lincRNAs, is still poorly 

understood particularly in plants. I characterized the effects of the change in microRNA 

binding sites on the divergence of multiple types of duplicated genes in Arabidopsis 

thaliana and Brassica rapa (Chapter 2). I found that the vast majority of duplicated genes 

showed divergence in their microRNA binding sites that could be associated with their 

expression and functional divergence. To better understand the evolutionary dynamics of 

lincRNAs in plants, I analyzed the sequence evolution of lincRNAs from five species 

(Arabidopsis thaliana, Oryza sativa ssp. japonica, Zea mays, Medicago truncatula and 

Solanum lycopersicum) across 55 plant genomes (Chapter 3). My analyses revealed that 

lincRNAs show more rapid sequence divergence compared with protein-coding genes 

and microRNAs. I also analyzed the expression conservation of lincRNAs between 

closely related species and showed rapid expression evolution of lincRNAs. I also 

identified a considerable number of conserved regions in the sequence of lincRNAs that 

are under stronger selection constraints than surrounding regions. To investigate the role 

of gene duplication in the evolution of plant lincRNAs, I identified duplicated lincRNAs 
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in several plant species (Chapter 4). I compared the expression patterns between 

duplicated lincRNAs using RNA-seq data from multiple tissue types and developmental 

stages, revealing extensive expression divergence of lincRNAs. Finally, I studied the 

effects of polyploidy and abiotic stress on the expression of lincRNAs in diploid and 

polyploid Brassica species (Chapter 5). My results showed extensive divergence of the 

expression of lincRNAs after polyploidy and in response to different stresses. This thesis 

provides new insights into lincRNA evolution and fates of lincRNAs after duplication in 

flowering plants. 
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Lay Summary 

Gene duplication is a major process by which new genes are created and evolve. Two 

major types of genes include those for proteins and those for non-coding RNAs 

(ncRNAs). To better understand the evolution of ncRNAs, I investigated the evolution 

and duplication of ncRNAs in plants. I analyzed the conservation of ncRNAs in a broad 

selection of plants and found rapid changes of ncRNAs in both sequence and expression. 

I identified short conserved regions in ncRNAs across species that might be associated 

with functions of ncRNAs. Also, I explored the evolution and expression of duplicated 

ncRNAs and found rapid divergence between ncRNAs after duplication. Additionally, I 

compared the evolution of ncRNAs and proteins, and proposed potential factors 

underlying their differences. This research considerably advances our knowledge of the 

evolutionary properties of ncRNAs and how they evolve after gene duplication. 
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Preface 

Chapter 2 has been published. Wang SS, Adams KL (2015) Duplicate Gene Divergence 

by Changes in MicroRNA Binding Sites in Arabidopsis and Brassica. Genome Biology 

And Evolution 7: 646-655. I conceived and designed the study, conducted all the analyses, 

and wrote most of the manuscript. KLA helped with the study design and edited the 

manuscript. 

 

Chapter 3 has been submitted for publication. Wang SS, Hammel A, Adams, KL Rapid 

evolution of sequence and expression of lincRNAs in flowering plants. I designed the 

study, conducted most of the analyses, and wrote the manuscript. AH helped with the 

study design and performed population genomics analyses. KLA conceived the study, 

helped with the study design, and edited the manuscript. 

 

Chapter 4 is in preparation for publication. Wang SS, Adams KL Evolution of lincRNAs 

by duplication in plants. I designed and conducted all the analyses and wrote the 

manuscript. KLA conceived the study, helped with the study design, and edited the 

manuscript. 

 

Chapter 5 is planned for publication. Wang SS, Desbiez-Piat A, Adams KL Expression 

divergence of lincRNAs after polyploidy and in response to abiotic stresses in Brassica. I 

designed and conducted most analyses, and wrote the manuscript. AD conducted some 
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analyses of gene expression. KLA conceived the study and edited the thesis chapter. 

 

Similar information is listed in the footnotes on the first pages of these chapters 
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1. Introduction 

The understanding of the genome is a central area of biological research. Genomics 

research has been a hotspot in the field of biology during the past two decades as more 

and more genomes have been sequenced. Comparative analysis of genomes across 

species is an important and powerful approach in genomics studies. By comparison of 

genomes of various species, we can track evolutionarily conserved sequences across 

lineages, investigate the genomic features underlying the differences between organisms, 

and provide insights into the evolutionary forces that drive the evolution of the genome 

(Eyre-Walker 1999; Hardison 2003). 

One of the most surprising facts that genomics research has revealed is that only a 

small proportion of the entire genome is thought to be protein-coding genes despite the 

important functions of their products. Non-coding regions, which do not have the 

potential to encode proteins, were considered as “junk DNA” for a long period (Kung et 

al. 2013). However, advanced by the rapid development of high-throughput sequencing 

technology, a lot of studies have identified a large number of transcripts from non-coding 

regions of the genome (Liu et al. 2012; Necsulea et al. 2014; Hezroni et al. 2015; Iyer et 

al. 2015; Gallart et al. 2016). These regions are often transcribed at much lower levels 

than protein-coding genes and show high tissue- or condition- specificity in expression.. 

Researchers have characterized the functions of numerous long non-coding RNAs in 

various species, many of which likely have crucial roles in diverse pathways (Ponting et 

al. 2009; Chekanova 2015; Yamada 2017). These findings suggest that the non-coding 
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regions are not “silent”, but rather they are expressed and could be biologically 

important. 

Another central topic in evolutionary genomics and comparative genomics is the 

origin of new genes. Several mechanisms have been shown for new genes to arise in the 

genome. Among them, gene duplication is believed to be the most common and 

important one, as evidenced by the large number of duplicated genes in most sequenced 

eukaryotic genomes (Zhang 2003; Flagel and Wendel 2009; Panchy et al. 2016). 

However, previous studies mainly focused on the duplication of protein-coding genes. 

The role of gene duplication in the evolution of non-coding RNAs, and the expression 

divergence between duplicated non-coding RNAs, is only starting to be explored. 

 My thesis investigated the evolution of non-coding RNAs (largely long intergenic 

non-coding RNAs) and duplicate gene/non-coding RNA evolution in plants. In the next 

section, I will provide a brief overview of how genes evolve after duplication, and the 

evolution of long non-coding RNAs (lincRNAs), with a focus on plants. 

 

1.1 Evolution of genes after duplication 

1.1.1 Classification of gene duplications 

First promoted by Ohno (1970), gene duplication is now viewed as a major mechanism in 

the evolution of genes and genomes (Zhang 2003; Innan and Kondrashov 2010). The 

genomes of most sequenced eukaryotes to date, from protists to fungi, from plants to 

animals, have been shown to be abundant with duplicated genes (Taylor and Raes 2004; 
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Flagel and Wendel 2009). Based on the way in which duplicated genes originate, gene 

duplication can be classified into whole-genome duplication, tandem duplication, 

RNA-based duplication (retrotransposition) and other types of duplication (such as 

duplicative transposition). 

 Whole-genome duplication (WGD), also known as polyploidy, often arises from 

nondisjunction during meiosis (Soltis et al. 2009). It results in the duplication of genes as 

well as intergenic sequences from the whole genome. While many genes return to single 

copy after WGD over time, some genes may be kept with clear genomic co-linearity. 

Ancient WGD events (paleopolyploidy) have occurred in many eukaryotic lineages. 

Wolfe and Shields (1997) described the first case of ancient WGD, in budding yeast, 

based on detailed analysis of the sequence similarity and synteny of genes in the yeast 

genome. Two rounds of WGD (called 2R WGD) occurred early during vertebrate 

evolution, resulting in the expansion of many gene families (McLysaght et al. 2002). 

Furthermore, more recent WGD is observed in other species including Xenopus, teleost 

fishes and Plasmodium (reviewed in Van de Peer et al. 2009). Whole-genome duplication 

is most commonly seen in plants (Adams and Wendel 2005; Paterson et al. 2012; Schranz 

et al. 2012). All angiosperms are known to have undergone multiple rounds of 

whole-genome duplications (Jiao et al. 2011). Additionally WGD is of particular 

importance as it affects all genes in the genome and can make crucial contributions to the 

evolution of the species. For example, the whole-genome duplication event in budding 

yeast was shown to contribute greatly to the cellular robustness (Li et al. 2010) and 
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rewiring of the protein-protein interaction network (Presser et al. 2008). Whole-genome 

duplication is also known to facilitate rapid speciation by differential reciprocal loss of 

duplicated copies among different populations (Schnable et al. 2012). 

 Tandem duplicates are duplicated genes that are located next to each other in the 

chromosome (Hanada et al. 2008). Tandem duplicates most likely form from replication 

slippage and ectopic recombination. Tandem duplicates tend to have high sequence 

similarity due to their relatively recent origins (Liu et al. 2011). However, this does not 

necessarily mean that tandemly duplicated genes have the same functions. One reason is 

that, distinct from whole-genome duplication where the complete genome is duplicated, 

tandem duplication may not necessarily result in the duplication of the entire copy of the 

original gene. Regulatory sequences and even part of coding regions might be missing in 

tandem duplicates, which could lead to potential functional divergence (Ganko et al. 

2007). For example, Fan et al. (2008) described two tandemly clustered duplicates that 

acquired new functions and underwent strong positive selection in Drosophila 

melanogaster. By systematically analyzing tandem duplicates genome-wide, Liu et al. 

(2011) showed that 38% of tandem duplicates show reciprocal expression in Arabidopsis 

thaliana, significantly higher than those derived from whole-genome duplication. 

RNA-based duplication, or retroduplication, refers to the process where a duplicated 

gene is generated by retrotransposition of another gene (Marques et al. 2005; Kaessmann 

et al. 2009). In RNA-based duplication, a retrogene is inserted into the genome from 

reverse transcription of its parental gene (Zhang et al. 2011; Assis and Bachtrog 2013). 
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Typically, RNA-based duplicates comprise only a small proportion of all genes in the 

genome with no more than 200 copies in each species of mammals (Carelli et al. 2016). 

Genes generated by RNA-based duplication are thought to lack both introns and the 

original cis-regulatory elements (Sorourian et al. 2014). Therefore, it is expected that 

retrogenes may show more divergence in expression and function compared with their 

parental genes than other types of duplicates (Kaessmann et al. 2009). 

In addition to the three categories of duplication described above, duplicated genes 

can originate in other ways, such as segmental duplication, small-scale duplication, and 

duplicative transposition (Casneuf et al. 2006; Guan et al. 2007). Duplicated genes 

arising from these mechanisms can be classified as neither whole-genome duplicates nor 

tandem duplicates because they neither show synteny in the flanking regions nor are 

located close to their paralogs. Hence, such duplicated genes are often regarded as 

interspersed duplicates (Arsovski et al. 2015). 

 

1.1.2 Fates of duplicated genes 

Genes can have various evolutionary fates after duplication (Zhang 2003). Many 

duplicated genes are pseudogenized and lost over time (Bowers et al. 2003; Byrne and 

Wolfe 2005; Thomas et al. 2006). Duplicated genes that are retained in the genome may 

show either redundancy or divergence. Previous studies have reported several 

functionally redundant duplicates with nearly identical nucleotide sequences that are 

likely mediated by gene conversion (Liao 1999; Gao and Innan 2004; Ezawa et al. 2006; 
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S.S. Wang et al. 2015). Gene conversion, by non-reciprocal exchange of DNA sequences, 

can result in the homogenization of the sequences of paralogous genes (Nei and Rooney 

2005; Mano and Innan 2008). When transcribed simultaneously, redundant duplicated 

genes can lead to an increased amount of the same protein, which might be beneficial to 

the cell in some circumstances (Sugino and Innan 2006). In addition, functional 

redundancy is also considered as a way to ensure the uniformity of the protein in the 

whole complex, thereby avoiding potential interference caused by paralogs with 

divergent sequences (Baker et al. 2013). Moreover, redundant paralogs may benefit the 

cell because one of the duplicates can act as a back-up of the other in case the other one 

loses its function (Li et al. 2010). 

 Subfunctionalization is a mechanism by which duplicated genes can diverge. In this 

scenario, paralogs in a pair of duplicated genes may take on part of the original functions, 

or the original expression pattern, of the ancestral copy separately. One model to explain 

subfunctionalization is duplication-degeneration-complementation (DDC) (Force et al. 

1999). In this model, degenerate mutations are accumulated by drift in both paralogs after 

duplication. After the fixation of degenerate mutations, paralogs may have 

non-overlapping functions. Therefore, the loss of either copy could be harmful to the cell. 

Another hypothesis is escape from adaptive conflict (EAC) (Hittinger and Carroll 2007). 

Based on the model of EAC, both paralogs may specialize (improve part of the ancestral 

functions) under positive selection if the ancestral copy carried out multiple functions that 

cannot be improved independently. 
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In addition to subfunctionalization, many duplicates diverge via neofunctionalization 

where one copy gains a new function(s), or expression pattern, whereas the other copy 

retains the original function and/or expression pattern (Tirosh and Barkai 2007; Assis and 

Bachtrog 2013). This process might be facilitated by positive selection where 

advantageous mutations are rapidly accumulated, or by relaxation of purifying selection. 

The concept of neofunctionalization can be well illustrated by a pair of duplicates, BSK1 

and SSP in Arabidopsis thaliana, derived from a WGD specific to Brassicaceae (Liu and 

Adams 2010). While BSK1 kept the original function of brassinosteroid signal 

transduction, SSP evolved under relaxed purifying selection to acquire new functions in 

paternal control of zygote elongation and the first asymmetric cell division. BSK1 and 

SSP show opposite expression patterns: BSK1 is expressed in all tissue types expect for 

pollen, whereas SSP is only expressed in pollen. Liu and Adams (2010) further suggested 

that the neofunctionalization of SSP is likely due to the loss of the kinase domain and 

relaxed purifying selection. 

 

1.2 Evolutionary genomics of lincRNAs 

1.2.1 Identification of lincRNAs 

LincRNAs, long intergenic non-coding RNAs, are a type of non-coding molecule that has 

attracted more and more interest in recent years. Typically lincRNAs should meet the 

following three requirements: i) their length must be > 200 nucleotides ii) they are 

located in intergenic regions iii) they should have no coding potential (Liu et al. 2012; 
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Ulitsky and Bartel 2013). The advances in high-throughput technology and bioinformatic 

tools allow for the large-scale identification of lincRNAs. To date, thousands of 

lincRNAs have been identified in a variety of organisms including human (Necsulea et al. 

2014; Iyer et al. 2015; Kornienko et al. 2016), mouse (Guttman et al. 2010), zebrafish 

(Ulitsky et al. 2011), and Arabidopsis (Liu et al. 2012), among many others. 

 In the very early stage of the genome-wide identification of lincRNAs, lincRNAs 

were mainly identified using a combination of cDNAs, tilling arrays and RNA-seq 

(Ulitsky and Bartel 2013). With the raid development of high-throughput sequencing, 

now RNA-seq has become the dominant tool in the identification of lincRNAs. The 

number of lincRNAs varies greatly across species, from 50 in Plasmodium falciparum to 

170 in Caenorhabditis elegans, and from ~6000 in Arabidopsis thaliana to more than 

20000 in human (Ulitsky and Bartel 2013). However, this variation could be due, at least 

in part, to the tissue types and developmental stages that were surveyed, the quality and 

depth of sequencing, the tissue types and developmental stages that were surveyed, and 

the methods and criteria used for identification (Ulitsky and Bartel 2013). 

 Furthermore, it is worth noting that the concept of lincRNAs is still evolving. Some 

lincRNA loci identified in previous studies may not be regarded as lincRNAs based on a 

new definition of lincRNAs. For example, currently the lincRNA identification typically 

includes the removal of those with sequence similarity to housekeeping RNAs, 

transposable elements (TE), and protein-coding genes. However, such careful filtering of 

the lincRNA data sets was missing in some early studies (Nelson et al. 2016). Also, the 
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integration of ribo-seq and the use of more rigorous computational approaches have 

found that some previously identified lincRNAs possibly have the ability to code for 

short peptides (Ruiz-Orera et al. 2014). 

 

1.2.2 Characteristics of lincRNAs 

The large-scale identification of lincRNAs has revealed many unique features of 

lincRNAs. In general, lincRNAs have been shown to have shorter lengths and fewer 

introns than protein-coding genes. Another important characteristic of lincRNAs is the 

low sequence conservation across species (Washietl et al. 2014; Hezroni et al. 2015; 

Mohammadin et al. 2015). The expression of lincRNAs is also very distinct from 

protein-coding genes. Most lincRNAs are lowly expressed (Ulitsky and Bartel 2013; 

Kornienko et al. 2016). Moreover, a substantial proportion of lincRNAs are expressed in 

a highly tissue-, developmental stage- or condition-specific pattern (Ulitsky et al. 2011; 

Liu et al. 2012). A lot of lincRNAs were found to be actively expressed in response to 

specific stresses (Shuai et al. 2014; Wang et al. 2017). This implies that many lincRNAs 

likely function under certain conditions, and partly explains why many lincRNAs can 

only be detected under particular stress conditions. However, how the expression of 

stress-responsive lincRNAs is activated remains unclear. 

 Despite the pervasive expression, functions have been characterized for relatively 

few lincRNAs. Currently, lincRNAs are generally thought to function by serving as 

signals, decoys, molecular guides and scaffolds (Wang and Chang 2011; Rinn and Chang 
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2012). Most lincRNAs with known functions are reported in animals. One of the most 

well-known examples is Xist, a lincRNA that plays essential roles in X chromosome 

inactivation (XCI). During female development, acting as the signal of XCI by marking 

the time and space of XCI, Xist coats the inactive X chromosome, resulting in the 

repression of gene expression of the entire X chromosome (Lee 2009). Another example 

is HOTAIR. HOTAIR binds PRC2 and the LSD1-CoREST complex at the same time, 

thereby ensuring changes in histone modifications (Tsai et al. 2010). In plants, such 

functionally well characterized lincRNAs are very few (Kim and Sung 2012; Zhang and 

Chen 2013; Chekanova 2015; Yamada 2017). What roles lincRNAs play in plants and the 

differences in lincRNA functions between plants and animals still wait to be studied. 

 

1.2.3 Evolutionary origin of lincRNAs 

The origin of new genes is a crucial question in evolutionary genomics and molecular 

evolution. So far, most studies have focused on the origin of protein-coding genes, and 

the origin of lincRNAs remains poorly understood. It is proposed that lincRNAs can 

originate by the following three ways: de novo birth from intergenic regions, 

transformation from protein-coding genes or other genes, and duplication of other 

lincRNAs (Ulitsky and Bartel 2013). 

Previous studies in animals found that lincRNAs rarely have sequence similarity to 

each other within the same species (Ulitsky et al. 2011; Derrien et al. 2012). Thus de 

novo birth is considered as the primary mechanism through which new lincRNAs are 
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generated in the genome (Ulitsky and Bartel 2013). A few studies have analyzed the 

origin of lincRNAs from previously existing protein-coding genes, and from duplication 

of other lincRNAs. Chen et al. (2015) analyzed the birth of new genes from intergenic 

sequences and proposed the evolutionary scenario of the conversion between lincRNAs 

and protein-coding genes in primates. Derrien et al. (2012) identified 194 lncRNA 

families with at least two members based on sequence similarity clustering, suggesting 

limited roles of gene duplication in the expansion of lincRNAs in human. 

Though current studies tend to suggest de novo birth as the main mechanism for the 

origin of lincRNAs the field of lincRNA research is rapidly developing. Many of the 

above studies were performed with incomplete sets of lincRNAs, and a thorough analysis 

using the latest lincRNA data sets is still lacking. Additionally, most of them focus on 

animals and studies of the origin and evolution of lincRNAs in plants remain scarce. It is 

known that lincRNA repertoires vary greatly among species (Necsulea et al. 2014; 

Hezroni et al. 2015). So it would be tempting to speculate that the origin of lincRNAs in 

plants may show very distinct patterns from animals. Thus, the analysis of lincRNA 

origin in plants is of particular importance to better understand the evolutionary dynamics 

of lincRNAs. 
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1.3 Dissertation goals 

1.3.1 To study the divergence of duplicated genes by changes in microRNA binding 

sites 

One of the most important ways by which duplicated genes diverge is expression 

divergence. I asked the following questions about how duplicated genes diverge in their 

micoRNA binding sites: What is the proportion of gene pairs that show divergence in 

microRNA binding sites among different types of gene duplicates in plants? Is the 

divergence in microRNA binding sites associated with the divergence in expression? 

What are the contributions of evolutionarily young microRNAs to the divergence of 

microRNA binding sites between duplicated genes? To answer the above questions, I 

analyzed microRNA-target interactions in Arabidopsis thaliana.. I characterized 

duplicated gene pairs with divergent microRNA binding sites, analyzed the relationship 

between expression divergence and microRNA divergence, and identified interesting 

cases of gene families showing frequent changes in microRNA binding sites.  

 

1.3.2 To investigate the evolution and duplication of lincRNAs 

I conducted comprehensive analyses of the evolution and duplication of lincRNAs in 

flowering plants. I asked the following three major research questions. What is the 

sequence and expression conservation of lincRNAs across flowering plants? How many 

duplicated lincRNAs are there in flowering plant genomes and how do they diverge? 

How do lincRNAs evolve after polyploidization? To answer these questions, I performed 
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sequence alignments, analyzed population genetic data, compiled RNA-seq data-sets, and 

analyzed the expression level of lincRNAs. I also analyzed transcriptome data sets of 

polyploidy and diploid Brassica species to study lincRNA expression in an allotetraploid. 
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2 Duplicate Gene Divergence by Changes in MicroRNA Binding Sites in Arabidopsis 

and Brassica
1 

 

2.1 Introduction 

Gene duplication is a major mechanism of new gene creation that has led to the evolution 

of new gene functions (Zhang 2003; Flagel and Wendel 2009). Duplicated genes can be 

generated by whole-genome duplication (WGD), tandem duplication (TD), 

retrotransposition, and other mechanisms. After gene duplication, paralogs may have 

multiple different fates (Semon and Wolfe 2008; Innan and Kondrashov 2010). Many 

paralogs show divergence in gene structure, expression pattern, and function. The 

functions of duplicated genes can diverge by the acquisition of new function, 

neofunctionalization, or partitioning of ancestral function, subfunctionalization (Hughes 

1994; Force et al. 1999). Expression patterns of duplicated genes can diverge by changes 

in gene regulation, including gain of a new expression pattern relative to the ancestral 

state or partitioning of an ancestral expression pattern between the duplicates, also 

referred to as neofunctionalization and subfunctionalization, respectively (Force et al. 

1999). Functional and expression divergence are widely regarded as important 

mechanisms for the retention of duplicated genes. 

MicroRNAs (miRNAs), a kind of short noncoding RNA (Cuperus et al. 2011), play 

                                                             
1

 Chapter 2 has been published. Wang SS, Adams KL (2015) Duplicate Gene Divergence 

by Changes in MicroRNA Binding Sites in Arabidopsis and Brassica. Genome Biology 

And Evolution 7: 646-655. 
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important roles in the regulation of gene expression at the posttranscriptional level by 

transcript degradation or suppression of translation (Bonnet et al. 2006; Li and Mao 2007; 

Meng et al. 2011; Takuno and Innan 2011) and may provide a dynamic way to regulate 

gene expression in many eukaryotes (Berezikov 2011; Rogers and Chen 2013). In plants, 

gene silencing mediated by miRNAs is an important mechanism in regulating some 

developmental processes (Chen 2009; Rubio-Somoza and Weigel 2011) and the response 

to stress (Sunkar et al. 2012), among other functions. Some of the most common miRNA 

targets in plants include transcription factors and F-box domain-containing proteins 

(Rhoades et al. 2002; Jones-Rhoades et al. 2006). 

Although several of the proteins in miRNA regulation systems are shared by a wide 

range of plants and animals, the molecular mechanism of the action of miRNAs has been 

shown to be different between animals and plants in many ways (Chen and Rajewsky 

2007; Axtell and Bowman 2008; Voinnet 2009). One distinction is that miRNAs often 

tend to target protein-coding regions of mRNAs in plants but 3’-untranslated regions 

(UTRs) in animals (Filipowicz et al. 2008), implying that in plants the miRNA binding 

sites of protein-coding genes may be under stronger selective pressure and evolve more 

slowly (Chen and Rajewsky 2007; Guo et al. 2008). Another distinction lies in the 

mechanism of target recognition. In plants, the recognition of target sites often requires 

relatively extensive complementarity between miRNAs and target sites (Iwakawa and 

Tomari 2013; Rogers and Chen 2013). In animals, miRNA-target interactions are more 

tolerant to mismatches in pairing (Zeng and Cullen 2004; Bartel 2009). The high fidelity 
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of pairing between miRNAs and targets makes the prediction of target genes and their 

miRNA binding sites easier and more reliable in plants (Rhoades et al. 2002; 

Jones-Rhoades and Bartel 2004). 

A few studies have examined miRNA-target interactions in duplicated genes. Li et al. 

(2008) found that miRNAs appear to preferentially regulate duplicated genes over 

singletons in mammals, based on miRNA binding site prediction results. This finding was 

further supported by another study where genes localized in CNV (copy number variation) 

regions were shown to have more miRNA-predicted targets in human (Felekkis et al. 

2011). In Arabidopsis, Takuno and Innan (2008) showed a negative correlation between 

the copy numbers of miRNAs and the size of the gene families they regulate. Despite 

these studies, a genome-wide analysis characterizing the evolution of miRNA regulation 

in duplicated gene pairs has not been reported. Divergence in miRNA regulation between 

duplicated genes may be an important mechanism of divergence in expression and 

function. 

We conducted a systematic analysis of the evolution of miRNA binding sites after 

gene duplication using duplicated genes in Brassicaceae, with a focus on Arabidopsis 

thaliana because of the large number of identified miRNAs and experimentally verified 

miRNA-target interactions in that species. We analyzed whole-genome duplicates from 

the alpha-WGD in the Arabidopsis lineage, tandem duplicates, and other types of 

duplicates. We also analyzed genes in Brassica rapa generated by the whole-genome 

triplication (WGT) in its lineage as another and more recent polyploidy event. 
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2.2 Materials and methods 

2.2.1 Duplicate Gene Data Sets 

Genes from A. thaliana used in this study were retrieved from TAIR (Lamesch et al. 

2012). Sequences annotated as transposable elements were eliminated from the analyses 

based on TAIR annotation. An all-against-all BLASTP search was performed to identify 

duplicate and singleton genes in A. thaliana. Sequences with E values less than 1e-10 (as 

used for defining duplicates in (Casneuf et al. 2006; He and Zhang 2006; Su et al. 2006; 

Yang and Gaut 2011) and sequence coverage above 50% were defined as duplicates, and 

those having no nonself hits with E values less than 1e-3 were considered to be singletons 

(Amoutzias et al. 2010). Genes encoded by the mitochondrial genome or chloroplast 

genome were removed. 

Duplicates derived from the alpha-WGD in A. thaliana were from the Blanc and 

Wolfe data set (Blanc et al. 2003) which contains 2,584 pairs of duplicates generated by 

the most recent WGD event (alpha-WGD) at the base of the Brassicaceae family. Also 

1,096 pairs of tandem duplicate pairs were obtained from (Haberer et al. 2004). In 

addition, we identified 3,178 pairs of other types of duplicates, defined as those with best 

reciprocal hits and not overlapping WGD duplicates and tandem duplicates. In total, a set 

of 6,858 pairs of paralogous gene pairs from A. thaliana generated by different 

mechanisms was analyzed. Paralogous genes derived from the Brassica lineage-specific 

genome triplication and their syntenic information were obtained from Cheng et al. 



 

18 
 

(2012). 

 

2.2.2 miRNA Data Sets 

miRNA sequences from A. thaliana and B. rapa were downloaded from miRBase 

(Griffiths-Jones et al. 2006), a widely used database for miRNA resources which includes 

a large number of experimentally verified miRNAs in a wide range of species. The 

mature miRNA sequences were used to predict miRNA binding sites. To define young 

and ancient miRNAs, we performed a BLASTN search against the genomes of 23 plant 

species (see Table 2.1 for the full list). Young miRNAs were defined as those with no 

BLAST hits outside of the Arabidopsis genus at the E value cutoff of 1e-10, sequence 

coverage above 50%, and in addition without homologs outside of the Arabidopsis genus 

based on the annotation of miRBase. Other miRNAs were defined as ancient. Lists of 

young and ancient miRNAs are in Table 2.2. 

 

2.2.3 Analysis of miRNA Target Genes 

Computational methods have also been shown to be powerful tools in prediction of 

miRNA targets in plants (Jones-Rhoades and Bartel 2004; Wang et al. 2004). Many 

prediction tools have been developed for plant-specific miRNA target gene prediction in 

the past 5 years (Dai et al. 2011). In this study, we used the following three plant-specific 

miRNA binding sites prediction methods: psRNAtarget (Dai and Zhao 2011), Tapir 

(Bonnet et al. 2010), and the miRNA target prediction tool implemented in UEA sRNA 
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workbench (Stocks et al. 2012) to predict potential miRNA targets. All of the three 

prediction tools are considered as powerful tools in miRNA-target interaction predictions 

specific to plants and have been widely utilized (Jeong et al. 2011; Shivaprasad et al. 

2012; McHale et al. 2013; Weiberg et al. 2013). The default cutoff value of the number of 

mismatched base pairs was used for each program: 3 for psRNAtarget, 3.5 for TAPIR, 

and 3 for sUEA. Each G:U and non-G:U mismatch is counted as 0.5 points and 1 point, 

respectively (Jones-Rhoades and Bartel 2004; Schwab et al. 2005; Lu et al. 2008). It is 

thought that the combination of the use of multiple methods would help to decrease the 

false positive rate of prediction methods and get more accurate results compared with 

using a single prediction method (Dai et al. 2011; Ding et al. 2012). Thus in this study we 

define a positive miRNA-target interaction when it is predicted by at least two of the 

three prediction programs in order to get predicted miRNA targets with higher confidence. 

The prediction data set is listed in 

https://figshare.com/articles/microRNA_targets_of_Arabidopsis_thaliana/4955447. When 

comparing the prediction data set with the experimental data set, we found that 112 of the 

156 experimentally verified miRNA-target interactions were included in the prediction 

data set, which is 72% overlap between the two data sets. 

 Experimentally verified miRNA targets of A. thaliana were manually collected based 

on the combination of multiple publications and miRNA target databases (Sun et al. 2013; 

Hsu et al. 2014). The experimental data include miRNA-target interaction results from 

both degradome sequencing and low-throughput technologies. The final data set contains 

https://figshare.com/articles/microRNA_targets_of_Arabidopsis_thaliana/4955447
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156 experimentally verified miRNA-target interactions in 145 protein-coding genes 

(https://figshare.com/articles/microRNA_targets_of_Arabidopsis_thaliana/4955447). 

 

2.2.4 Sequence and Expression Analyses 

The alignment of paralogous genes was done using MUSCLE v3.8.31(Edgar 2004). The 

Yn00 program implemented in PAML v4.7 (Yang 2007) was used to calculate Ka/Ks 

values of duplicated genes. Normalized expression data from 63 different organs and 

developmental stages of A. thaliana were collected from AtGenExpress 

(http://arabidopsis.org/ servlets/TairObject?type=expression_set&id=1006710873, last 

accessed February 13, 2015) and were used to calculate the Pearson correlation 

coefficient of expression patterns between duplicates. Jacalin domain containing proteins 

were identified by using hmmscan (Eddy 1998) with a cutoff E value of 1e-10. The 

best-fit substitution model used in phylogenetic reconstruction was determined as 

WAG+G+F+I (Whelan and Goldman 2001) using Prottest (Darriba et al. 2011). 

Phylogenetic trees were constructed with RAxML v7.3.9 (Stamatakis 2006) and 1,000 

bootstrap replicates were performed to obtain the support value for each node of the tree. 

The final tree was visualized using FigTree v1.3.1. The phylogenetic tree and the 

alignment of jacalin domain containing proteins in A. thaliana were deposited at 

TreeBase (Morell 1996) under the accession S16068. Sequence format processing was 

done with scripts written in Perl and Ruby (Goto et al. 2010) (available upon request). 

 

https://figshare.com/articles/microRNA_targets_of_Arabidopsis_thaliana/4955447
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2.3 Results 

2.3.1 Duplicates Are More Often Targeted by miRNAs than Singletons 

To determine whether duplicated genes or singletons in A. thaliana are more likely to be 

under miRNA regulation, we assembled defined sets of 22,054 duplicates and 3,520 

singletons (see Materials and methods). We manually collected experimentally verified 

miRNA targets in A. thaliana from different publications and databases (see Materials 

and methods). The final data set of known miRNA targets contains 145 protein-coding 

genes with 156 miRNAtarget interactions. Surprisingly, only one of them was a singleton 

(Figure 2.1B). We found that 0.6% of duplicates and 0.03% of singletons are miRNA 

targets. Overall the analyses indicate that duplicated genes are indeed more likely to be 

targeted by miRNAs than singletons in A. thaliana based on the experimental data set (P–

value < 1e-4, chi-square test). 

 It is possible that duplicated genes might be overrepresented in the experimentally 

verified data set for miRNAtarget interaction because they happened to be more highly 

studied than singletons. Also, all possible miRNA-target interactions in A. thaliana have 

not been experimentally identified. To further test whether miRNA targets are indeed 

more enriched in duplicates than in singletons, we analyzed all possible miRNA-target 

interactions genome-wide using prediction methods. Three plant-specific prediction 

methods: UEA sRNA (Stocks et al. 2012), psRNAtarget (Dai and Zhao 2011), and TAPIR 

(Bonnet et al. 2010) were used in this study. Given the inaccuracy caused by individual 

prediction programs, only those genes predicted to be the targets by at least two of three 
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programs are considered as potential targets. The combination of different computational 

tools is thought to be able to minimize the negative impact of using only one program to 

predict miRNA targets (Dai et al. 2011). Based on this criterion, 1,210 miRNA-target 

interactions including 1,125 target genes and 147 miRNAs were identified and 

considered as the miRNA binding site prediction data set. Most of the target genes have 

one predicted miRNA binding site (an average of 1.08 for duplicates and 1.02 for the 

singletons). We found that among all targets 92% are duplicates whereas 8% are 

singletons (Figure 2.1A). Consistent with the experimental data, this result shows that 

duplicates are more likely to be regulated by miRNAs than singletons in A. thaliana 

(P-value < 1e-6, chi-square test). To test whether the result might be affected by the 

stringent criterion used to predict miRNA targets, we did the same analysis using the 

three prediction methods separately. They gave similar results and reflected the same 

trends (P-value < 1e-7) (Figure 2.2). In addition, we repeated the same analyses using 

duplicated genes defined with the E-value cutoff as less than 1e-20 and 1e-30. In both 

analyses, duplicates are overrepresented in both the experimental data set and the binding 

site prediction data set (Table 2.3) the results from both prediction and experimental data 

indicate a preferential role of miRNA regulation in duplicated genes in A. thaliana. 

 

2.3.2 miRNA Target Sites Have Diverged Extensively in Duplicated Genes 

To assess the conservation of miRNA binding sites between duplicated genes, we 

analyzed all pairs of duplicates with at least one gene as an miRNA target to determine 
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whether they have the same or divergent miRNA binding sites. We used alpha 

whole-genome duplicates, tandem duplicates, and other types of duplicates in the 

analyses. Divergent miRNA binding site patterns were detected if only one of the two 

paralogous genes has an miRNA binding site, or if both of the genes have miRNA 

binding sites but the binding sites are different. In cases where at least one gene in a 

paralog pair is an miRNA target, 91% and 68% of the paralog pairs were observed to 

show divergent patterns of miRNA binding sites in the miRNA binding site prediction 

data set and experimental data set, respectively (Table 2.4). Among the paralog pairs with 

divergent patterns of miRNA binding sites, most of the pairs have only one gene as an 

miRNA target (95% and 93% for the miRNA binding site prediction data set and the 

experimental data set, respectively). Others show both duplicates with binding sites but 

these binding sites are by different miRNAs. 

 We also determined whether there is any difference in the proportion of divergent 

miRNA binding site patterns among all three classes of duplicated genes. Considering the 

small sample size of the experimental data set, the analysis was limited to the binding site 

prediction data set. We found that 91%, 89% and 90% of paralogous gene pairs were 

shown to have divergent miRNA binding sites for whole-genome duplicates, tandem 

duplicates and other types of duplicates, respectively (Table 2.4). No significant 

difference was detected among them (p > 0.1, chi-square test). Altogether, the above 

results indicate a large divergence of miRNA binding site patterns between duplicated 

genes, but different types of duplicated genes do not show differences in this regard. 
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2.3.3 Divergence in miRNA Binding Sites in Genes Derived from whole genome 

triplication in Brassica rapa 

To extend the study to another species and to analyze miRNA binding sites in duplicated 

genes derived from a more evolutionarily recent WGD event than the alpha-WGD in the 

Brassicaceae, we used the WGT event that occurred in the ancestor of extant Brassica 

species after the split with the Arabidopsis lineage at about 17–20 Mya (Yang et al. 1999; 

Lysak et al. 2005; Parkin et al. 2005). Duplicated genes derived from the WGT have been 

identified (Wang et al. 2011). We used B. rapa for analysis because it has the largest 

number of currently identified miRNA genes among Brassica species in miRBase. 

Considering the limited number experimentally verified miRNA targets in Brassica, only 

the three miRNA binding site prediction methods were used. Similar to the analyses in A. 

thaliana, protein-coding genes predicted to be miRNA targets by at least two of three 

prediction programs were included in the prediction data set for B. rapa. After genome 

triplication, some triplicated genes retained three copies whereas others retained only one 

or two copies. In total, there are 70 pairs and triplets of genes derived from the WGT with 

at least one member predicted to be an miRNA target. Among them, 52 paralog 

pairs/triplets show divergence of miRNA binding sites (Table 2.5; 

https://figshare.com/articles/List_of_pairs_triplets_of_genes_with_the_same_and_diverg

ent_microRNA_binding_sites_patterns_in_Brassica_rapa/4955450). Among the retained 

triplicates, there were more cases of two genes having an miRNA binding site than all 

https://figshare.com/articles/List_of_pairs_triplets_of_genes_with_the_same_and_divergent_microRNA_binding_sites_patterns_in_Brassica_rapa/4955450
https://figshare.com/articles/List_of_pairs_triplets_of_genes_with_the_same_and_divergent_microRNA_binding_sites_patterns_in_Brassica_rapa/4955450
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three or just one. Thus, consistent with A. thaliana, the majority of duplicated genes 

analyzed in B. rapa have extensively diverged in their miRNA binding sites patterns. 

Moreover, the proportion of paralogous gene pairs with divergent miRNA binding sites 

patterns derived from the Brassica-specific WGT is significantly lower than that of A. 

thaliana for the prediction data set (p < 0.05, chi-square test). This could be due to the 

lower divergence time of paralogous genes formed by the Brassica-specific genome 

triplication than the alpha-WGD specific to Brassicaceae. 

 

2.3.4 Duplicated Genes with Divergent miRNA Regulation Patterns Show More 

Divergence in Expression Patterns in A. thaliana 

To determine whether there is a relationship between miRNA binding site divergence and 

expression divergence in duplicated genes, we analyzed the expression correlation 

between paralogous genes in Arabidopsis using both the binding site prediction data set 

and the experimental data set. (We used Arabidopsis and not Brassica for the expression 

analysis because much more expression data are available for Arabidopsis.) We used 

microarray data from 63 different organs and developmental stages of A. thaliana (see 

Materials and methods). Paralog pairs with divergent miRNA binding sites show more 

divergence in expression patterns than those with the same miRNA target sites, indicated 

by their significantly lower Pearson correlation coefficient for both the target site 

prediction data set and experimental data set (Figure 2.3). Although the expression 

correlation coefficients vary between the two data sets, similar patterns are apparent. 
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Thus, the divergence of miRNA binding site patterns s associated with the divergence in 

gene expression in A. thaliana. 

 It is possible that the group of paralog pairs with the same miRNA binding sites 

could show more similar expression patterns if they were formed more recently. To 

determine whether paralog pairs with the same binding sites are on average younger than 

those with divergent binding sites, we calculated Ks values for the two sets of paralog 

pairs. Paralog pairs with the same binding sites were detected to be younger, as a whole, 

than those with divergent miRNA binding sites patterns as inferred by Ks values of 1.65 

for pairs with divergent binding sites and 1.16 for pairs with the same binding sites 

(P-value < 0.01). This suggests that younger duplicates, in general, have less divergent 

miRNA binding sites that could contribute to less divergence in expression patterns. 

 

2.3.5 Evolutionarily Recent miRNAs Make Major Contributions to the Divergence 

of miRNA Binding Patterns between Duplicates 

To investigate to what extent evolutionarily recent miRNA genes contribute to the 

divergence of miRNA regulation of paralogous genes, we analyzed duplicated gene pairs 

in A. thaliana for targets of miRNAs that are restricted to the Arabidopsis genus (young 

miRNAs) versus those that are present in other species outside of the Arabidopsis genus 

(ancient miRNAs). We used Arabidopsis because of the large number of miRNAs 

identified in A. thaliana and Arabidopsis lyrata; in contrast, fewer miRNAs have been 

identified in Brassica species. We classified miRNAs in Arabidopsis as young miRNA 
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genes or ancient miRNA genes according to whether they have homologs outside of the 

Arabidopsis genus at E value of 1e-10 and also based on the annotation of miRBase (see 

Materials and methods). Young miRNAs in A. thaliana were defined as those with 

homologs only present in A. thaliana and/or A. lyrata. Those with homologs found 

outside the Arabidopsis genus were defined as ancient miRNAs. We analyzed the alpha 

whole-genome duplicates because it is known that they formed at the base of the 

Brassicaceae family, using miRNA targets from the binding site prediction data set. 

 Out of 201 duplicated gene pairs that have divergent miRNA binding sites, 104 pairs 

(51%) are targets of young miRNAs. In contrast, 28% (6 of 21) of paralog pairs with the 

same miRNA binding sites are targets of the evolutionarily young miRNAs. To see 

whether the results could be due to the criteria used in the identification of young 

miRNAs, another list of young miRNAs was generated with a BLASTN E value of 1e-3. 

No new young miRNAs were discovered and thus the results were the same. As alpha 

whole-genome duplicates formed at the base of the Brassicaceae family, the regulation by 

these young miRNAs is clearly indicative of gain of binding by miRNAs after gene 

duplication. This analysis demonstrates that the birth of new miRNA genes can give rise 

to the diversification of miRNA regulation and create differences in regulation between 

duplicated genes. 
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2.3.6 Phylogenetic Analysis of Jacalin Domain Containing Proteins in Arabidopsis 

Reveals Dynamic Evolution of miRNA Targets 

Based on our miRNA target predictions, we found that a family of proteins called jacalins 

is enriched in miRNA binding sites. Jacalins are a large family containing 56 members in 

A. thaliana. Jacalins are thought to be involved in the response to biotic or abiotic stimuli 

but their detailed functions are poorly understood (Yamaji et al. 2012). AT5G28520, a 

protein-containing jacalin domain, was found to be regulated by miR842 and miR846 (Jia 

and Rock 2013). In our prediction results, 18 of 49 jacalin protein sequences are 

predicted to be targets of at least one miRNA, with four sequences having two different 

miRNA binding sites. Two miRNAs, miR842 and miR846, were predicted to be miRNAs 

that target jacalins. Both miR842 and miR846 are only found in A. thaliana and A. lyrata 

indicating their recent origin after the divergence of the Arabidopsis genus and other 

species in Brassicaceae. 

 To explore how miRNA binding sites have changed after gene duplications within 

the jacalin family, we reconstructed the phylogenetic history of jacalins in Arabidopsis 

and then mapped the miRNA binding sites predicted to be present in each gene on the 

phylogenetic tree. It appears that multiple gains and losses of miRNA binding sites events 

have happened during the evolution of jacalin domain containing proteins in Arabidopsis, 

although the exact number is difficult to assess. In one branch of the tree (the lower left 

side of Figure 2.4), many closely related genes potentially generated by recent 

duplication events show very different patterns of miRNA regulation. Some very closely 
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related genes are targeted by different miRNAs, whereas distantly related paralogs can be 

regulated by the same miRNA. For example, AT5G49850, AT5G49860, and AT5G49870 

were generated through TD and form one clade in the phylogenetic tree. AT5G49850 and 

AT5G49870 are predicted to be targeted by miR846, whereas AT5G49860 is not shown 

to have any miRNA binding sites possibly due to the absence of the first jacalin domain 

present in AT5G49850 and AT5G49870. The phylogenetic analysis of the jacalin family 

provides a nice example of the dynamic evolution, including multiple gains and losses, of 

miRNA binding sites after duplications within a gene family. 

 

2.4 Discussion 

2.4.1 Duplicates Are More Likely to be Targeted by miRNAs than Singletons 

Our analyses revealed a higher fraction of duplicates as potential targets for miRNA 

regulation in Arabidopsis, indicated by both experimentally verified and predicted 

miRNA targets. These observations suggest an important role of miRNAs in regulating 

the expression of duplicated genes in Arabidopsis. Our study provides the first reported 

evidence for the preferential regulation of duplicated genes over singletons by miRNAs 

in plants. Our findings are consistent with a computational study in mammals (Li et al. 

2008). Thus, the miRNA regulation of duplicated genes in plants and animals shows 

similar trends in this regard. 

 It has been shown that the reduction of expression levels can facilitate the retention 

of duplicated genes by buffering the toxic effect caused by imbalanced gene dosage (Qian 
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et al. 2010). Hence, the enrichment of miRNA regulation in duplicated genes in A. 

thaliana suggests their contributions to maintaining gene expression balance by silencing 

and downregulating paralogous genes. The downregulation of expression of duplicated 

genes may play an important role in retention of some of them. It is possible that some 

genes with miRNA binding sites may avoid the negative effect caused by imbalanced 

dosage and be more likely to be retained after duplication. In addition, the preferential 

regulation of duplicates by miRNAs might be attributed to the ability of miRNA 

regulation to lead to tissue-specific expression divergence between paralogs. 

Neofunctionalization and subfunctionalization of expression patterns of duplicated genes, 

facilitated by miRNA regulation, could lead to retention of some duplicated genes. 

 

2.4.2 Divergence of miRNA Binding Site Patterns after Gene Duplication 

After duplication genes can show divergence in expression patterns and functions. In this 

study, we show that a large majority of duplicated genes in Arabidopsis show divergent 

patterns of miRNA binding sites. For the data set of duplicates with experimental 

evidence for miRNA targeting, 68% of duplicate pairs with at least one miRNA target 

show clear divergence of miRNA binding sites. For the data set based on prediction 

results, the number increased to 87%. These results demonstrate that a large majority of 

duplicates show different miRNA regulation patterns no matter which data set was 

utilized in the analyses. We did not find a significant difference among the different types 

of duplicates (WGDs, tandems, other duplicates) in regards to their miRNA binding site 
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divergence levels. Thus, the mechanism of gene duplication probably does not have an 

effect on the evolution of miRNA binding sites. 

 To extend the study to another species and examine a more recent case of polyploidy, 

we studied genes duplicated by the WGT in Brassica. Similar to duplicates in A. thaliana, 

triplicated genes in B. rapa have diverged extensively with respect of their miRNA 

binding sites. As there can be up to three paralogs derived from the Brassica-specific 

WGT event retained in the genome of B. rapa, one could hypothesize that the genes 

might have more divergent miRNA regulation. However, our analysis shows that the 

extent to which miRNA binding sites have diverged in B. rapa is less than in 

whole-genome duplicate pairs in A. thaliana. We think that this is possibly because the 

Brassica-specific genome triplication occurred more recently than the alpha-WGD 

specific to the Brassicaceae family. The shorter divergence time for triplicated genes in B. 

rapa may lead to less divergence in their miRNA regulation compared with A. thaliana. 

However, it should be noted that miRNA genes identified in B. rapa are likely incomplete. 

A more comprehensive analysis of miRNA binding site divergence after genome 

triplication might be performed when a more complete set of miRNA genes is available 

in B. rapa as well as other species within the Brassica genus. 

 Divergence in miRNA binding sites between duplicated genes may have an impact 

on their expression patterns and functions. Our observation that paralogs with divergent 

miRNA binding sites tend to show a greater divergence in expression profiles supports 

that possibility. In some cases, the divergent patterns of miRNA regulation may lead to 
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the differential expression between paralogs. For example, in Arabidopsis allopolyploids, 

nonadditive expression of duplicated miRNAs led to expression level differences 

between their duplicated target genes in some cases (Ha et al. 2009). 

 

2.4.3 Evolutionarily Recent Gain of miRNA Regulation 

We identified miRNAs that are specific to the Arabidopsis genus after the divergence of 

its lineage from the Brassica lineage within the Brassicaceae family that we refer to as 

young miRNAs. We present evidence that 51% of divergent miRNA regulation patterns 

between paralogs derived from WGD, analyzed in A. thaliana, can be attributed to young 

miRNAs that were born after the paralogs originated by duplication. Thus, it could be 

inferred that the divergence in miRNA binding sites between paralogs can occur by gain 

of miRNA regulation by the binding of a newly born miRNA. Thus, sequence changes in 

the coding region or UTR would not necessarily be needed for miRNA regulation to be 

gained. Because miRNA binding sites are often localized in coding regions in plants 

instead of in 30 -UTRs as in animals (Millar and Waterhouse 2005; Chen and Rajewsky 

2007), it is thought that it is more difficult for genes in plants to gain regulation by an 

miRNA by the accumulation of point mutations (Chen and Rajewsky 2007). However, if 

divergent miRNA binding site patterns are caused by miRNAs born after the gene 

duplication occurred, point mutations would not be needed. There are several ways in 

which new miRNAs can arise in plants (Nozawa et al. 2012). miRNAs could be 

generated through the duplication of preexisting miRNAs (Maher et al. 2006), transition 
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of miniature inverted-repeat transposable elements (Piriyapongsa and Jordan 2008), 

inverted duplication of protein-coding genes (Allen et al. 2004), and spontaneous 

mutations in intergenic regions (De Felippes et al. 2008). The inverted duplication of 

protein-coding genes is of particular interest in terms of duplicated genes gaining miRNA 

regulation. This is because a newly born miRNA through this mechanism will have the 

same sequence as the protein-coding gene from which it originates (Allen et al. 2004). 

Therefore, the protein-coding gene from which the miRNA originates may become an 

miRNA target without changes in the coding sequences. Additionally, it is plausible that a 

new miRNA happens to have nearly perfect complementary to a sequence of a 

protein-coding gene through random mutations allowing for miRNA targeting. Thus, 

there are several ways in which new miRNAs can be created. Our results emphasize the 

important role of young miRNAs in regulation of duplicated genes. 
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Table 2.1 List of organisms whose genomes were used to identify evolutionarily young 

microRNAs. 

Organisms 

Aquilegia coerulea 

Arabidopsis lyrata 

Brachypodium distachyon 

Brassica rapa 

Citrus clementina 

Chlamydomonas reinhardtii  

Capsella rubella 

Cochliobolus sativus 

Eucalyptus grandis 

Eriocaulon parvulum 

Glycine max 

Gossypium raimondii 

Malus domestica 

Mimulus guttatus 

Oryza sativa 

Physcomitrella patens 

populus trichocarpa 

Prunella vulgaris 

Ricinus communis 

Solanum lycopersicum 

Selaginella moellendorffii 

Vitis vinifera 

Zea mays 

 

 

 

 

 

 



 

35 
 

Table 2.2 Lists of young and ancient microRNAs in Arabidopsis thaliana and the plant 

species whose nuclear genomes were searched to identify young and ancient microRNAs. 

Young microRNAs are defined as those with homologs only found in the Arabidopsis 

genus (Arabidopsis thaliana and Arabidopsis lyrata). Ancient microRNAs are those with 

homologs found outside of the Arabidopsis genus (see Materials and methods). 

Young microRNAs Ancient microRNAs 

miR163 miR156 

miR1887 miR390 

miR1888 miR157 

miR2933 miR158 

miR2934 miR159 

miR2936 miR160 

miR2937 miR161 

miR2938 miR162 

miR2939 miR164 

miR3434 miR165 

miR3932 miR166 

miR3933 miR167 

miR401 miR168 

miR402 miR169 

miR404 miR170 

miR405 miR171 

miR406 miR172 

miR407 miR173 

miR420 miR1886 

miR4221 miR2111 

miR4227 miR2112 

miR4228 miR319 

miR4239 miR3440 

miR4243 miR391 

miR4245 miR393 

miR447 miR394 

miR5012 miR395 

miR5013 miR396 

miR5014 miR397 
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Young microRNAs Ancient microRNAs 

miR5015 miR398 

miR5016 miR399 

miR5017 miR400 

miR5018 miR403 

miR5019 miR408 

miR5020 miR413 

miR5021 miR414 

miR5022 miR415 

miR5023 miR416 

miR5024 miR417 

miR5025 miR418 

miR5026 miR419 

miR5027 miR4240 

miR5028 miR426 

miR5029 miR472 

miR5595 miR5640 

miR5628 miR5651 

miR5629 miR5654 

miR5630 miR5658 

miR5631 miR824 

miR5632 miR825 

miR5633 miR827 

miR5634 miR828 

miR5635 miR840 

miR5636 miR845 

miR5637 miR854 

miR5638 miR857 

miR5639 miR858 

miR5641 miR860 

miR5642 miR862 

miR5643 
 

miR5644 
 

miR5645 
 

miR5646 
 

miR5647 
 

miR5648 
 

miR5649 
 

miR5650 
 

miR5652 
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Young microRNAs Ancient microRNAs 

miR5653 
 

miR5655 
 

miR5656 
 

miR5657 
 

miR5659 
 

miR5660 
 

miR5661 
 

miR5662 
 

miR5663 
 

miR5664 
 

miR5665 
 

miR5666 
 

miR5995 
 

miR5996 
 

miR5997 
 

miR5998 
 

miR5999 
 

miR771 
 

miR773 
 

miR774 
 

miR775 
 

miR776 
 

miR777 
 

miR778 
 

miR779 
 

miR780 
 

miR781 
 

miR782 
 

miR822 
 

miR823 
 

miR826 
 

miR829 
 

miR830 
 

miR831 
 

miR832 
 

miR833 
 

miR834 
 

miR835 
 

miR836 
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Young microRNAs Ancient microRNAs 

miR837 
 

miR838 
 

miR839 
 

miR841 
 

miR842 
 

miR843 
 

miR844 
 

miR846 
 

miR847 
 

miR848 
 

miR849 
 

miR850 
 

miR851 
 

miR852 
 

miR853 
 

miR855 
 

miR856 
 

miR859 
 

miR861 
 

miR863 
 

miR864 
 

miR865 
 

miR866 
 

miR867 
 

miR868 
 

miR869 
 

miR870 
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Table 2.3 The results of the proportion of duplicated genes vs. singletons as microRNA 

targets using E-value cutoffs of 1e-20 and 1e-30 along with at least 50% sequence 

coverage. 

 
e-20 e-30 

 
duplicates singletons p-values duplicates singletons p-values 

total 20775 3520 
 

19684 3520 
 

exp 132 1 1.10E-05 127 1 9.60E-06 

2_outof_3 687 54 2.10E-08 663 54 9.50E-09 

psRNAtarget 1017 67 2.65E-15 982 67 7.00E-16 

tapir 963 93 1.05E-07 927 93 4.60E-08 

UEA 992 83 1.51E-10 957 83 5.10E-11 
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Table 2.4 Conservation and divergence of microRNA binding site patterns in duplicated 

genes in Arabidopsis thaliana. 

 WGD TD Others total 

microRNA binding site prediction dataset 

Same 21 8 22 51 

Divergent 211 65 231 507 

Total 232 73 253 558 

experimental dataset 

Same 12 1 7 20 

Divergent 14 9 20 43 

Total 26 10 27 63 

The numbers of paralog pairs showing the same or divergent microRNA binding site 

patterns based on the microRNA binding site prediction dataset and the experimental 

dataset are indicated. Each category (same, divergent and total) of microRNA binding site 

pattern is divided into three classes corresponding to the three types of duplicated genes, 

from left to right, whole genome duplicates (WGD), tandem duplicates (TD) and other 

types of duplicates (others). 
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Table 2.5 Conservation and divergence of microRNA binding site patterns in whole 

genome duplicates and triplicates in Brassica rapa. 

 Duplicates Triplicates Total 

No. of miRNA 

targets 

1 2 1 2 3  

Same - 17 - - 1 18 

Divergent 34 1 0 14 3 52 

Total 34 18 0 14 4 70 

The numbers of paralog pairs and triplicates showing the same or divergent microRNA 

binding site patterns based on the microRNA binding site prediction dataset for Brassica 

rapa are indicated. Genes generated via WGT are divided into duplicates and triplicates 

based on how many genes are retained. ‘No. of targets’ indicates how many genes are 

microRNA targets (1or 2 for duplicates and 1, 2 or 3 for triplicates). 
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Figure 2.1 Duplicated genes are more likely to be targeted by miRNAs than singletons. 

The proportions of duplicates and singletons among all miRNA targets based on binding 

site prediction data set (A) and experimental data set (B) are indicated. The proportions of 

all duplicates and singletons in the genome are shown in (C). Lighter and darker portions 

of the pie charts represent singletons and duplicates, respectively. 
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Figure 2.2 Proportion of duplicates and singletons in the targets identified by individual 

prediction programs. A. Results based on psRNAtarget. B. Results based on TAPIR. C. 

Results based on UEA sRNA. The parts of the pie chart representing duplicates and 

singletons are colored in deep grey and light grey, respectively. 
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Figure 2.3 Expression correlation analysis between paralog pairs with the same and 

divergent miRNA regulation patterns. All paralog pairs with at least one gene targeted by 

an miRNA are classified into two categories based on whether they show divergent 

miRNA regulation patterns for both miRNA binding site prediction data set (A) and 

experimental data set (B). The Pearson correlation coefficient between two paralogous 

genes is calculated based on the microarray data with 63 different organ types and 

developmental stages (see Materials and methods). 
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Figure 2.4 Phylogenetic analysis reveals dynamic evolution of miRNA regulation in 

jacalin family genes in Arabidopsis thaliana. Maximum-likelihood analysis was 

performed using RAxML. WAG+G+F+I was chosen as the most suitable substitution 

model based on the result of ProtTest before the phylogenetic reconstruction. Gene 

symbols with the color of green, blue, and red indicate targeting by miR842, miR846, and 

both miRNAs, respectively. Numbers next to the nodes correspond to bootstrap values 

obtained from 1,000 bootstrap replicates. Only the nodes with bootstrap values greater 

than or equal to 50 are shown in the tree. 
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3. Rapid Evolution of Sequence and Expression in Flowering Plant LincRNAs
1
 

 

3.1 Introduction 

With more and more transcriptome data available, it has been shown that areas of many 

intergenic regions in the genome of plants and other eukaryotes can be transcribed into 

non-coding RNAs (ncRNAs) (Axtell and Bowman 2008; Necsulea et al. 2014; Wang et al. 

2014; Gallart et al. 2016). Long intergenic non-coding RNAs (lincRNAs) are defined as 

non-coding RNAs with sequence length of more than 200 nucleotides located in 

intergenic regions. As a group, lincRNAs are often lowly expressed in a tissue-specific 

pattern (Liu et al. 2012; Ulitsky and Bartel 2013). LincRNAs participate in a range of 

biological processes and act by various molecular mechanisms (Wang and Chang 2011). 

LincRNAs have been implicated in such functions as molecular signals of activation or 

silencing of transcription with temporal and spatial specificity, epigenetics, and the 

mediation of the interaction between nucleotides and proteins by acting as modular 

scaffolds or guides to recruit chromatin-modifying machinery to target sites (reviewed in 

(Wang and Chang 2011)). 

Although the functions of most lincRNAs have yet to be characterized in plants, 

some lincRNAs have been shown to play important roles in a wide variety of processes 

(Ariel et al. 2015; Chekanova 2015; Yamada 2017). For example, IPS1 inhibits the 

                                                             
1 A version of Chapter 3 has been submitted for publication. Wang SS, Hammel A, 

Adams, KL Rapid evolution of sequence and expression of lincRNAs in flowering plants. 
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activity of ath-miR399 by mimicking its target during phosphorus starvation, and 

regulates Pi homeostasis in Arabidopsis thaliana (Franco-Zorrilla et al. 2007). Many 

other microRNA-mimicking lincRNAs have been discovered in Arabidopsis and rice, 

hinting their widespread roles in the regulation of microRNA activity (Wu et al. 2013). 

ENOD40, a lincRNA gene well conserved in legumes, is able to form a highly structured 

RNA and mediate the relocalization of MtRBP1 by direct physical interaction, thereby 

regulating root symbiotic nodule organogenesis (Campalans et al. 2004). Another 

example is LDMAR, a lincRNA with sequence length over 1,000 nucleotides. It is 

believed to participate in the regulation of photoperiod-sensitive male sterility by 

mediating changes in DNA methylation and transcription specifically under long-day 

conditions in rice (Ding et al. 2012). 

Since the first genome-wide identification of 6,480 lincRNA transcripts in 

Arabidopsis thaliana (Liu et al. 2012), a large number of lincRNAs have been identified 

in many plants, unveiling much more complex plant lincRNA repertoires than were 

previously appreciated. The evolution of lincRNAs in plants is only beginning to receive 

attention. Mohammadin et al. 2015 studied lincRNAs in Brassicaceae including basal 

Aethionema, and the Cleomaceae, but only found a small number of lincRNAs with 

detectable sequence similarity shared between species. Instead, they found many 

positionally conserved lincRNAs without sequence similarity indicating the importance 

of the conservation of not only the sequence but also the genomic context in plant 

lincRNA evolution. Nelson et al. (2016) analyzed the sequence conservation and 
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evolution of Arabidopsis lincRNAs in Brassicaceae, showing a relatively low level of 

lincRNA conservation across the family. They also examined the origin of lincRNAs in 

Brassicaceae by duplication. Despite these two recent studies, the sequence conservation, 

evolution, and expression patterns of lincRNAs in plants, especially in lineages outside 

Brassicaceae, are still poorly understood. 

In this study, we performed a large-scale analysis to study the dynamics of sequence 

and expression evolution of lincRNAs across 55 plants. We used lincRNA sequence data 

sets from five species: Arabidopsis thaliana, Oryza sativa japonica, Zea mays, Medicago 

truncatula and Solanum lycopersicum. These species were chosen to give a broad 

taxonomic range across the eudicots and monocots among those plants where lincRNAs 

have been identified on a large scale. We also integrated more than 70 RNA-seq data sets 

from many different tissue types to explore the evolution of lincRNA expression among 

both closely and distantly related species. 

 

3.2 Materials and methods 

3.2.1 Sources of sequences 

We utilized seven plant lincRNA data sets: Arabidopsis thaliana (Liu et al. 2012; Jin et al. 

2013), Oryza sativa japonica (Zhang et al. 2014), Zea mays (Li et al. 2014), Medicago 

truncatula (T.Z. Wang et al. 2015) and Solanum lycopersicum (Zhu et al. 2015). For 

maize lincRNA data set, only sequences annotated as high-confidence lincRNAs from (Li 

et al. 2014) were used. Sequences in the lincRNA data sets with similarity to 
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housekeeping RNAs were removed using infernal v1.1 (Nawrocki and Eddy 2013) with 

the P-value cutoff of 1e-5. We further discarded lincRNAs with protein-coding potential 

using BLASTX (Altschul et al. 1997) with the e-value cutoff of 1e-5 and using RNAcode 

(Washietl et al. 2011) with the P-value cutoff of 0.05. We also eliminated potential 

transposon- or small RNA-derived lincRNAs using RepeatMasker 

(http://www.repeatmasker.org, last accessed September, 2014). Sequences and genomic 

coordinates were retrieved for each lincRNA data set. For lincRNA locus with more than 

one size of transcript (a few lincRNAs had evidence of alternative spicing), the longest 

one was used in subsequent analyses. In total, 5176, 1020, 1091, 3449 and 1855 lincRNA 

sequences were used in subsequent analyses for Arabidopsis, rice, maize, Medicago and 

tomato respectively. 

MicroRNA sequences were downloaded from miRBase (Kozomara and 

Griffiths-Jones 2014). Genome sequences, genome annotation and protein sequences for 

each plant were downloaded from public databases (Table 3.1; Figure 3.1). It is worth 

noting that the genome of Carica papaya might be of relatively low quality due to low 

sequencing coverage (Lyons and Tang 2014). However, given its important phylogenetic 

position as an outgroup species to Brassicales, we included it in this study. 

 

3.2.2 Identification of homologous loci and conserved synteny of lincRNAs and 

estimation of evolutionary gain and loss across plant families 

Homology-based genome-wide searching has been shown to be powerful to identify 

http://www.repeatmasker.org/


 

50 
 

homologous loci of non-coding RNAs in other species (Nozawa et al. 2012; Taylor et al. 

2014). BLASTN (Altschul et al. 1997) searches were performed first to identify 

homologous lincRNA loci across 55 plant genomes. Given the relatively low sequence 

conservation of lincRNAs (Ulitsky et al. 2011; Necsulea et al. 2014), the argument of 

‘wordsize’ in BLASTN was adjusted from its default 11 to 7 to help improve the 

sensitivity of searches (Ulitsky et al. 2011). Homologous loci of a lincRNA in a certain 

plant were defined as those meeting one of the following criteria. i) Hits have BLAST 

e-values lower than or equal to 1e-10 ii) Hits have BLAST e-values between 1e-5 and 

1e-10 and sequence similarity of at least 80% and aligned sequence of at least 50 

nucleotides (Gaiti et al. 2015; Hezroni et al. 2015; Ye et al. 2015). Otherwise, the 

lincRNA was considered not to have homologous loci in that plant. Additionally, we used 

a more stringent e-value cutoff of 1e-10 and 1e-20 to identify homologous loci of 

lincRNAs to see the consistency of results. 

We identified syntenic lincRNAs by looking for their neighboring syntenic 

protein-coding genes as (Zhang et al. 2009; Abrouk et al. 2012; Nelson et al. 2016). The 

synteny information of protein-coding genes from Plant Genome Duplication Database 

(PGDD) (Lee et al. 2013) was retrieved. For species not included in PGDD, syntenic 

blocks were generated following the same procedure as done for PGDD using MCScanX 

(Wang et al. 2012) as used in (Xu et al. 2014; Huang et al. 2016). Syntenic blocks with 

fewer than twenty genes were discarded from subsequent analyses. We also identified 

syntenic lincRNAs without removal of syntenic blocks with less than twenty genes and 
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obtained similar results. For a lincRNA and its conserved locus in a related species, ten 

upstream and ten downstream orthologous protein–coding genes were retrieved for both 

of them, respectively. Conserved lincRNA loci with at least ten out of the twenty 

surrounding genes located in a syntenic block were defined as syntenic conserved 

lincRNA loci. If fewer than ten surrounding genes from the upstream or downstream 

region were extracted for any of the two genes, a conserved lincRNA locus was detected 

if at least half of the surrounding genes were found in a syntenic block. Syntenic loci of 

tomato lincRNAs were not identified in other species due to the lack of sufficient 

genomes with annotations of high quality in Solanaceae. 

Evolutionary gains and losses of genes were estimated using the parsimony method 

(Nozawa et al. 2012; Washietl et al. 2014; Nitsche et al. 2015). Briefly, a gain of a gene is 

placed adjacent to the node leading to the last common ancestor of all taxa with the gene. 

A gene is considered to be lost along the branch if it is not present in that branch and all 

leaves (tips) derived from that branch. The divergence time of species was retrieved from 

TimeTree (Hedges et al. 2006). 

 

3.2.3 Identification of homologous protein-coding genes and microRNA genes 

Protein sequences were obtained from the genomic resources listed in Table 3.1. 

Homologous protein-coding genes were identified using BLASTP with the e-value cutoff 

of 1e-10 (Casneuf et al. 2006; He and Zhang 2006). Syntenic protein-coding genes were 

collected from PGDD (Lee et al. 2013) or identified following the same procedure as 
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used by PGDD using MCScanX (Wang et al. 2012) as used in (Xu et al. 2014; Huang et 

al. 2016). Homologous microRNA loci were determined using the same criteria as 

lincRNAs (Will et al. 2007; Wang and Adams 2015). Only representative gene models 

(without alternative splicing) were used in analyses. 

 

3.2.4 Identification of gene families of lincRNAs, miRNAs and proteins 

LincRNAs were clustered using OrthoMCL (Li et al. 2003) as used in (Mohammadin et 

al. 2015) and additionally SILIX (Miele et al. 2011). Protein families were identified 

using OrthoMCL (Li et al. 2003). MicroRNA families were determined based on 

miRBase (Kozomara and Griffiths-Jones 2014). 

 

3.2.5 Identification of conserved regions across species in lincRNAs 

Conserved regions of lincRNAs met the following criteria: i) the lincRNAs in which the 

conserved region is found must have alignments in at least three plants from different 

genera to the target species ii) the region has overlap in all of these species. Coordinates 

extraction and format conversion were assisted by BEDTools v2.25.0 (Quinlan and Hall 

2010), BEDOPS v2.4.2 (Neph et al. 2012) and custom scripts written in Ruby (Goto et al. 

2010). 

 

3.2.6 Population genetics analysis 

Single nucleotide variant (SNV) data including 80 ecotypes of Arabidopsis thaliana (Cao 
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et al. 2011) were collected from the Arabidopsis 1001 Genomes Project 

(http://1001genomes.org, last accessed July, 2013). Nucleotide diversity, π, was 

calculated based on (Nei and Li 1979). We inferred the derived alleles (new mutations 

that have arisen among populations) following the procedure of (Keinan et al. 2007). A. 

lyrata and C. rubella were used as outgroup species to infer ancestral and derived alleles 

of A. thaliana. Their whole genome alignments with A. thaliana were performed by 

LASTZ (Harris 2007) (non-default parameters: --notransition --step=20). The ancestral 

alleles were determined as alleles which are shared by both A. lyrata and C. rubella 

identified using MafFilter v1.0.0 (Dutheil et al. 2014) and also coincide with one of the 

alleles in A. thaliana at the corresponding site on the chromosome. Alleles distinct from 

the ancestral allele were defined as derived alleles. Alleles present only in A. lyrata or 

only in C. rubella were discarded. 

 

3.2.7 Expression analyses of plant lincRNAs 

Transcriptome data for from various species were retrieved from NCBI’s SRA (Sequence 

Read Archive) database (Table 3.2). RNA-seq reads were trimmed by Cutadapt v1.3 

(Martin 2011) to filter out those with sequence length less than 20 nucleotides and 

sequencing quality less than 20 before they were mapped to the reference genome. 

Processed reads were mapped to the reference genome using STAR v2.4.2 (Dobin et al. 

2013). Read counts were calculated using HTSeq v0.6.1 (Anders et al. 2015) and FPKM 

for each gene locus were calculated with Cufflinks v2.1.1 (Trapnell et al. 2012). FPKM 

http://1001genomes.org/
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values from multiple biological replicates were averaged for each gene. LincRNAs and 

proteins with FPKM higher than 0.01 in all biological replicates were considered as 

expressed genes. 

An expression tissue specificity index and expression breadth index were used to 

measure expression specificity of lincRNAs and protein-coding genes. Expression tissue 

specificity τ (Yanai et al. 2005) is defined by 

𝜏 =
∑ (1−[𝑙𝑜𝑔2𝑆(𝑖,𝑗) 𝑙𝑜𝑔2⁄ 𝑆(𝑖,𝑚𝑎𝑥)])𝑛

𝑗=1

𝑛−1
, 

where n denotes the number of tissue types and S(i, max) denotes the highest expression 

of gene i across the n tissues. Expression tissue specificity index ranges from 0 to 1, with 

a higher value indicating higher tissue specificity. Expression breadth is defined as the 

number of tissue types in which a gene is expressed. Co-expressed gene pairs were 

defined as those with co-expression Pearson correlation coefficient higher than 99% of 

randomly selected gene pairs (Zhan et al. 2006). Gene co-expression network was 

visualized with Cytoscape v3.4 (Shannon et al. 2003). 

 

3.3 Results 

3.3.1 LincRNAs exhibit considerably low conservation 

To study the evolutionary conservation patterns of lincRNAs, we used lincRNA data sets 

from five plant species (Arabidopsis thaliana, Oryza sativa japonica, Zea mays, 

Medicago truncatula, and Solanum lycopersicum) from published studies. LincRNAs that 

are likely derived from protein-coding genes, housekeeping RNAs, small RNAs and 
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transposons were removed (see Materials and methods). We conducted a large-scale 

BLAST search using lincRNA data sets from the five species against 55 plant genomes 

including 50 flowering plants and 5 non-flowering plants (Table 3.2; Figure 3.1). 

Homologous lincRNA loci were defined as regions with e-value no higher than 1e-10 or 

lower than 1e-5 but with 80% identity with at least 50 bp in the BLASTN alignment. 

Syntenic lincRNAs were defined as homologous loci with at least ten syntenic genes 

among 20 flanking genes between related species (see Materials and methods). 

We chose to do a detailed study of lincRNA evolution in the Brassicaceae family 

because of the availability of mostly complete genome sequences from several diverse 

genera across the family. LincRNA loci from Arabidopsis thaliana were well conserved 

in Arabidopsis lyrata, Camelina sativa and Capsella rubella, with more than 60% 

homologous loci and over 45% syntenic loci present (Figure 3.2A). Leavenworthia 

alabamica displayed a decrease in lincRNA conservation with only 42% homologous loci 

and 18% syntenic loci (Figure 3.2A). The conservation level of Arabidopsis thaliana 

lincRNA loci displayed another drastic decrease in Aethionema abamicum with 20% 

homologous loci and 11% syntenic loci detected (Figure 3.2A). 

We also examined lincRNA evolution within the Poaceae family (grasses). 

LincRNAs from Oryza sativa ssp. japonica show a moderate level of conservation 

(Figure 3.2B). More than 98% of all lincRNA loci in the Japonica cultivar had at least 

one homologous locus detected in both Oryza sativa ssp. indica and Oryza glaberrima 

(two domesticated rice species), suggesting very high lincRNA conservation level among 
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domesticated rice. Oryza brachyantha, a wild rice that is the basal species in the Oryza 

genus and has diverged from Oryza sativa for about 15 million years, displays a major 

decrease in lincRNA conservation with 55% of homologous loci detected. 41% and 22% 

maize lincRNAs have homologous loci in Sorghum bicolor and Setaria italica, 

respectively. No more than 2% of homologous loci were detected in species outside of 

the Poaceae (Table 3.3). 

Though many homologous lincRNA loci are located in syntenic regions, some are 

found in non-syntenic regions with no gene collinearity detected (Figure 3.2). 

Homologous lincRNA loci found in non-syntenic regions might result from translocation 

or duplication followed by deletion of the syntenic loci. We found that lincRNAs with 

syntenic loci in other species are more conserved than non-syntenic lincRNAs as 

indicated by higher aligned length (Figure 3.3). This suggests that syntenic lincRNAs are 

more conserved than those located at non-syntenic regions. 

 

3.3.2 Comparison of lincRNA conservation with microRNAs and protein-coding 

genes 

We compared the conservation of lincRNAs with protein-coding genes and microRNAs 

in Brassicaceae, Poaceae, Fabaceae and Solanaceae. Protein-coding genes showed 

significantly higher proportions of homologous loci (Figure 3.4A-D) than lincRNAs 

(Figure 3.2) in all species examined. In Brassicaceae, even the most basal lineage 

Aethionema abamicum contains homologous loci of 88% of the protein-coding genes in 
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Arabidopsis thaliana whereas no more than 80% of lincRNA loci could be found outside 

the genus Arabidopsis. Similarly, maize also shows a striking contrast between proteins 

and lincRNAs where protein-coding genes showed four times more homologous loci in 

most grasses species. 

The proportion of homologous loci of microRNAs is roughly similar within a family 

and higher outside of a family in comparison with lincRNAs in all five families analyzed. 

For example, within Brassicaceae the percentages of homologous loci for microRNAs 

and lincRNAs were about the same (around 53%) (Table 3.3; Figure 3.4E-H). However 

in Tarenaya hassleriana, the closest sister lineage to Brassicaceae, 26% of Arabidopsis 

microRNAs were shown to have homologous loci whereas only 9% of Arabidopsis 

lincRNAs showed homologous sequences in this lineage (Figure 3.2A; Figure 3.5A; 

Figure 3.4E). The low conservation of lincRNAs was more obvious as divergence time 

increases: no more than 2% of Arabidopsis lincRNA homologous loci could be detected 

in more distantly related species (Table 3.3). In contrast, about 10% of the homologous 

loci of microRNAs from Arabidopsis thaliana could be found in species from both rosids 

and asterids (Table 3.3). We repeated all the analyses using more stringent criteria to 

identify homologous loci for both lincRNAs and microRNAs across species and the 

patterns remained unchanged (Table 3.4-3.5). 

 

3.3.3 Recent origins and extensive lineage-specific loss or decay of plant lincRNAs 

The low sequence conservation level of lincRNAs suggests that many lincRNAs were 
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likely gained recently or lost in a lineage-specific manner during evolution. To evaluate 

these possibilities, we mapped the evolutionary history of the homologous loci of 

lincRNAs from five plants with lincRNA data sets available (Arabidopsis, Oryza, Zea, 

Medicago, and Solanum) onto a species phylogeny in each of the families and traced their 

potential gain and loss, and then compared the patterns with protein-coding genes and 

microRNAs. 

The phylogenetic patterns of gain and loss clearly indicate that the vast majority of 

plant lincRNAs potentially originated within the family in both the Poaceae and 

Brassicaceae (Figure 3.5). The homologous loci of nearly half of maize lincRNAs were 

not found in any other species analyzed and only 12% date back to the origin of Poaceae 

(Figure 3.5C). 34% of rice lincRNAs likely originated before the divergence of all 

Poaceae species analyzed in this study (Figure 3.5B). In the Brassicaceae where 

lincRNAs generally show the highest conservation level within a family, 22% of 

Arabidopsis lincRNAs date back to the origin of the Brassicaceae. The last common 

ancestor of the analyzed Solanaceae contained more than 53% of the tomato lincRNA 

loci examined. Similar to lincRNAs, a large number of microRNAs were also found to 

originate within a family, although more microRNAs are shared by more distantly related 

species in general (Table 3.3; Table 3.4-3.5). Relatively few protein-coding genes 

originated within a family. Even in Fabaceae where the evolution of protein-coding gene 

pools displays the largest fluidity, the last common ancestor of the family was estimated 

to have 76% of the protein-coding genes found in Medicago (Figure 3.6), which is much 
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higher than for lincRNAs (Figure 3.5) and microRNAs (Figure 3.7). 

Homologous loci of lincRNAs also show frequent loss or decay specific to particular 

lineages (Figure 3.5). For instance, Leavenworthia alabamica from Brassicaceae has 

undergone a rapid lineage-specific loss of lincRNA loci (Figure 3.5A). This is consistent 

with previous observations of the reduction of non-coding regions in this lineage that has 

undergone a recent whole-genome triplication event (Haudry et al. 2013). The most 

extensive loss or decay of homologous lincRNA loci in Fabaceae occurred in the branch 

leading to the common ancestor of Phaseolus vulgaris and Vigna radiata (Figure 3.5D). 

These results further confirm the recent origins and extensive loss or decay of lincRNA 

loci across plants. 

A more detailed view of how lincRNA loci are potentially lost in a lineage-specific 

manner can be obtained from Figure 3.8. We counted the taxa in which a certain lincRNA 

gene is lost and the frequency of this event for Arabidopsis thaliana, rice, maize, 

Medicago and tomato. In all cases examined, lincRNAs appear to show a higher 

frequency of gene loss compared to protein-coding genes and a roughly similar frequency 

compared to microRNAs. It should be also noted that homologs of some genes, 

particularly lincRNAs, evolve rapidly and can be difficult to detect. Also, some lincRNAs 

might have more ancient origins but have diverged too much in sequence to be detected 

in early-splitting lineages. These factors could affect our estimates of lincRNA locus 

gains and losses, and potentially lead to over-estimates of lincRNA loss. Thus losses 

should be regarded as loss or decay to the point that the homologous locus of a lincRNA 
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is undetectable with our methods. 

In addition, we compared the conservation of lincRNA homologous loci between 

plants and animals using human lincRNA sequences. We analyzed the sequence evolution 

of 1383 human lincRNAs shorter than 1000 bp based on the annotation of GENCODE 

v19 (Harrow et al. 2012) using the same criteria as plant lincRNAs in five mammals. 

More homologous loci of human lincRNAs appeared to have originated in more ancient 

time (Figure 3.9). Human lincRNAs were also much less likely to undergo 

lineage-specific loss/decay than plants between species with similar divergence time 

(Figure 3.9). These results indicate much higher conservation of lincRNA loci at 

sequence level in human. 

 

3.3.4 LincRNAs with ancient origins 

Although the majority of lincRNAs originated within a family, some lincRNA loci were 

conserved in species outside of a family. In contrast to the conservation level within a 

family, the conservation level of lincRNA sequences outside a family is among the lowest 

in Brassicaceae. In Tarenaya hassleriana, the closest sister group of Brassicaceae with a 

genome available, 9% (451) of Arabidopsis lincRNAs have homologous loci detected 

(Figure 3.2). No more than 2% of Arabidopsis lincRNAs were shown to have 

homologous loci in any other rosids (Table 3.3). Similarly, lincRNAs of rice showed 

drastic decrease of conservation in species outside Poaceae (Table 3.3). The presence of 

homologous lincRNA loci in distantly related species points to likely ancient origins of 
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many lincRNA loci. 

Considerably fewer lincRNAs were conserved in syntenic regions outside of a family. 

In Tarenaya hassleriana, 200 out of 451 Arabidopsis lincRNA homologous loci were 

found to be located in syntenic blocks and only one and four syntenic loci could be 

detected in Carica papaya and Theobroma cacao, respectively. For grasses, only one 

lincRNA of rice has homologous loci found in Musa acuminata in synteny and no 

syntenic loci of maize lincRNAs were detected in species outside of Poaceae. 

 

3.3.5 LincRNA loci share short highly conserved motifs across species that are 

selectively constrained 

MicroRNAs show more sequence identity within their functional sites and exhibit higher 

evolutionary flexibility at surrounding sites (Fahlgren et al. 2010). We investigated 

whether lincRNAs also share highly conserved regions (see Materials and methods for 

definition) across species. These short highly conserved regions have to be shared by at 

least three species outside the same genus of the species whose lincRNA data set was 

analyzed. Conserved regions were detected in 25% of lincRNAs on average for each 

species (from 9% in maize to 46% in Arabidopsis). The lengths of conserved motifs 

varied from a few nucleotides to more than 200 nucleotides (Figure 3.10A). The average 

lengths of highly conserved motifs among these five species range from 57 nt in tomato 

and 85 nt in rice63 nt in maize and 121 nt in tomato. These results indicate that the 

lincRNAs have small highly conserved regions with the majority displaying extensive 
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flexibility in sequence. 

While most of these highly conserved regions were shared by species within a family, 

some could be detected in species having diverged for more than 100 million years. In 

particular, a few such regions are more than 100 bp long and are shared by many species 

outside the family (Figure 3.10B,C). These remarkable deeply conserved regions indicate 

their ancient origins and suggest potential functional significance across plants. 

To further explore if highly conserved motifs are under stronger selective constraints 

than surrounding regions, we compiled a SNV (single nucleotide variation) data set from 

(Cao et al. 2011) including 80 different ecotypes of Arabidopsis thaliana. We found that 

highly conserved motifs exhibit significantly reduced nucleotide diversity than 

surrounding regions and intron sequences, indicating stronger constraints at the 

population level (Figure 3.10D). We also focused on the distribution of derived allele 

frequency (DAF) and minor allele frequency (MAF) among 80 Arabidopsis ecotypes. We 

identified ancestral and derived alleles in Arabidopsis thaliana using genomes of 

Arabidopsis lyrata and Capsella rubella as an outgroup (see Materials and methods). We 

observed a significant excess of rare (<5%) derived alleles and minor alleles for 

conserved motifs (P-value < 1e-5, Fisher's exact test; P-value < 1e-5, 

Kolmogorov-Smirnov test) (Figure 3.10E,F). Moreover, the shifts in both DAF and MAF 

towards rarer alleles in highly conserved regions of lincRNAs were pronounced when 

compared to introns, indicative of purifying selection on these short conserved sequences 

in lincRNAs (Figure 3.10E,F). These results suggest that plant lincRNAs share many 
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short conserved motifs across species which are more strongly selectively constrained 

than surrounding regions and potentially under negative selection, which might implicate 

functional domains of lincRNAs. 

 

3.3.6 Evolutionarily ancient lincRNAs are overrepresented in expressed lincRNAs 

across tissues and show lower tissue specificity than lineage-specific lincRNAs 

To gain insights into the evolution of expression of plant lincRNAs, we analyzed 

expression data with multiple biological replicates from different tissue types for 

lincRNAs from Arabidopsis thaliana, Oryza sativa japonica and Zea mays. First we 

investigated the relationship between expression and evolutionary age of lincRNAs. We 

compiled multiple RNA-seq data sets in various organ types (see Materials and methods) 

and investigated the relationship between the evolutionary age and conservation level and 

expression pattern of lincRNAs. We classified lincRNAs into ancient and lineage-specific 

lincRNAs based upon whether they are specific to the genus (Arabidopsis, Oryza or Zea) 

or found outside of the genus (Wang and Adams 2015). Expressed lincRNAs were 

defined as those with FPKM higher than 0.01 in all biological replicates. We observed 

that ancient lincRNAs were significantly overrepresented among the expressed lincRNAs 

in all tissue types analyzed in the three species (P-value < 1e-5, Chi-squared test) except 

for anther in maize (Figure 3.11A-C). Also, ancient lincRNAs were more highly 

expressed than lineage-specific lincRNAs in general (Figure 3.12A). In addition, ancient 

lincRNAs exhibit lower tissue specificity (P-value < 0.05, Wilcoxon signed-rank test) 
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(Figure 3.11D) and higher expression breadth (P-value < 0.01, Wilcoxon signed-rank test) 

(Figure 3.12B) in all organ types examined in Arabidopsis, rice and maize, suggesting 

ancient lincRNAs are more broadly expressed. To see if the results could be affected by 

the definition of lineage-specific and ancient lincRNAs, we redefined lineage-specific 

and ancient lincRNAs as those specific and non-specific to the family (Brassicaceae or 

Poaceae) and repeated all analyses above. We focused on Arabidopsis and rice as there 

are few maize lincRNAs non-specific to the family. We found the same patterns with 

strong statistical significance (Figure 3.13). 

We also analyzed the differences between lineage-specific lincRNAs and ancient 

lincRNAs from the perspective of gene expression network. We constructed 

co-expression network consisting of lincRNAs and protein-coding genes for Arabidopsis, 

rice and maize. Ancient lincRNAs were more overrepresented in the network (P-value < 

0.05 in all cases, Chi-squared test) (Figure 3.14A), suggesting that lineage-specific 

lincRNAs are be less integrated in the gene co-expression network than ancient ones. No 

significant difference between lineage-specific lincRNAs and ancient lincRNAs was 

observed in terms of their co-expression correlation coefficient with flanking genes 

(P-value > 0.1, t test) (Figure 3.14B). We also showed several examples of lincRNAs 

co-expressed with genes involved in epigenetic and transcription regulation, pointing to 

potential roles of these lincRNAs in the pathways of genes they are co-expressed with 

(Figure 3.14C). 
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3.3.7 Rapid divergence of lincRNA expression across species 

To explore the evolutionary dynamics of lincRNA expression across species, we 

estimated the proportions of expressed lincRNA and protein-coding gene loci that are 

shared between species. Collectively, we obtained RNA-seq data sets for Arabidopsis 

thaliana, Oryza sativa japonica, Zea mays and Medicago truncatula and their related 

species covering multiple tissue types. For all expressed lincRNAs and protein-coding 

genes with syntenic loci in related species, we calculated the proportion of their syntenic 

regions that are also expressed, as performed in (Kutter et al. 2012). On average, 50% of 

syntenic lincRNAs expressed in A. thaliana were also expressed in A. lyrata among the 

tissue types analyzed, whereas 95% of syntenic protein-coding genes from A. thaliana 

were also expressed in A. lyrata (P-value < 1e-10, Chi-squared test) (Figure 3.15A). 70% 

and 65% of syntenic lincRNAs that are expressed in Oryza sativa japonica are expressed 

in Oryza sativa indica and Oryza glaberrima respectively, significantly lower than 

protein-coding genes (P-value < 1e-10, Chi-squared test) (Figure 3.15B). Similar patterns 

were observed for lincRNAs from maize and Medicago (Figure 3.15C, D). In addition, 

lincRNAs show more divergence in the proportion of shared expressed loci among 

different tissue types than protein-coding genes (Figure 3.15), possibly resulting from the 

tissue-specific expression pattern of lincRNAs. Also, to account for different sizes of 

RNA-seq libraries, for each comparison we normalized sizes of different libraries by 

resampling identical number of RNA-seq reads per tissue type and species (Kutter et al. 

2012; Necsulea et al. 2014) and similar results were obtained (Figure 3.16A-D). 
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In addition, we calculated the Spearman correlation coefficients of expression level 

between lincRNAs and protein-coding genes and their syntenic genes in closely related 

species, as used in (Hezroni et al. 2015). We found that lincRNAs show lower correlation 

in expression than protein-coding genes (Figure 3.16E). Taken together, these results 

indicate that lincRNAs show more divergent expression patterns across species than 

proteins. 

 

3.4 Discussion 

3.4.1 Plant lincRNAs generally exhibit low conservation levels with potential 

considerable variation in different lineages 

Through systematic and thorough analyses in 55 plant species, we successfully identified 

a large number of lincRNA sequences that are conserved across closely related species. 

This study revealed that lincRNA loci from several plant families likely originated within 

a family, and they appear to evolve rapidly in sequence. LincRNAs also showed 

extensive loss or decay during evolution. The extensive fluidity of lincRNA loci in plants 

leads to patchy distributions of lincRNAs where some of them are conserved in more 

distantly related species but are lost in closely related lineages. All of these evolutionary 

patterns are in stark contrast with genes coding for proteins that are generally deeply 

conserved. 

Nelson et al. 2016 compared the sequence evolution of syntenic loci between 

lincRNAs and protein-coding genes in Brassicaceae, revealing the rapid sequence 
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evolution of lincRNAs in Brassicaceae. Our study investigated the evolution of both 

syntenic and non-syntenic loci in different plant families, expanding previous findings in 

plant lincRNA evolution into a broader context. Our analyses reveal that plant lincRNAs 

show potential large variation in their conservation levels within a family. The 

Brassicaceae tend to have the highest level of lincRNA sequence conservation among 

those families studied. LincRNA loci from maize were the least conserved across species 

with extensive loss and only 12% loci date back to the origin of the grass family. The low 

conservation level of maize lincRNAs and their synteny might result from the large 

genomic rearrangements in maize (Schnable et al. 2009). Also, transposable elements are 

known to be associated with the generation and expansion of lincRNAs in animals 

(Kelley and Rinn 2012; Kapusta et al. 2013). The highly transposon-enriched genome of 

maize (Schnable et al. 2009) might also contribute to the lineage-specific birth and 

rearrangements of lincRNAs, thereby leading to the low conservation of maize lincRNAs 

among other grasses. 

Syntenic lincRNAs show stronger conservation than non-syntenic lincRNAs, 

consistent with the observation for protein-coding genes (Glover et al. 2015). 

Non-syntenic lincRNAs could be generated in the following two ways. One is that they 

are translocated from the original locus. Alternatively, the orthologous locus might be 

deleted and it is the paralog of the lincRNA that was detected. It should be noted that the 

number of syntenic lincRNAs might be underestimated in papaya whose genome 

assembly is not as high quality as some genomes (Lyons and Tang 2014). 
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Our study also compared sequence conservation between lincRNAs and microRNAs. 

LincRNAs appeared to be less conserved than microRNAs in sequence in plants (Table 

3.3). It should be noted that non-coding RNAs could evolve very fast in sequence. The 

criteria used to identify homologous loci for protein-coding genes may not be suitable for 

non-coding RNAs. Thus we used relatively permissive criteria (see Materials and 

methods) in the identification of homologous loci of lincRNAs and microRNAs to 

increase the sensitivity of homology search (Barquist et al. 2016). Some of the 

homologous loci in lincRNAs and microRNAs might not represent “true” homologs. We 

additionally used more stringent criteria to repeat the analyses. The basic conclusion 

remains unchanged (Table 3.4-3.5). 

LincRNAs of plants are less conserved in sequence than human lincRNAs between 

species with similar divergence time (Figure 3.9). We think that the difference is likely 

due to the following reasons. First, plant genomes have undergone many rounds of 

polyploidy events and extensive genomic rearrangement (Adams and Wendel 2005; 

Soltis et al. 2009). These factors might facilitate the fast evolution of lincRNAs in plants 

after large structural change at genomic level. Second, the removal of functionless DNA 

is more efficiently in plants than in animals, which could result in the rapid sequence 

evolution of lincRNAs in plants (Freeling and Subramaniam 2009; Burgess and Freeling 

2014). 

 

3.4.2 Conserved lincRNAs with ancient origins 
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Our analyses revealed the highly dynamic evolutionary history and small number of 

lincRNA loci conserved between distantly related species. Indeed, homologous loci of 

lincRNAs conserved in species outside of a family were much fewer than those detected 

within a family. Due to frequent changes in genome structure over long periods and the 

rapid sequence evolution, homologous non-coding sequences might be expected to not be 

detectable in syntenic regions. However, we still detected some conserved lincRNAs with 

ancient origins and a few of them were located in syntenic blocks though the number of 

homologous loci decreases drastically in distantly related species. Plant lincRNAs with 

ancient origins, in particular those expressed and located in syntenic regions, might have 

broad regulatory functions which are rather deeply conserved during evolutionary history 

(Necsulea et al. 2014). 

 

3.4.3 Highly conserved regions across plants implicate sequence-specific functional 

motifs for lincRNAs 

By searching for conserved sites in a wide variety of species, we found a large number of 

conserved short motifs surrounded by relatively unconstrained sequences in plant 

lincRNAs, consistent with recent findings in lincRNAs of vertebrates (Hezroni et al. 

2015). The highly conserved regions in plant lincRNAs average about 70 nucleotides and 

their coverage relative to the full length of lincRNA sequence varies from 11% to 26%. 

While most of these highly conserved motifs are short, some are more than 200 

nucleotides, implying potential diverse roles of these highly conserved motifs and 
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lincRNAs in plants. A few short conserved regions of lincRNAs are shared by several 

distantly related plants, pointing to their potential ancient origins. Conserved regions in 

distantly related species are generally shorter and have more substitutions, indicating 

gradual changes of sequences of lincRNA homologous loci. 

We analyzed single nucleotide variant data set across 80 ecotypes of Arabidopsis 

thaliana to test selection constraints acting on these short motifs. The lower nucleotide 

diversity, larger number of derived alleles and higher minor allele frequency in the highly 

conserved regions shared across species all support the hypothesis that highly conserved 

motifs are under stronger selection constraints than surrounding regions and introns, 

indicating that they are potentially under purifying selection. This finding also suggests 

that the selection on lincRNAs might be mainly limited to only a short region, although 

the results need to be regarded cautiously. It is possible that these highly conserved 

regions are necessary for lincRNA functions while the function of the rest of the sequence 

depends more on secondary structure thereby allowing more divergence in sequence 

(Pang et al. 2006). This pattern might be analogous to that of microRNAs where target 

binding sites and the nucleotides to which they are paired often evolve slowly while the 

surrounding sequences play more structural roles and are under more relaxed selection 

(Axtell and Bowman 2008; Ehrenreich and Purugganan 2008; Fahlgren et al. 2010). 

Several lincRNAs have been shown to carry short potential functional units with high 

conservation (Chureau et al. 2002; Marques and Ponting 2009; Ulitsky et al. 2011). It was 

reported that only one tenth of the full sequence is needed for functions of some 
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lincRNAs (Quinn et al. 2014). Our identification of short motifs and the evidence for 

their selective constraints implicate that short highly conserved motifs are embedded in a 

highly flexible architecture of the full locus and implicate functional regions in plant 

lincRNAs (Xu et al. 2017). 

 

3.4.4 Large divergence of lincRNA expression across species 

Our study reveals that non-lineage-specific lincRNAs, those that are older and have more 

ancient origins, are overrepresented in expressed lincRNAs and have lower expression 

tissue specificity in Arabidopsis, rice and maize. This pattern is basically consistent with 

protein-coding genes (Zhang and Yang 2015). Lineage-specific lincRNAs likely have 

recent origins. They might have gained expression recently and are expressed in a limited 

number of organs in a way similar to proteins. 

LincRNAs show rapid evolution in expression patterns between mammals (Kutter et 

al. 2012; Washietl et al. 2014). We observed that the expression of lincRNAs also shows 

very rapid change between closely related plant species. For example, 70% of syntenic 

lincRNAs expressed in O. sativa japonica are expressed in O. sativa indica, and 50% of 

lincRNAs expressed in A. thaliana are expressed in A. lyrata. That is considerably lower 

than in protein-coding genes, which suggests that lincRNAs show rapid change in 

expression across different plants. It should be noted that we only analyzed the 

expression conservation of syntenic loci for both lincRNAs and protein-coding genes as 

done in (Kutter et al. 2012). Examination of more plants with more tissue types and 
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deeper sequencing might help to gain more insights into the turnover of lincRNA 

expression across lineages. This result also demonstrates the large divergence of 

expression level of lincRNAs in plants. Some plant lincRNAs have been shown to be 

involved in the regulation of gene expression, either in cis (on neighboring genes) or 

trans (on distal genes) (Marques and Ponting 2014). The rapid divergence of lincRNA 

expression might contribute to lineage-specific changes in the regulation of gene 

expression and possibly underlie some phenotypic variation among lineages (Wang et al. 

2016; Wang et al. 2017). 
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Table 3.1. Genomic resources used in the study. 

Species Genome sequence and genome annotation 

Arabidopsis thaliana TAIR10 

Arabidopsis lyrata JGI v1.0 

Brassica oleracea JCVI v1.0 

Capsella rubella JGI v1.0 

Camelina sativa v2.0 

Leavenworthia alabamica v1.0 

Sisymbrium irio v1.0 

Aethionema arabicum v1.0 

Eutrema salsugineum v1.0 

Tarenaya hassleriana v1.0 

Carica papaya Hawaii Agriculture Research Center v1.0 

Populus trichocarpa P. trichocarpa v2.2 

Gossypium raimondii JGI v2.1 on assembly v2.0 

Lotus japonicas Kazusa 2.5 

Medicago truncatula JCVI v4.0 

Glycine max JGI v1.1 

Vitis vinifera genescope v1 

Beta vulgaris RefBeet v1.1 

Ricinus communis JCVI v1.0 

Manihot esculenta Cassava v4 

Theobroma cacao v1.1 

Citrus sinensis JGI v1.0 

Eucalyptus grandis JGI assembly v1.1 

Cucumis melo Melonomics v3.5 

Cucumis sativus Chinese long v2 

Prunus persica JGI v1.0 

Malus domestica IASMA 

Fragaria vesca Strawberry Genome 1.0 

Amborella trichopoda Amborella v1.0 

Citrullus lanatus Cucurbit Genomics Database v1 

Cicer arietinum v1.0 

Cajanus cajan v5.0 

Phaseolus vulgaris v1.0 

Vigna radiata v6 

Solanum lycopersicum SL2.50 

Slanum tuberosum PGSC v3.4 

Solanum pennellii v2.0 
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Species Genome sequence and genome annotation 

Capsicum annuum CM334 v1.55 

Nicotiana tabacum TN90 Burley Sol genomics network 

Solanum melongena L. v2.5.1 

Mimulus guttatus v2.0 

Oryza sativa ssp. japonica RGAP v7 

Oryza sativa ssp. indica 9311_BGF_2005 

Oryza brachyantha v1.4 

Oryza glaberrima AGI v.1 

Sorghum bicolor JGI v1.4 

Setaria italica JGI v2.1 

Brachypodium distachyon v2.1 

Zea mays v2 

Musa acuminata Genescope/Cirad 

Picea abies v1.0 

Selaginella moellendorffii JGI v1.0 

Physcomitrella patens JGI v1.6 

Chlamydomonas reinhardtii JGI v5.3.1 

Ostreococcus lucimarinus JGI v2.0 
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Table 3.2 RNA-seq data sets used in this study. 

Organism Tissue type RNA-seq data set 

Arabidopsis thaliana rosette SRR2039793-SRR2039794  

Arabidopsis thaliana inflorescence SRR1657473-SRR1657475  

Arabidopsis thaliana floral bud SRR800754-SRR800755  

Arabidopsis thaliana anther SRR1559345-SRR1559346  

Arabidopsis thaliana leaf SRR1283943-SRR1283945 

Arabidopsis thaliana seedling SRR1119205-SRR1119206 

Arabidopsis lyrata rosette SRR2039795-SRR2039796 

Arabidopsis lyrata inflorescence SRR1657476-SRR1657478 

Arabidopsis lyrata floral bud SRR800644-SRR800645 

Oryza sativa ssp. japonica seedling shoot ERR008651, ERR008652, ERR008657, 

ERR008658, ERR008663, ERR008664 

Oryza sativa ssp. japonica leaf SRR305891-SRR305893 

Oryza sativa ssp. Japonica endosperm SRR2338866-SRR2338867 

Oryza sativa ssp. japonica panicle SRR1633182-SRR1633187 
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Organism Tissue type RNA-seq data set 

Oryza sativa ssp. japonica root SRR1537554-SRR1537556 

Oryza sativa ssp. indica seedling shoot ERR008647, ERR008648, ERR008653, 

ERR008654, ERR008659, ERR008660 

Oryza glaberrima leaf SRR1174376 

Oryza glaberrima panicle SRR1174378 

Oryza brachyantha root SRR351196 

Zea mays anther SRR2078791-SRR2078793 

Zea mays endosperm SRR1169634-SRR1169635 

Zea mays seed SRR1170939-SRR1170940 

Zea mays embryo SRR531916, SRR531917, SRR531919 

Zea mays ear SRR2078794-SRR2078796 

Sorghum bicolor anther SRR349769 

Sorghum bicolor embryo SRR959765 

Sorghum bicolor endosperm SRR349768 

Sorghum bicolor seed DRR030758- DRR030760 
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Organism Tissue type RNA-seq data set 

Medicago truncatula root SRR1726578, SRR1726542, 

SRR1726506, SRR1726470 

Cicer arietinum root SRR1066056 
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Table 3.3 Percentages of homologous lincRNA and microRNA loci in different plant 

lineages. Percentages shown are the percentages of lincRNAs or microRNAs found in at 

least one species in each category (within the family, in rosids, in asterids, and in 

monocots). 

 lincRNA miRNA 

species within 

family 

rosids asterids monocots within 

family 

rosids asterids monocots 

Arabidopsis 51.1% 1.2% 0.6% 0.2% 53.7% 11.3% 9.6% 1.8% 

rice 48.9% 3.2% 3.9% 5.0% 51.0% 3.0% 2.8% 6.4% 

maize 14.3% 0.7% 0.5% 0.8% 58.8% 3.2% 4.1% 19.8% 

Medicago 18.0% 3.6% 4.2% 1.7% 22.3% 3.6% 4.5% 0.7% 

tomato 69.3% 5.1% 6.1% 3.2% 77.9% 20.2% 17.0% 6.5% 
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Table 3.4 Proportion of homologous lincRNA and microRNA loci in different plant 

lineages using the e-value cutoff of 1e-10 solely. 

 lincRNA miRNA 

species within 

family 

rosids asterids monocots within 

family 

rosids asterids monocots 

Arabidopsis 45.6% 0.5% 0.5% 0.1% 48.1% 7.4% 4.0% 0.9% 

rice 43.0% 1.7% 1.9% 2.8% 38.3% 1.8% 1.6% 4.6% 

maize 9.7% 0.3% 0.2% 0.5% 56.0% 1.5% 2.0% 16.4% 

Medicago 12.0% 2.0% 2.5% 0.9% 15.7% 3.0% 4.5% 0.7% 

tomato 63.3% 2.9% 3.6% 1.9% 73.2% 12.3% 13.0% 3.2% 
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Table 3.5 Proportion of homologous lincRNA and microRNA loci in different plant 

lineages using the e-value cutoff of 1e-20. 

 lincRNA miRNA 

species within 

family 

rosids asterids monocots within 

family 

rosids asterids monocots 

Arabidopsis 33.0% 0.2% 0.1% 0.1% 33.9% 1.3% 0.3% 0.1% 

rice 36.6% 0.5% 0.6% 1.2% 27.5% 0.7% 0.4% 1.2% 

maize 5.1% 0.0% 0.0% 0.0% 30.1% 0.0% 0.0% 2.9% 

Medicago 6.2% 0.9% 1.3% 0.3% 3.7% 0.8% 2.7% 0.2% 

tomato 53.0% 1.3% 1.4% 0.9% 57.1% 2.7% 7.8% 0.2% 
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Figure 3.1 The phylogeny of all 55 plants whose nuclear genomes were used in the study. 
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Figure 3.2 Proportion of syntenic and non-syntenic homologous lincRNA loci from 

different species within a family. Syntenic and non-syntenic homologous lincRNA loci 

are in dark grey and light grey respectively. (A) Arabidopsis thaliana (B) Oryza sativa 

ssp. japonica (C) Zea mays (D) Medicago truncatula. 
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Figure 3.3 Comparison of aligned length of lincRNAs with and without syntenic loci in 

representative species. (A) Arabidopsis (B) rice (C) maize (D) Medicago. Syntenic and 

non-syntenic lincRNA loci are in red and blue, respectively. Boxes extend from the first 

quartile (Q1) to the third quartile (Q3). The median is identified by a line inside the box. 

Whiskers extend to ± 1.5 interquartile range (IQR). Asterisks: * P-value <0.05, ** 

P-value <0.01 and *** P-value <0.005. 
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Figure 3.4 Proportion of homologous (A-D) protein-coding gene loci and (E-H) 

microRNA gene loci in the indicated species. The graphs show comparisons to: (A) 

Arabidopsis, (B) rice, (C) maize, (D) Medicago, (E) Arabidopsis, (F) rice, (G) maize, (H) 

Medicago. 
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Figure 3.5 Evolutionary gain and loss of lincRNAs from different species within a family. 

The value adjacent to each node refers to the inferred percentage of homologous lincRNA 

loci found at the corresponding ancestral plant. (A) Arabidopsis thaliana, (B) Oryza 

sativa ssp. Japonica, (C) Zea mays, (D) Medicago truncatula, (E) Solanum lycopersicum. 
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Figure 3.6 Evolutionary gain and loss of microRNA genes from different species within 

a family. The value adjacent to each node refers to the inferred percentage of homologous 

microRNA loci found at the corresponding ancestral plant. (A) Arabidopsis thaliana, (B) 

Oryza sativa ssp. Japonica, (C) Zea mays, (D) Medicago truncatula, (E) Solanum 

lycopersicum. 
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Figure 3.7 Evolutionary gain and loss of homologous loci of lincRNAs from different 

species within a family. The value adjacent to each node refers to the inferred percentage 

of homologous lincRNA loci found at the corresponding ancestral plant. (A) Arabidopsis 

thaliana, (B) Oryza sativa ssp. Japonica, (C) Zea mays, (D) Medicago truncatula, (E) 

Solanum lycopersicum. 
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Figure 3.8 The percentage of lincRNAs, microRNAs and protein-coding genes with 

potential lineage-specific loss from different species within a family. The X-axis 

represents the number of taxa while the Y-axis indicates the percentage of genes with the 

corresponding number of taxa with potential gene loss. The bars in dark, light and 

medium grey denote lincRNAs, microRNAs and protein-coding genes, respectively. (A) 

Arabidopsis thaliana, (B) Oryza sativa ssp. Japonica, (C) Zea mays, (D) Medicago 

truncatula (E) Solanum lycopersicum. 
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Figure 3.9 Evolutionary gain and loss of human lincRNA homologous loci in mammals. 
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Figure 3.10 Highly conserved regions in lincRNA sequences. (A) Distribution of the 

lengths of highly conserved regions in lincRNAs for Arabidopsis thaliana, Oryza sativa 



 

92 
 

ssp. japonica, Zea mays, Medicago truncatula and Solanum lycopersicum. The X-axis 

represents the sequence length of the highly conserved regions identified in lincRNAs 

from the five species in the previous sentence. The Y-axis represents the frequency of the 

conserved regions with the corresponding sequence length. Only highly conserved 

regions with no more than 200 nt in length are shown. (B) The alignment of the 

conserved region in lincRNA XLOC_026561 from Arabidopsis thaliana across lineages. 

(C) The alignment of the conserved region in lincRNA XLOC_052616 from Oryza sativa 

ssp. japonica across lineages. (D) Nucleotide diversity of highly conserved regions and 

surrounding regions (non-conserved regions) of lincRNAs and introns of protein-coding 

genes in Arabidopsis thaliana. (E) The distribution of derived allele frequency (DAF) of 

highly conserved regions and surrounding regions (non-conserved regions) of lincRNAs 

and introns of protein-coding genes in Arabidopsis thaliana. (F) The distribution of 

minor allele frequency (MAF) of highly conserved regions and surrounding regions 

(non-conserved regions) of lincRNAs and introns of protein-coding genes in Arabidopsis 

thaliana. 
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Figure 3.11 Expression differences between ancient and lineage-specific lincRNAs. (A-C) 

Relative proportion of expressed lincRNAs in ancient lincRNA (non-genus-specific 

lincRNA) and lineage-specific lincRNA (genus-specific lincRNA) for (A) Arabidopsis 

thaliana, (B) Oryza sativa japonica and (C) maize. Relative proportion of expressed 

lincRNAs is defined as the number of expressed lincRNAs divided by the number of the 

total number of lincRNAs in each category (ancient lincRNA or lineage-specific 

lincRNA). (D) Box plots of the expression tissue specificity of ancient and 

lineage-specific lincRNAs in Arabidopsis thaliana, Oryza sativa japonica and maize. 
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Figure 3.12 Differences between ancient (non-genus-specific) and lineage-specific 

(genus-specific) lincRNAs in expression. (A) expression level; (B) expression breadth. 
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Figure 3.13 Differences between ancient (non-family-specific) and lineage-specific 

(family-specific) lincRNAs in expression. (A) expression level; (B) expression tissue 

specificity; (C) expression breadth. 
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Figure 3.14 Gene co-expression network analysis of ancient and lineage-specific 

lincRNAs. (A) Proportion of lincRNAs co-expressed with protein-coding genes. (B) 

Difference in co-expression co-efficient between lineage-specific and ancient lincRNAs. 

(C) Examples of co-expression network involving lincRNAs. 
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Figure 3.15 Proportions of lincRNAs and protein-coding genes expressed across species. 

Proportions of orthologous loci of lincRNAs (light grey) and protein-coding genes (dark 

grey) in (A) Arabidopsis thaliana, (B) Oryza sativa japonica, (C) Zea mays and (D) 

Medicago truncatula with evidence of expression in other indicated species are shown. 
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Figure 3.16 Differences between lincRNAs and protein-coding genes in expression 

conservation across species. 
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4 Evolution of LincRNAs by Duplication in Plants
1
 

4.1 Introduction 

Gene duplication is a prominent mechanism for the evolution of protein-coding genes 

(Ohno 1970). Genomic data have revealed the abundance of a large number of duplicated 

genes in most sequenced eukaryotic genomes (Friedman and Hughes 2001; Zhang 2003; 

Flagel and Wendel 2009). Duplicated genes can be generated by whole-genome 

duplication (WGD), tandem duplication (TD) and interspersed duplication (Doyle et al. 

2008). Angiosperms have undergone several rounds of polyploidy events, leading to a 

large number of whole-genome duplicates (Adams and Wendel 2005; Van de Peer et al. 

2009; Schranz et al. 2012). Genes may experience different fates in expression after 

duplication. Some duplicates tend to be co-expressed and show redundancy while others 

might become divergent in expression giving rise to opportunities for evolutionary 

novelties (Zhang 2003). Of particular interest is reciprocal expression and silencing of 

paralogs among different tissue types where one copy is expressed in some organ types 

while the other copy is expressed in other organ types, resulting in differential 

contributions to the transcriptome between the two paralogs (Adams et al. 2003; Liu and 

Adams 2007). 

LincRNAs (long intergenic non-coding RNAs) are derived from intergenic loci and 

they are common in many eukaryotic genomes (Ulitsky and Bartel 2013; Johnsson et al. 

                                                             
1

 Chapter 4 is in preparation for publication. Wang SS, Adams KL Evolution of 

lincRNAs by duplication in plants. 
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2014; Marques and Ponting 2014; Yang et al. 2014). Recently a growing body of 

evidence has revealed that lincRNAs play important roles in the cell (Ietswaart et al. 2012; 

Kim and Sung 2012; Quinn and Chang 2016). LincRNAs can act as molecular signals, 

decoys and scaffolds and participate in a variety of biological processes including 

epigenetics, microRNA target mimics and gene expression regulation (Wang and Chang 

2011; Ulitsky and Bartel 2013). Although lincRNAs have been discovered for a long time, 

it was not until recent years that researchers could perform genome-wide identification, 

as well as demonstrate molecular functions for them (Necsulea et al. 2014; Chekanova 

2015). The pace of lincRNA research has been greatly accelerated by the rapid 

development of high-throughput genomic technology and molecular tools. Using 

next-generation sequencing and genomic arrays, many studies have provided detailed 

transcriptional landscapes and revealed a large number of lincRNAs in various species 

(Liu et al. 2012; Li et al. 2014; Necsulea et al. 2014; Hezroni et al. 2015; Chen et al. 

2016). 

 Previous studies, mostly in animals, have shown that lincRNAs evolve quickly and 

show rapid changes in expression (Kutter et al. 2012; Necsulea et al. 2014; Nitsche et al. 

2015; Kornienko et al. 2016). In addition, some lincRNAs show positional conservation 

without sequence similarity detectable (Ulitsky et al. 2011; Mohammadin et al. 2015; H. 

Wang et al. 2015). Moreover, lincRNAs might serve as a repository for the generation of 

protein-coding genes during evolution (Ruiz-Orera et al. 2014). 

However, the role of gene duplication in lincRNA evolution is poorly understood. It 
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was found that small-scale duplication appears to be the dominant type of duplication for 

lincRNAs in Brassicaceae (Nelson et al. 2016). Other attempts to explore this topic are 

mostly from animals based upon a limited number of species. It was found that only a 

very small proportion of lincRNAs were generated by duplication in human, and de novo 

birth was conceived to be the main driving force in the expansion of lincRNA gene pools 

(Derrien et al. 2012). The growing number of lincRNAs identified on a large scale in 

plants, whose genomes are extensively shaped by rounds of WGD, provides the 

opportunity to investigate how gene duplication influences the evolution of lincRNAs 

and compare with protein-coding genes in different plant lineages. 

 In this study, we explored the evolutionary role of duplication in plant lincRNAs. We 

collected lincRNA data sets from multiple representative plant lineages including 

Arabidopsis thaliana, Populus trichocarpa and Cucumis sativus from rosids, Solanum 

lycopersicum from asterids and Oryza sativa ssp. japonica and Zea mays from grasses. 

We characterized duplicated lincRNAs and compared between different plants. We 

classified duplicated lincRNAs into different types based on how they were derived. We 

also analyzed the expression patterns of duplicated lincRNAs and compared with 

protein-coding genes. Moreover, we investigated factors that were likely associated with 

the expression divergence between duplicated lincRNAs. 
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4.2 Materials and methods 

4.2.1 Sources of lincRNAs and genomic sequences 

Sequences of lincRNAs were retrieved from Arabidopsis thaliana, Populus 

trichocarpa, Cucumis sativus, Solanum lycopersicum, Oryza sativa, and Zea mays (Table 

4.1). For loci of lincRNAs and protein-coding genes with more than one transcript or 

isoform, only the longest one was used for analyses. 

 

4.2.2 Identification of duplicated lincRNAs 

All-against-all BLASTN was performed to identify duplicated lincRNAs. Considering 

the relatively fast evolutionary rate of lincRNAs (Ulitsky et al. 2011; Necsulea et al. 

2014), the word size of 7 was used in the BLASTN search to improve the sensitivity of 

the identification of duplicated lincRNAs (Ulitsky et al. 2011). LincRNAs were defined 

as duplicates if they had at least one non-self BLAST hit with e-value lower than or equal 

to 1e-10. Additionally, an e-value cutoff of 1e-5 together with the minimum aligned 

length of 50 bp and sequence identity above 80% were used to identify more divergent 

lincRNA duplicates and to see if the use of less stringent criteria would affect analyses. 

Duplicated lincRNAs were paired with their best non-self BLAST hit defined by 

those with the lowest e-value to generate duplicated lincRNA pairs. 

 

4.2.3 Identification of duplicated protein-coding genes 

All-against-all BLASTP searches were run to search for duplicates of protein-coding 
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genes. Duplicated genes were identified if they have non-self BLAST hits with an e-value 

less than or equal to 1e-10 (Casneuf et al. 2006; Yang and Gaut 2011). Pairs of 

protein-coding genes were generated based on the same principle as for lincRNAs 

mentioned above. 

 

4.2.4 Classification of duplicated lincRNAs 

Duplicated lincRNAs were classified into different categories according to the 

mechanisms via which they originated. Whole-genome duplicates were defined according 

to the following procedure. We collected WGD blocks and protein-coding genes found in 

WGD blocks for Arabidopsis, poplar, tomato, rice and maize from corresponding 

publications (Table 4.2). No WGD duplicates from cucumber were analyzed as no recent 

WGD event has been reported in this lineage (Huang et al. 2009). First, all duplicated 

lincRNAs which are found in WGD blocks were extracted. Second, duplicated lincRNAs 

found in any WGD block were searched for homologous lincRNAs found in the sister 

WGD block. Last, for those whose homologs were found in the sister WGD block, 10 

upstream and 10 downstream protein-coding genes from each lincRNA derived from 

WGD were extracted to get the set of surrounding genes. If at least 10 out of the 20 

surrounding protein-coding genes were found to be WGD-derived duplicated pairs, the 

two duplicated lincRNAs were considered to be a pair of WGD-derived lincRNAs. 

Triplicates derived from whole-genome triplication (WTD) in tomato were identified 

similarly. The genomic contexts of all lincRNAs derived from WGD or WTD were 
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examined with GenomeDiagram (Pritchard et al. 2006) implemented in Biopython and 

further displayed using Circos (Krzywinski et al. 2009). 

Tandemly duplicated lincRNAs were defined following the procedure of (Hanada et 

al. 2008; Zou et al. 2009) using the following criteria: (i) they meet the requirement of 

duplicated lincRNAs as defined above, (ii) they are located within 100 kb on the same 

chromosome. Duplicated lincRNA pairs not included in whole-genome duplicates and 

tandem duplicates are defined as interspersed duplicates. 

 

4.2.5 Evolutionary rates calculation 

The aligned regions of each pair of duplicated lincRNAs were retrieved based on the 

BLAST result and aligned using MUSCLE v3.8 (Edgar 2004) with default parameters. 

Sequence divergence for all alignments was calculated using the ape package in R 

(Paradis et al. 2004) based on the evolutionary model of K80 (Kimura 1980). Sequence 

format conversion and processing were performed using seqmagick 

(http://fhcrc.github.com/seqmagick) and custom scripts written in Perl and Ruby (Goto et 

al. 2010). 

 

4.2.6 Expression divergence comparison 

Transcriptomic RNA-seq data from public datasets were retrieved from NCBI SRA 

(Sequence Read Archive) database (Kodama et al. 2012) (Table 4.3). RNA-seq reads 

were trimmed by Cutadapt v1.3 (Martin 2011) to filter out those with sequencing quality 

http://fhcrc.github.com/seqmagick
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less than 20 and sequence length less than 20 bp before being mapped to the genome. 

Processed reads were mapped to the reference genome using STAR v2.4.2 (Dobin et al. 

2013) (non-default parameters: --alignIntronMax 25,000). The FPKM value for each 

gene was calculated using Cufflinks v2.1.1 (Trapnell et al. 2012) and was further 

normalized via log-transformation. For organ types and developmental stages with more 

than one replicate, the average of all replicates was used as the expression level of a gene. 

The Pearson correlation coefficient was calculated for each gene pair based on 

log2-transferred values of FPKM obtained from different organ types or developmental 

stages as used in (Blanc and Wolfe 2004). Expression Euclidean distance was calculated 

based on the following formula (Pereira et al. 2009)  

𝐸𝑢𝑐𝐷 = √∑(𝑥1𝑗 − 𝑥2𝑗)
2

𝑘

𝑗=1

 

where xij denotes the expression level of the gene under consideration in species i and in 

tissue j and k denotes the number of tissues or developmental stages. 

Duplicated genes with reciprocal expression were identified based on the procedure 

described in (Liu et al. 2011). Briefly, a pair of reciprocally expressed genes should meet 

the following criteria: First, both genes should be expressed in at least one tissue/organ 

type. Second, in a certain condition gene 1 is specifically expressed (i.e. gene 2 is not 

expressed) and in another condition gene 2 is specifically expressed (i.e. gene 1 is not 

expressed). For organ types or developmental stages with at least two replicates, a gene 

was considered to be expressed only if the expression was detected in all replicates. 



 

108 
 

Reciprocally expressed duplicates are considered to show completely reciprocal 

expression if they show no overlap in expressed organ types and have fully partitioned 

spatial expression (Figure 4.1). 

Tissue expression complementarity (TEC) was used as an index to measure the level 

of complementary expression (Huerta-Cepas et al. 2011). TEC was calculated by 

calculating the relative number of tissues or developmental stages where only one gene is 

expressed over the total number of tissues or developmental stages in which each gene is 

expressed: 

𝑇𝐸𝐶𝑖𝑗 =  
𝑑𝑖/𝑡𝑖 + 𝑑𝑗/𝑡𝑗  

2
 

where di denotes the number of tissues in which gene i is expressed whereas gene j is not 

expressed and ti denotes the total number of tissues where gene i is expressed. The greater 

the value of TEC, the higher the level of tissue complementarity of the gene pair 

(Huerta-Cepas et al. 2011). 

 

4.3 Results 

4.3.1 Highly variable components of duplicated lincRNAs in different species 

We first performed genome-wide identification of duplicated lincRNAs in different plant 

genomes. We chose six plant species from three representative clades of plant phylogeny, 

including Arabidopsis thaliana, Populus trichocarpa, Cucumis sativus, Solanum 

lycopersicum, Oryza sativa, and Zea mays, to see whether different species displayed the 

same or different evolutionary patterns in lincRNA duplication (see Methods). 
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All-against-all BLAST searches were performed to identify duplicates of lincRNAs. 

Duplicated lincRNAs were defined as those with at least one non-self hit with e-value 

less than or equal to 1e-10 (See Methods). Distinct from previous studies in animals 

where a very small proportion (4.3%) of duplicated lincRNAs was identified (Derrien et 

al. 2012), we found that some plant species, particularly rice and maize, contain a large 

proportion of lincRNAs that are duplicated (Figure 4.2). In contrast, all three species 

from rosids displayed a very low proportion of lincRNA duplicates with Arabidopsis 

thaliana having only 10% duplicated lincRNAs. Tomato showed a medium level of 

lincRNA duplication with a proportion of lincRNA duplicates of 51%. The huge variation 

of the amount of duplication of lincRNAs among different lineages is in sharp contrast to 

protein-coding genes where different plant genomes encode relatively similar proportions 

of duplicates (Figure 4.2). 

We compared the proportions of duplicated genes between lincRNAs and 

protein-coding genes. We found that duplicated genes for lincRNAs showed significantly 

lower proportions than genes for proteins (p < 1e-20 in all species, chi-squared test) 

(Figure 4.2). This trend was most prominent in Arabidopsis where protein-coding genes 

were about seven times more enriched for duplicates than lincRNAs. Even in rice and 

maize where about 65% of lincRNAs are duplicated genes, protein-coding genes still 

showed higher proportions of duplicated genes than lincRNAs (Figure 4.2). Since 

lincRNAs are often rapidly evolving, some duplicated lincRNAs may not be detected 

using the e-value cutoff of 1e-10. To see whether the results were affected by the e-value 
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cutoff, we extended the e-value cutoff from 1e-10 to 1e-5 (see Methods). We repeated the 

same analyses and got similar results (Figure 4.3). These results suggest that fewer 

lincRNAs are duplicated compared with protein coding genes in plants. 

 

4.3.2 Duplicated lincRNAs are mainly generated by interspersed duplication 

Duplicated genes can be born in a variety of ways. The way duplicates are created might 

have an important impact on their evolutionary fates. To investigate the influences of 

different types of duplication on lincRNAs, we classified duplicated lincRNAs into whole 

genome duplicates, tandem duplicates and interspersed duplicates (see Methods). For 

simplicity, we only focused on the most recent polyploidy event in each lineage. Contrary 

to protein-coding genes, only a small fraction of duplicate lincRNA pairs were found to 

be derived from whole-genome duplication (Table 4.4; Figure 4.4; 

https://figshare.com/articles/Duplicated_lincRNAs/4959176). Populus contains the   

most abundant WGD-derived duplicated lincRNA pairs (8%), possibly because the 

Salicoid-specific WGD occurred recently in this lineage (Tuskan et al. 2006). We 

detected 11% of the duplicated lincRNAs are in tandem gene clusters in Populus. On 

average 15% of tandem duplicate clusters contained more than two members 

(https://figshare.com/articles/Duplicated_lincRNAs/4959176). The rest of the duplicated 

lincRNA pairs (80%) are interspersed duplicates. Rice has only 0.7% WGD-derived 

lincRNAs. 95% of duplicated lincRNAs were generated by interspersed duplication in 

rice. The high proportions of interspersed duplicated lincRNA pairs suggest that 

https://figshare.com/articles/Duplicated_lincRNAs/4959176
https://figshare.com/articles/Duplicated_lincRNAs/4959176
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duplicated lincRNAs are mainly generated via interspersed duplication. 

 

4.3.3 Extensive expression divergence between paralogous lincRNAs 

It has been shown that many duplicated protein-coding genes show expression 

divergence. To explore how paralogous lincRNA genes diverge in expression after 

duplication and compare with protein-coding genes, we analyzed 58 RNA-seq data sets 

from Arabidopsis, rice and maize including multiple tissue types and developmental 

stages (Table 4.3). We analyzed the co-expression pattern for duplicates of lincRNAs and 

protein-coding genes. A higher value of expression coefficient indicates a higher 

tendency of co-expression between two duplicated genes. Co-expression correlation 

coefficients of duplicated lincRNAs are on average 0.35, 0.34 and 0.32 for Arabidopsis, 

rice and maize, respectively, suggesting extensive expression divergence between 

lincRNA paralogs (Figure 4.5a). The co-expression correlation coefficients of paralogous 

lincRNAs are significantly higher than randomly chosen lincRNAs pairs in all the three 

species (Figure 4.6), indicating that the expression of paralogous lincRNAs was 

significantly correlated in general. As the expression of lincRNAs was reported to be 

correlated with their neighboring protein-coding genes in plants (Liu et al. 2012), we 

analyzed the co-expression pattern of lincRNAs and the protein-coding genes most 

physically adjacent to them on the chromosome. Duplicates of lincRNAs (compared with 

each other) were still found to show significantly higher co-expression correlation 

coefficients than duplicates compared with their neighboring protein coding genes 
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(Figure 4.7). 

We further calculated co-expression correlation coefficients between paralogs of 

protein-coding genes using the same RNA-seq data sets. The average correlation 

coefficients of protein duplicates were 0.68, 0.51 and 0.61 for Arabidopsis, rice and 

maize, respectively, all of which were significantly higher than those of lincRNAs (p < 

1e-5, Wilcoxon test) (Figure 4.5a). 

To see whether the results could be affected by the index used to measure expression 

divergence, we calculated the expression Euclidean distance, another commonly used 

index to measure gene expression divergence, for duplicates of both lincRNAs and 

protein-coding genes. Again, paralogous lincRNAs showed more expression divergence 

than protein-coding genes indicated by higher values of expression Euclidean distance (p 

< 1e-7, Wilcoxon test) (Figure 4.5b). To see if the divergent expression of lincRNA 

duplicates could be affected by the e-value cutoff used, we repeated the analyses with a 

new set of lincRNA duplicates identified with the e-value cutoff of 1e-20. The results 

were similar and the same conclusion held true (Figure 4.8-4.9). Therefore the above 

results demonstrated that duplicated genes of lincRNAs showed more extensive 

expression divergence than protein-coding genes. 

 Duplicated genes derived from different mechanisms may show differences in 

expression. To explore the differences among different modes of lincRNA duplicates, we 

calculated co-expression correlation coefficients and expression Euclidean distances for 

whole-genome duplicates, tandem duplicates and interspersed duplicates of lincRNAs. 
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We focused analyses on rice and maize as the numbers of lincRNA pairs derived from 

WGD and TD in other species are too small to make comparisons. For simplicity, tandem 

gene clusters with more than two members were not analyzed. We found that paralogs 

derived from tandem duplication showed higher co-expression correlation coefficients 

and lower expression Euclidean distances (Figure 4.10), indicating their higher 

expression similarity in comparison to the other two types of duplicated lincRNAs. 

 

4.3.4 Widespread tissue-specific complementary expression of duplicated lincRNAs 

Additionally, we explored the expression divergence of duplicated lincRNAs in terms of 

tissue types and developmental stages. Complementary expression is an important 

indicator of expression divergence in different tissues or developmental stages between 

duplicated genes. The most extreme case of complementary expression is reciprocal 

expression where one paralog is only expressed in some organ types or developmental 

stages whereas the other copy is only expressed in others (Liu et al. 2011). LincRNAs 

tend to be expressed in specific tissue types, developmental stages or in response to 

certain stimuli (Ulitsky and Bartel 2013; Chekanova 2015). It could be hypothesized that 

the highly tissue-specific expression pattern might lead to extensive complementary 

expression between duplicated lincRNAs. To test this hypothesis, we calculated the 

proportion of duplicated gene pairs showing reciprocal expression patterns in Arabidopsis, 

rice and maize for both lincRNAs and protein-coding genes. The proportions of 

reciprocally expressed lincRNA gene pairs were 0.28, 0.30 and 0.41 in Arabidopsis, rice 
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and maize respectively, all of which were significantly higher than protein-coding genes 

(p < 1e-8, chi-squared test) (Figure 4.11a). We also calculated the proportions of gene 

pairs with completely reciprocal expression where the expression of both paralogs is 

completely separated (see Methods). Again, lincRNA duplicates exhibited significantly 

higher proportions of completely reciprocally expressed gene pairs than protein-coding 

genes (p < 1e-15, chi-squared test) (Figure 4.11b).  

To further quantify the extent of complementary expression, we calculated tissue 

expression complementarity (TEC). TEC is an index to quantitatively measure the level 

of complementary expression and is briefly defined as the number of mutually exclusive 

tissues where two paralogs are expressed divided by the combined expression breadth of 

the pair of duplicates (Huerta-Cepas et al. 2011) (see Methods). A higher value of TEC is 

indicative of higher level of complementary expression (Huerta-Cepas et al. 2011). We 

found that the values of TEC for lincRNAs were significantly lower than protein-coding 

genes in all species examined (p < 0.0001, Wilcoxon test) (Figure 4.11c), suggesting 

more extensive complementary expression for lincRNAs. Furthermore, we calculated the 

proportion of tissue or developmental stages where both copies of genes are expressed 

(see Methods). We observed that the proportions for lincRNAs were 0.23, 0.43 and 0.34 

for Arabidopsis, rice and maize respectively, significantly lower than protein-coding 

genes (p < 1e-9, Wilcoxon test) (Figure 4.11d). Therefore, all these results demonstrated 

that lincRNAs showed more divergent expression pattern in terms of tissues or 

developmental stages and exhibited more extensive complementary expression compared 
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to proteins. 

We also explored the differences among different modes of duplicates of lincRNAs. 

Tandem duplicates showed a significantly higher frequency of complementary expression 

than whole-genome duplicates and interspersed duplicates (Figure 4.12-4.15). The 

differences between whole-genome duplicates and tandem duplicates were less prominent 

in rice, possibly due to the relatively small number of duplicated lincRNA pairs derived 

from WGD in rice. 

 

4.3.5 Expression divergence of duplicated lincRNAs is not correlated with sequence 

divergence 

The expression divergence of duplicates of proteins has been shown to be correlated with 

sequence divergence (Gu et al. 2002; Ganko et al. 2007). To investigate whether the same 

conclusion holds true for lincRNAs, we calculated sequence divergence for duplicated 

lincRNAs. To ensure a higher reliability of alignment, which is important for calculating 

sequence evolutionary rates, only duplicated lincRNAs with the alignment coverage 

higher than or equal to 50% were used in the analysis. Contrary to proteins, we did not 

detect any significant correlation between sequence divergence and expression 

divergence for lincRNAs in any of the analyzed species (Table 4.5). To examine whether 

the results were affected by the cutoff of alignment coverage, we repeated the same 

analysis for all duplicated lincRNAs with no cutoff of alignment coverage required. We 

found similar results (Table 4.6). Therefore, these results showed that expression 
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divergence is not correlated with sequence divergence for duplicated lincRNAs in plants, 

which is different from proteins. 

 

4.4 Discussion 

4.4.1 Duplicated lincRNAs display extensive variation among plant lineages and 

distinct patterns from protein-coding genes 

Our study highlights several striking patterns in lincRNA duplication. First, we found that 

lincRNAs have a lower proportion of duplicated genes than protein-coding genes. Second, 

lincRNAs show highly distinct patterns across species. Different plants showed highly 

variable fractions of duplicated lincRNAs in contrast to smaller differences in the 

fractions of duplicated proteins across species (Figure 4.2). Gene duplicability of 

protein-coding genes is considered to be highly consistent across angiosperms (Li et al. 

2016). The highly variable repertoires of duplicated genes of lincRNAs are in sharp 

contrast to protein-coding genes. 

Whole-genome duplication contributes greatly to the expansion of protein-coding 

genes. For instance, approximately 25% of duplicated genes derived from the most recent 

whole-genome duplication event in Brassicaceae are estimated to be retained in duplicate 

pairs in the genome of Arabidopsis thaliana (Bowers et al. 2003). My results showed that 

distinct from protein-coding genes, only a very small proportion of lincRNA duplicates 

are likely derived from whole-genome duplication in all species examined, consistent 

with a previous study (Nelson et al. 2016). Either there has been extensive loss of 
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duplicated lincRNAs after the whole-genome duplication, or the lincRNAs derived by 

whole-genome duplication have diverged considerably such that they are no longer 

recognizable. The majority of duplicated lincRNAs belong to interspersed duplicates. 

This indicates that the generation of duplicates of lincRNAs is likely different from 

protein-coding genes. Also, lincRNAs tend to show rapid turnover rates in evolution 

(Kutter et al. 2012; Mohammadin et al. 2015). Many duplicated lincRNAs might have 

relatively recent origins prior to the most recent polyploidy event and were generated in 

other ways instead of WGD. Besides, many lincRNAs are known to be rapidly evolving, 

so the rapid divergence of duplicated lincRNAs might result in accelerated evolutionary 

rates for either one or both copies. Thus the number of WGD-derived lincRNA pairs 

detected might be underestimated in this study. 

 

4.4.2 Extensive expression divergence of duplicated lincRNAs 

By analyzing expression data sets from different tissue types and developmental stages, 

we found that duplicated lincRNAs showed lower co-expression correlation coefficient 

than protein-coding genes in Arabidopsis, rice and maize (Figure 4.5a). Because the 

expression profiles of paralogous genes are supposed to be virtually identical just after 

duplication, the initial co-expression correlation coefficient of the duplicates should be 

equal to 1 (Gu et al. 2002). Therefore our observation of the low co-expression 

correlation coefficient of lincRNA duplicates indicates that duplicated lincRNAs have 

substantially diverged in expression. The extensive divergence of duplicated lincRNAs 
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was further confirmed when the expression divergence was measured using expression 

Euclidean distance (Figure 4.5b). Interestingly, although the proportions of duplicated 

lincRNAs vary greatly across plants, their co-expression correlation coefficients are 

highly consistent among Arabidopsis, rice and maize. It is possible that duplicated 

lincRNAs exhibit more extensive expression divergence than protein-coding genes for 

the following reasons. First, one way in which rapid expression divergence between 

paralogs could happen is by incomplete duplication which might cause the cis-regulatory 

elements of two duplicated genes to be initially dissimilar (Ganko et al. 2007). 

Incomplete duplication applies to tandem duplicates and interspersed duplicates but not 

whole-genome duplicates. As most duplicated lincRNA pairs were likely derived from 

interspersed duplication, the potential for incomplete duplication might lead to more 

expression divergence between duplicated lincRNAs. Second, the change in expression 

for lowly expressed genes is thought to cause less harm than those expressed highly 

(Zhang and Yang 2015). The transcription level of lincRNAs is much lower than 

protein-coding genes. So the transcriptional change of newly duplicated lincRNAs might 

be more tolerated than newly duplicated protein-coding genes, thereby causing more 

expression divergence for duplicated lincRNAs. 

Expression divergence could be asymmetric where one paralog is always more 

highly expressed than the other one (Casneuf et al. 2006). Otherwise, the expression 

pattern of paralogous genes can be complementary, where the duplicate which is more 

highly expressed varies by tissue type or developmental stage (Adams et al. 2003). Here 
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we showed that lincRNA duplicates exhibited more extensive complementary expression 

than protein-coding genes with several different expression indexes (Figure 4.11). Many 

lincRNAs are known to show high tissue specificity in expression and only expressed 

under certain conditions (Chekanova 2015). Thus the high expression tissue specificity of 

lincRNAs may contribute to the extensive complementary expression between lincRNA 

paralog pairs. Complementary expression can be indicative of regulatory 

subfunctionalization where each copy takes parts of the ancestral expression pattern 

(Adams et al. 2003). The higher level of complementary expression of lincRNAs 

suggests that subfunctionalization plays a more important role for the divergence of 

duplicated genes for lincRNAs than proteins. Although the relationship between 

expression and function of lincRNAs is yet to be clearly characterized, our results from 

expression analyses provide important clues to extensive functional diversification of 

duplicated lincRNAs. 

It should be noted the expression data sets used in this study only represent a 

sampling of all possible organ types or developmental stages of a plant. Thus our power 

to compare the expression level between paralogous lincRNAs may be somewhat limited 

by the RNA-seq data sets currently available for plants. Analyses with more abundant 

expression data from more species might help gain deeper insights into the divergence of 

expression profile for duplicated lincRNAs in the future. 
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4.4.3 Differences in expression among different types of duplicated lincRNAs 

Duplicated genes with different origins may have different evolutionary fates. To 

study the differences in expression among different modes of lincRNA duplicates, we 

compared the expression divergence for whole-genome duplicates (WGD), tandem 

duplicates (TD) and interspersed duplicates of lincRNAs in rice and maize. We found that 

tandemly duplicated lincRNAs showed less expression divergence than the other two 

types of duplicates (Figure 4.10, 4.12-4.15). This pattern is distinct from protein-coding 

genes where tandem duplicates often show larger expression divergence (Ganko et al. 

2007; Liu et al. 2011). It is possible that the different patterns between lincRNAs and 

proteins are because many lincRNAs are involved in epigenetic regulation and interact 

with chromatin proteins to regulate gene expression in cis (Guil and Esteller 2012; 

Marques and Ponting 2014). A lot of lincRNAs are reported to be co-regulated with their 

neighboring genes (Guttman et al. 2009; Liu et al. 2012). So tandemly duplicated 

lincRNAs, which are physically located adjacent to each other and share a similar 

chromatin environment might be more likely to be under co-regulation than those 

generated via other mechanisms. 

 

4.4.4 Expression divergence of lincRNAs is not correlated with sequence divergence 

For protein-coding genes, sequence divergence is positively correlated with expression 

divergence in many eukaryotic species (Gu et al. 2002; Makova and Li 2003; Ganko et al. 

2007). However, we found that this pattern does not appear to be true for lincRNAs, at 
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least in the three species we examined, as no significant correlation was detected between 

sequence divergence and expression divergence for lincRNA duplicates (Table 4.5; Table 

4.6). This finding implies that we cannot simply infer the expression divergence based on 

sequence similarity of duplicated genes for lincRNAs. Although the relationship between 

sequence similarity and evolutionary age is not well illustrated for lincRNAs, the lack of 

correlation between sequence divergence and expression divergence suggests that 

paralogous lincRNAs might diverge rapidly in expression soon after duplication. The 

distinct patterns of the relationship of sequence divergence and expression divergence 

between lincRNAs and protein-coding genes also suggest that some evolutionary 

principles for proteins may not be applicable to lincRNAs. More work is necessary to 

dissect the detailed mechanisms of the expression divergence for plant lincRNAs. 

 

4.4.5 Conclusion 

In this study, we analyzed the sequence and expression evolution of duplicated lincRNAs 

in plants. We found that the proportion of duplicated lincRNAs in some plant species was 

much higher than previously reported in animals, suggesting a more important role of 

duplication in the evolution of plant lincRNAs. Our analysis also revealed several 

differences between lincRNAs and protein-coding genes in terms of gene duplication. i) 

LincRNAs diverge more in expression after gene duplication. ii) Tandem lincRNA 

duplicates showed the highest expression similarity. iii) Sequence divergence and 

expression divergence are not correlated between paralogous lincRNAs. These distinct 
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features of duplicated lincRNAs suggest different factors that might affect the evolution 

of lincRNAs. Also, the rapid divergence between duplicated lincRNAs might underlie 

some lineage-specific features in plants. 
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Table 4.1 Sources of gene sequences and genomic information. 

Species LincRNA 

sequence 

No. of 

lincRNAs 

Genome sequence and genome 

annotation 

Arabidopsis thaliana (Liu et al. 2012) 5799 TAIR10 (Lamesch et al. 2012) 

Populus trichocarpa (Shuai et al. 

2014) 

3153 P. trichocarpa v2.2 (Tuskan et al. 

2006) 

Cucumis sativus (Hao et al. 2015) 3298 Chinese long v2 (Huang et al. 

2009) 

Solanum 

lycopersicum 

(Zhu et al. 2015) 3133 SL2.50 (Fernandez-Pozo et al. 

2015)  

Oryza sativa ssp. 

japonica 

(Zhang et al. 

2014) 

11364 RGAP v7 (Kawahara et al. 2013)  

Zea maize (Li et al. 2014) 12476 Maize genome v2 (Schnable et al. 

2009)  
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Table 4.2 Sources of WGD and WTD blocks 

Species Sources 

Arabidopsis (Bowers et al. 2003) 

poplar (Lee et al. 2013) 

tomato  (Sato et al. 2012)  

rice (Throude et al. 2009)  

maize (Schnable et al. 2011)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

125 
 

Table 4.3 RNA-seq data sets 

Arabidopsis thaliana Rosette SRR2039793-SRR2039794 

Arabidopsis thaliana inflorescence SRR1657473-SRR1657475 

Arabidopsis thaliana floral bud SRR800754-SRR800755 

Arabidopsis thaliana anther SRR1559345-SRR1559346 

Arabidopsis thaliana leaf SRR1283943-SRR1283945 

Arabidopsis thaliana seedling SRR1119205-SRR1119206 

Arabidopsis thaliana endosperm SRR1039915 

Arabidopsis thaliana embryo SRR1039914 

Oryza sativa ssp. japonica seedling 

shoot 

ERR008651, ERR008652, ERR008657, 

ERR008658, ERR008663, ERR008664 

Oryza sativa ssp. japonica leaf SRR305891-SRR305893 

Oryza sativa ssp. japonica endosperm SRR2338866-SRR2338867 

Oryza sativa ssp. japonica panicle SRR1633182-SRR1633187 

Oryza sativa ssp. japonica root SRR1537554-SRR1537556 

Oryza sativa ssp. japonica callus SRR358795- SRR358798 

Oryza sativa ssp. japonica shoot apical 

meristem 

DRR021355 

Oryza sativa ssp. japonica anther SRR1618546 

Oryza sativa ssp. japonica pistil SRR1618547 

Oryza sativa ssp. japonica seed SRR1618548 

Zea mays anther SRR2078791-SRR2078793 

Zea mays pollen SRR1028862 

Zea mays shoot apical 

meristem 

SRR2078797-SRR2078798 

Zea mays endosperm_1

8DAP 

SRR1169634-SRR1169635 

Zea mays endosperm_2

4DAP 

SRR1169639-SRR1169640 

Zea mays seed_18DAP SRR1170939-SRR1170940 

Zea mays seed_24DAP SRR1170944-SRR1170945 

Zea mays embryo_18D

AP 

SRR531916, SRR531917, SRR531919 

Zea mays embryo_24D

AP 

SRR533845, SRR533848, SRR533835 

Zea mays ear SRR2078794-SRR2078796 
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Table 4.4 Numbers of different types of duplicated lincRNA pairs. Numbers shown in 

parentheses represent the proportion of each type of duplicates in all duplicated pairs of 

lincRNAs. 

Organisms WGD TD Interspersed 

Arabidopsis 10 (3%) 37 (12%) 284 (85%) 

poplar 37 (9%) 49 (11%) 341 (80%) 

cucumber -  11 (2%) 512 (98%) 

tomato 6 (0.5%) 106 (9%) 1120 (90.5%) 

rice 50 (0.7%) 306 (4%) 6922 (95.3%) 

maize 113 (1%) 789 (10%) 6712 (89%) 
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Table 4.5 Spearman correlation coefficients (r) and associated P-values between 

sequence divergence and expression divergence for duplicated lincRNAs in different 

organisms. 

Organism Correlation coefficient (r) P-value 

Arabidopsis 0.02 0.81 

Rice -0.01 0.67 

Maize 0.02 0.23 
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Table 4.6 Spearman correlation coefficients (r) and associated P-values between 

sequence divergence and expression divergence for duplicated lincRNAs without 

alignment coverage cutoff in different organisms. 

Organism Correlation coefficient (r) P-value 

Arabidopsis -0.02 0.71 

Rice -0.01 0.50 

Maize 0.01 0.40 
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Figure 4.1 Schematic figure of (a) reciprocal expression, (b) completely reciprocal 

expression and (c) non-reciprocal expression. Gene A and gene B are a pair of duplicates. 

Black and white squares indicate tissue types or developmental stages where a gene is 

and is not expressed, respectively. 
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Figure 4.2 Proportions of duplicated lincRNAs and protein-coding genes in different 

plant genomes. 
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Figure 4.3 Proportions of duplicated genes for lincRNAs and protein-coding genes. 

Duplicated lincRNAs identified with the BLASTN e-value cutoff of 1e-5, protein-coding 

genes identified using BLASTP and protein-coding genes identified with the same 

procedure as lincRNAs using BLASTN are shown. 

 

 

 

 

 

 

 

 



 

132 
 

 

Figure 4.4 Visualization of WGD-derived duplicated lincRNAs in (a) Arabidopsis, (b) 

poplar, (c) rice and (d) maize. The outer ring displays chromosomes arranged end to end. 

Bars in the inner ring depict WGD blocks. Links between different blocks represent 

WGD-derived gene pairs. 
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Figure 4.5 (a) Co-expression correlation coefficient and (b) expression Euclidean 

distance of duplicated gene pairs for lincRNAs and protein-coding genes in Arabidopsis, 

rice and maize. Boxes extend from the first quartile (Q1) to the third quartile (Q3). The 

median is shown by a line inside the box. Whiskers extend to ± 1.5 interquartile range 

(IQR). 
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Figure 4.6 Co-expression correlation coefficient of duplicated gene pairs for lincRNAs 

and 3000 randomly chosen pairs in Arabidopsis, rice and maize. Boxes extend from the 

first quartile (Q1) to the third quartile (Q3). The median is shown by a line inside the box. 

Whiskers extend to ± 1.5 interquartile range (IQR). 
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Figure 4.7 Co-expression correlation coefficient of duplicated gene pairs for lincRNAs 

and lincRNA-neighboring gene pairs in Arabidopsis, rice and maize. Boxes extend from 

the first quartile (Q1) to the third quartile (Q3). The median is identified by a line inside 

the box. Whiskers extend to ± 1.5 interquartile range (IQR). 
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Figure 4.8 Co-expression correlation coefficient of duplicated gene pairs for lincRNAs 

identified using the e-value cutoff of 1e-20 and protein-coding genes in Arabidopsis, rice 

and maize. Boxes extend from the first quartile (Q1) to the third quartile (Q3). The 

median is identified by a line inside the box. Whiskers extend to ± 1.5 interquartile range 

(IQR). 
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Figure 4.9 Expression Euclidean distance of duplicated gene pairs for lincRNAs 

identified using the e-value cutoff of 1e-20 and protein-coding genes in Arabidopsis, rice 

and maize. Boxes extend from the first quartile (Q1) to the third quartile (Q3). The 

median is identified by a line inside the box. Whiskers extend to ± 1.5 interquartile range 

(IQR). 
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Figure 4.10 Co-expression pattern among different types of duplicated lincRNAs. (a) 

Co-expression correlation coefficient and (b) Euclidean distance of duplicated genes for 

lincRNAs in rice and maize. Boxes extend from the first quartile (Q1) to the third quartile 

(Q3). The median is identified by a line inside the box. Whiskers extend to ± 1.5 

interquartile range (IQR). 
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Figure 4.11 Complementary expression of duplicated lincRNAs and protein-coding 

genes in Arabidopsis, rice and maize. (a) Proportion of duplicate pairs with reciprocal 

expression for lincRNAs and protein-coding genes. (b) Proportion of duplicate pairs with 

completely reciprocal expression for lincRNAs and protein-coding genes. (c) Tissue 

expression complementarity (TEC) for lincRNAs and protein-coding genes in different 

species. A higher value of TEC indicates that duplicates are more likely to show a 

complementary expression pattern. Boxes extend from the first quartile (Q1) to the third 
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quartile (Q3). The median is identified by a line inside the box. Whiskers extend to ± 1.5 

interquartile range (IQR). (d) Proportion of tissue types or developmental stages shared 

by both copies in a duplicate pair for lincRNAs and protein-coding genes in different 

species. Boxes extend from the first quartile (Q1) to the third quartile (Q3). The median is 

identified by a line inside the box. Whiskers extend to ± 1.5 interquartile range (IQR). 
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Figure 4.12 Proportions of duplicate pairs with reciprocal expression for different types 

of duplicated lincRNA pairs in rice and maize. 
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Figure 4.13 Proportions of duplicate pairs with completely reciprocal expression for 

different types of duplicated lincRNA pairs in rice and maize. 
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Figure 4.14 Tissue expression complementarity (TEC) for different types of duplicated 

lincRNA pairs in rice and maize. Boxes extend from the first quartile (Q1) to the third 

quartile (Q3). The median is identified by a line inside the box. Whiskers extend to ± 1.5 

interquartile range (IQR). 
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Figure 4.15 Proportions of tissue types or developmental stages with shared expression 

by both copies in a duplicate pair, for different types of duplicated lincRNA pairs in rice 

and maize. Boxes extend from the first quartile (Q1) to the third quartile (Q3). The 

median is identified by a line inside the box. Whiskers extend to ± 1.5 interquartile range 

(IQR). 
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5 Expression Analysis of Long Intergenic Non-Coding RNAs in Polyploid and 

Diploid Brassica Species 

 

5.1 Introduction 

Polyploidy is common in angiosperms and an important force in driving the evolution of 

plant genomes (reviewed in Schranz et al. 2012; Van de Peer et al. 2009). Genomes of all 

angiosperms have undergone multiple rounds of polyploidy events (Jiao et al. 2011). 

Some polyploidy events took place relatively recently (within the last ~2 million years), 

while others occurred much earlier which could date back to more than 100 Mya (Bowers 

et al. 2003; Jiao et al. 2011). After polyploidy, genes can diverge in expression between 

the polyploid and parental diploid species. Many studies have shown major changes in 

expression patterns and biased or lack of expression of one duplicated gene following 

allopolyploidy, often in an organ-specific manner (reviewed in Doyle et al. 2008; 

Madlung and Wendel 2013; Yoo et al. 2014). However nearly all studies published to date 

have examined expression patterns of protein coding genes and small RNAs, but not long 

non-coding RNAs. 

LincRNAs (long intergenic non-coding RNAs) are a type of molecule that has 

attracted growing interest in recent years (Ariel et al. 2015; Yamada, 2017). LincRNAs 

are defined as non-coding RNAs transcribed from intergenic regions with length of 

longer than 200 nucleotides (Chekanova, 2015; Marques and Ponting, 2014; Yang et al. 

2014). In comparison to protein-coding genes, lincRNAs are often lowly expressed in a 
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tissue-specific and condition-specific manner. LincRNAs participate in diverse biological 

pathways and play many important cellular roles. For example, IPS1 (Induced by 

Phosphate Starvation 1), plays important roles in regulating Pi homeostasis by 

mimicking the target of ath-miR399 under phosphorus starvation in Arabidopsis thaliana 

(Franco-Zorrilla et al. 2007). Another example is LDMAR (long-day–specific 

male-fertility–associated RNA) that participates in the regulation of photoperiod-sensitive 

male sterility in rice (Ding et al. 2012). 

Since the first large-scale identification of lincRNAs in Arabidopsis thaliana (Liu et 

al. 2012), genome-wide identification of lincRNAs have been performed using 

transcriptome data in various plants, including rice (Zhang et al. 2014), maize (Li et al. 

2014), poplar (Shuai et al. 2014), tomato (Wang et al. 2016; Zhu et al. 2015) and cotton 

(Wang et al. 2015). In addition to the annotation of plant lincRNAs, these studies also 

reveal the basic features, including the short transcript length, highly tissue-specific 

expression pattern and low expression level in a variety of plant species. 

In this study, we performed genome-wide identification of lincRNAs in polyploid 

and diploid Brassica species, and then analyzed the expression of the identified 

lincRNAs after polyploidization and in response to different abiotic stresses. We analyzed 

the expression of lincRNAs in three resynthesized lines of polyploid Brassica napus and 

its diploid parents to identify differentially expressed genes. We also analyzed the effects 

of three abiotic stress conditions (heat, cold, and drought) on expression of lincRNAs. 

The results from the lincRNA analyses were compared with protein coding genes to 
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identify similarities and differences. 

 

5.2 Materials and methods 

5.2.1 RNA-seq data 

The RNA-seq data of three lines of the recently resynthesized polyploid Brassica napus 

lines (P47, P48, and P52; from Gaeta et al. 2007), along with the diploid parental species 

Brassica rapa and Brassica oleracea, were generated by Tack and Adams (unpublished 

data). Briefly, plants were grown together in growth chambers and three biological 

replicates of the first true leaves were harvested. RNA was extracted and then sequenced 

by Illumina HiSeq, with 100 bp paired end reads, at Genome Quebec. The RNA-seq data 

of the natural Brassica napus (cultivar Sentry summer rape) under abiotic stress 

treatments were generated by Lee and Adams (unpublished data). Three week old 

seedlings were subjected to the following treatments: Heat treatment was 35°C for 24 

hours, cold treatment was 4°C for 24 hours, and drought treatment was 22°C with 25% 

PEG-6000 for 24 hours. Three biological replicates were collected for each treatment and 

for untreated plants. RNA was extracted and then sequenced by Illumina HiSeq, with 100 

bp paired end reads, at Genome Quebec. 

 

5.2.2 Genome-wide identification of lincRNAs 

Reads were mapped using GSNAP (Wu and Nacu, 2010) after the removal of adaptor 

sequences. Cufflinks v2.1.1 (Trapnell et al. 2014) was used to assemble the transcripts. 
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Transcripts from different samples were combined using StringTie v1.2.2 (Pertea et al. 

2015). Transcripts derived from protein-coding genes or regions within the 500 bp 

upstream of protein-coding genes were removed using BEDTools v2.25.0 (Quinlan and 

Hall, 2010). Based on the definition of lincRNAs, transcripts with length shorter than or 

equal to 200 bp were discarded. BLASTX (Altschul et al. 1997) was run to eliminate 

transcripts with sequence similarity to protein-coding genes. Transcripts with e-value 

higher than or equal to 1e-3 were removed. Sequence analyses and format conversion 

were performed using BEDOPS v2.4.14 (Neph et al. 2012), Sambamba v0.5.9 (Tarasov 

et al. 2015), BamTools v2.3.0 (Barnett et al. 2011) and in-house scripts written in Python 

(Cock et al. 2009), Ruby (Goto et al. 2010) and R. 

 

5.2.3 Identification of lincRNA transcripts with sequence similarity to housekeeping 

RNAs, small RNAs and transposons 

LincRNAs that are potentially derived from housekeeping RNAs were identified using 

infernal v1.1 (Nawrocki and Eddy, 2013) with the cutoff value of 1e-5. Small RNAs and 

transposons in lincRNAs were detected using RepeatMasker 

(http://www.repeatmasker.org, last accessed September, 2014) with default settings. 

 

5.2.4 Identification of differentially expressed genes 

The numbers of reads mapped to each position were counted using featureCounts 

implemented in Subread v1.4.6 (Liao et al. 2013). Differentially expressed genes were 

http://www.repeatmasker.org/
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identified with DESeq (Anders and Huber, 2010) and edgeR (Robinson et al. 2010). 

LincRNAs or protein-coding genes with P-value < 0.05 and fold change > 2.0 were 

defined as differentially expressed genes. Only genes with at least 10 reads mapped in 

each replicate were used in the analysis of differential expression. 

 

5.3 Results 

5.3.1 Genome-wide identification of lincRNAs in multiple Brassica species 

To facilitate the identification of lincRNAs in Brassica, we developed a user-friendly 

pipeline linc_finder. Linc_finder performs automatic identification of lincRNAs form a 

large number of transcripts with a series of filtering including protein-coding sequences 

and transcripts derived from UTRs (Figure 5.1). We applied linc_finder to identify 

lincRNAs transcribed in the leaf tissue of several Brassica species (Materials and 

methods). 

The RNA-seq data were generated prior to this study. The data sets include the 

transcriptome data of three lines of the recently resynthesized (synthetic) Brassica napus 

and their diploid parental species (Brassica rapa and Brassica oleracea), referred to as 

the synthetic Brassica data set, and also the RNA-seq data of four different conditions of 

the natural Brassica napus, referred to as the natural Brassica napus data set. There were 

three biological replicates for the RNA-seq data of both of the synthetic Brassica data set 

and the natural Brassica napus data set. The transcriptome was assembled for each 

biological replicate. Transcripts from all transcriptomes of synthetic Brassica species and 
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the natural Brassica napus were merged respectively, which were then used in the 

identification of lincRNAs (see Materials and methods). 

By using linc_finder, we identified a total of 1,184 lincRNA loci in the synthetic 

Brassica species and 2,534 lincRNA loci in the natural Brassica napus (in four different 

conditions). In the lincRNAs of the synthetic Brassica species, 492 and 692 transcripts 

were derived from the Brassica rapa and Brassica oleracea subgenome, respectively. In 

the natural Brassica napus lincRNA sequence set, 962 and 1572 lincRNA loci were 

transcribed in the Brassica rapa subgenome and Brassica oleracea subgenome, 

respectively. For both the synthetic Brassica and the natural Brassica napus lincRNA sets, 

the subgenome of Brassica oleracea appeared to have more lincRNAs (P-value < 1e-8, 

binomial test), suggesting that lincRNAs were more likely to be derived from the B. 

oleracea subgenome than the B. rapa subgenome. 

 

5.3.2 Basic characteristics of Brassica lincRNAs 

To better understand the features of lincRNAs in Brassica, we analyzed the sequence 

length, the GC content, the intron number, the expression level and the expression 

specificity of lincRNAs and compared them with protein-coding genes. We found that 

lincRNAs appeared to have shorter sequence length and lower GC content (Figure 5.2; 

Figure 5.3). LincRNAs also contain fewer introns with 57% having a single exon (Figure 

5.2b; Figure 5.3b). Furthermore, we found that lincRNAs were expressed at lower level 

than mRNAs (Figure 5.42; Figure 5.3d). These results were consistent with previous 
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findings regarding the basic characteristics of lincRNAs in plants, suggesting a 

high-quality set of lincRNAs that we generated. 

 

5.3.3 Divergence of lincRNA expression after polyploidization 

 To assess the expression divergence of lincRNAs between the polyploid Brassica 

napus and its parental species from a quantitative perspective, we analyzed the 

differential expression pattern of lincRNAs and compared the pattern with protein-coding 

genes. Only genes with at least 10 reads mapped in all three replicates of a genotype were 

included in the differential expression analysis. Differentially expressed genes were 

identified using DESeq by comparing the expression level between the parental species 

(Brassica rapa and Brassica oleracea) and the synthetic Brassica napus (see Materials 

and methods). Differentially expressed genes were defined as genes with at least a 

two-fold change in the expression level and a P-value (FDR adjusted) lower than 0.05 

(see Materials and methods). 

The proportion of differentially expressed lincRNAs between the synthetic Brassica 

napus and the diploid parental species Brassica rapa ranged from 19.1% in Brassica 

napus P47 to 27.4% in Brassica napus P52, with an average of 23% of all of the three 

lines (Table 5.1). For protein-coding genes, on average 17.8% of genes were 

differentially expressed between Brassica rapa and the synthetic Brassica napus (Table 

5.1). Brassica napus P52 showed the highest proportion of differentially expressed 

protein-coding genes, and those from Brassica napus P48 were the least likely to show 
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differential expression with 15.4% protein-coding genes differentially expressed (Table 

5.1). These results indicated that lincRNAs were more likely to be differentially 

expressed than protein-coding genes between Brassica rapa and the synthetic polyploids. 

Also, there was more variation in regards to the proportion of differentially expressed 

lincRNAs than protein-coding genes derived from the Brassica rapa subgenome after 

polyploidization (Table 5.1). 

Among those genes that were differentially expressed, 14% of the lincRNAs were 

more highly expressed in the parental species Brassica rapa, compared with 6% of 

lincRNAs that were more highly expressed in the synthetic Brassica napus (Table 5.1). 

This result suggested that the expression of lincRNAs derived from the B. rapa 

subgenome was more likely to be down-regulated after polyploidization (P-value < 1e-5, 

binomial test). 13% of lincRNAs were differentially expressed between Brassica 

oleracea and the synthetic Brassica napus (Table 5.1), much lower than that of lincRNAs 

from the B. rapa subgenome (P-value < 1e-10, chi-squared test), indicating a lower 

expression divergence of lincRNAs derived from the B. oleracea subgenome between the 

synthetic polyploid and the parental species. 

We repeated all the above analyses using edgeR. The same criteria (see Materials and 

methods) were used to identify differentially expressed genes. The general trends 

remained the same (Table 5.2). The consistent patterns obtained by using edgeR further 

confirmed the above results. 
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5.3.4 Divergence of lincRNA expression in the natural Brassica napus after different 

stress treatments 

We investigated the expression divergence of lincRNAs in the natural Brassica 

napus among different abiotic stress conditions: drought, cold and heat. The fractions of 

differentially expressed lincRNAs varied greatly among different stress conditions. 11%, 

35% and 22% of lincRNAs were differentially expressed in the drought, the cold, and the 

heat treatments, respectively. More differentially expressed lincRNAs were 

down-regulated in the cold and drought treatments whereas the opposite pattern was 

observed in the heat treatment (Table 5.3). In addition, we compared differentially 

expressed genes between lincRNAs and protein-coding genes. We found that lincRNAs 

were more likely to be differentially expressed in all of the three stress conditions than 

were protein coding genes (Table 5.3). We repeated all the above analyses by using 

edgeR in the identification of differentially expressed genes and similar results were 

observed (Table 5.4). 

We also analyzed the contribution of different subgenomes to the differential 

expression of lincRNAs in the natural Brassica napus. The subgenome of Brassica 

oleracea was found to have more differentially expressed lincRNAs than the subgenome 

of Brassica rapa (Table 5.5). We also calculated the relative proportion of differentially 

expressed lincRNAs for each subgenome to examine whether lincRNAs from one 

subgenome were more likely to be differentially expressed (Table 5.5). No significant 

difference was found in regards to the relative proportion of differentially expressed 
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lincRNAs between the two subgenomes. We repeated the analysis using edgeR which 

rendered similar results (Table 5.6). 

 

5.4 Discussion 

5.4.1 Identification of lincRNA transcripts from transcriptome data 

There are several bioinformatic tools that have been designed for the identification of 

lincRNAs. However, specific caution needs to be paid when existing software are directly 

used to identify lincRNAs for the following reasons. First, lincRNA research is a novel 

area and the definition of lincRNAs is still evolving. Some ‘lincRNAs’ identified in the 

very early studies may not meet the current requirements for lincRNAs. For example, a 

careful analysis of the lincRNA data sets identified by (Liu et al. 2012) revealed that 10% 

of the identified lincRNAs are likely derived from protein-coding genes. Second, 

different categories of long non-coding RNAs (e.g. lincRNAs, intronic lncRNAs, and 

anti-sense lncRNAs) may be mixed all together in some software (Li et al. 2014). A 

careful examination of the results may be necessary to distinguish between different 

categories of long non-coding RNAs. Last, software originally designed for animal 

species might not be suitable for plants. 

To generate a set of lincRNA sequences of high quality for Brassica, I developed a 

computational pipeline linc_finder. linc_finder integrates the results of multiple software, 

and generates a set of high-quality lincRNAs after a series of rigorous filtering steps. 

Users can specify different arguments in the identification of lincRNAs including the 
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minimum distance between a lincRNA and a protein-coding gene, the e-value cut off in 

BLASTX searches, and the stringency level of lincRNAs. 

 

5.4.2 Expression divergence of lincRNAs between the synthetic polyploid Brassica 

napus lines and their diploid parents 

By analyzing the lincRNA data sets in the three resynthesized Brassica napus lines and 

their parental species Brassica rapa and Brassica oleracea, we show considerable 

expression divergence of lincRNAs after polyploidization. A considerable proportion of 

protein-coding genes have been shown previously to diverge in expression after 

polyploidization, compared with the parental diploid species, in various resynthesized 

and natural polyploid species. By comparing between lincRNAs and protein-coding 

genes, we found that lincRNAs showed greater divergence in expression than 

protein-coding genes. 

One of the most important functions of lincRNAs is in the regulation of the 

expression of genes in either a cis- or trans- manner (e.g., Ariel et al. 2015). Hence, the 

rapid change in the expression pattern of lincRNAs after polyploidization might affect the 

expression of many other genes. This highlights potential roles of lincRNAs in rewiring 

gene expression networks in the allopolyploid. What factors might cause expression 

changes in the polyploids compared with their parents? Divergent interactions between 

regulatory factors derived from one parental subgenome in the allopolyploids with 

regulatory elements from the other parental subgenome may alter expression levels of 
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lincRNAs. Other factors involved could be epigenetic. DNA methylation and histone 

modifications can change after polyploidy (e.g., Chen, 2007; Wang et al. 2013) and those 

epigenetic marks are known to have effects on gene expression. 

In addition, we found that lincRNAs transcribed from the subgenome of B. rapa 

were more likely to show differential expression than those transcribed from the B. 

oleracea subgenome. The same trend was also found for protein coding genes. This 

suggests different impacts of polyploidization on the genes transcribed from different 

subgenomes and that the evolutionary fates of both lincRNAs and protein-coding genes 

can be affected by the genomic environment, e.g. the subgenome from which they are 

derived. This might reflect the fractionation after allopolyploidization for lincRNAs as 

proposed in a recent study in cotton (Wang et al. 2015). 

 

5.4.3 LincRNA expression in response to stress in the natural Brassica napus 

Previous studies of diploid plants have shown differential expression of lincRNAs in 

response to stress conditions, suggesting that some lncRNAs play important roles in 

stress-response pathways (reviewed in Zhang and Chen, 2013). For example, Di et al. 

(2014) characterized 303 lncRNAs differentially expressed under stress conditions. 

in Arabidopsis thaliana. In an earlier study, Xin et al. (2011) identified 125 lncRNAs that 

were expressed under heat stress and powdery mildew infection, among which four 

lncRNAs were potential precursors of miRNA. 

By analyzing deep RNA-seq transcriptome data from polyploid Brassica napus 
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subjected to three different abiotic stress treatments, we characterized lincRNAs 

specifically expressed in response to stresses. We found that lincRNAs exhibited greater 

divergence in expression across different stresses than protein-coding genes. There were 

higher differences in drought and heat stressed plants than in cold stressed plants. Some 

of the stress-responsive lincRNAs might be involved in the regulation of responses to 

different abiotic stresses. These genes provide good candidates for future functional 

studies to further elucidate the gene expression landscape in response to abiotic stress. 
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Table 5.1 Proportions and numbers of differentially expressed lincRNAs and 

protein-coding genes in the three lines of the synthetic Brassica napus vs. their parents 

identified by DESeq. 

 

LincRNA protein-coding gene 

 

 

No. of 

genes Up Down DEGs Up Down DEGs 

Significance 

(lincRNA DEG vs. 

protein DEG) 

BR vs. 

P47 435 0.039 0.152 0.191 

 

0.085 

 

0.088 0.173 NS 

BR vs. 

P48 

 

466 0.077 0.15 0.227 

 

0.080 

 

0.074 0.154 *** 

BR vs. 

P52 

 

445 0.058 0.216 0.274 

 

0.11 0.097 0.206 *** 

BO vs. 

P47 

 

426 0.068 0.054 0.122 

 

0.040 

 

0.040 0.081 ** 

BO vs. 

P48 

 

449 0.094 0.038 0.132 

 

0.045 

 

0.028 0.073 *** 

BO vs. 

P52 

 

444 0.04 0.04 0.08 

 

0.063 

 

0.041 0.104 NS 

BR: B. rapa, BO: B. oleracea, P51: B. napus P51, P48: B. napus P48, P52: B. napus P52. 

DEG: differentially expressed gene 

Up: up-regulated gene 

Down: down-regulated gene 
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Table 5.2 Proportions and numbers of differentially expressed lincRNAs and 

protein-coding genes in the three lines of the synthetic Brassica napus vs. their parents 

identified by Edger. 

 

LincRNA protein-coding gene 

 

 

No. of 

genes Up Down DEGs Up Down DEGs 

Significance (lincRNA DEG 

vs. protein DEG) 

BR vs. P47 

435 

0.06 0.198 0.258 0.10 0.097 0.201 ** 

BR vs. P48 

466 

0.086 0.202 0.288 0.094 0.088 0.182 *** 

BR vs. P52 

445 

0.07 0.24 0.31 0.12 0.11 0.227 *** 

BO vs. P47 

426 

0.092 0.077 0.169 0.059 0.055 0.114 *** 

BO vs. P48 

449 

0.116 0.058 0.174 0.056 0.042 0.098 *** 

BO vs. P52 

444 

0.095 0.081 0.176 0.074 0.059 0.132 ** 

BR: B. rapa, BO: B. oleracea, P51: B. napus P51, P48: B. napus P48, P52: B. napus P52. 

DEG: differentially expressed gene 

Up: up-regulated gene 

Down: down-regulated gene 
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Table 5.3 Proportions and numbers of differentially expressed lincRNAs and 

protein-coding genes in the natural Brassica napus across stress conditions identified by 

DESeq. 

 

LincRNA protein-coding gene 

 

 

No. of 

genes Up Down DEGs Up Down DEGs 

Significance 

(lincRNA DEG 

vs. protein DEG) 

drought 1752 0.042 0.066 0.108 0.020 0.045 0.065 *** 

cold 1514 0.131 0.221 0.352 0.16 0.16 0.32 ** 

heat 1788 0.124 0.091 0.215 0.059 0.081 0.14 *** 

DEG: differentially expressed gene 

Up: up-regulated gene 

Down: down-regulated gene 

 

 

 

 

 

 

 

 

 

 

 



 

161 
 

Table 5.4 Proportions and numbers of differentially expressed lincRNAs and 

protein-coding genes in the natural Brassica napus across stress conditions identified by 

Edger. 

 

LincRNA protein-coding gene 

 

 

No. of 

genes Up Down DEGs Up Down DEGs 

Significance 

(lincRNA DEG 

vs. protein DEG) 

drought 1752 0.046 0.067 0.113 0.019 0.045 0.065 *** 

cold 1514 0.128 0.227 0.355 0.15 0.17 0.32 ** 

heat 1788 0.125 0.092 0.217 0.060 0.080 0.14 *** 

DEG: differentially expressed gene 

Up: up-regulated gene 

Down: down-regulated gene 
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Table 5.5 Distribution of differentially expressed lincRNAs identified by DESeq between 

different stresses in the B. rapa subgenome (BR) and B. oleracea subgenome (BO) of 

polyploid B. napus. 

 

 

Total BR BO BR_DEG BO_DEG 

BR DEG relative 

proportion 

BO DEG relative 

proportion 

drought 1752 640 1112 69 119 0.107 0.107 

cold 1514 562 952 177 356 0.314 0.37 

heat 1788 674 1114 149 235 0.221 0.211 

DEG: differentially expressed gene 
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Table 5.6 Distribution of differentially expressed lincRNAs identified by Edger between 

different stresses in the B. rapa subgenome (BR) and B. oleracea subgenome (BO) 

 

 

Total BR BO BR_DEG BO_DEG 

BR DEG relative 

proportion 

BO DEG relative 

proportion 

drought 1752 640 1112 73 125 0.114 0.112 

cold 1514 562 952 181 357 0.322 0.375 

heat 1788 674 1114 152 235 0.226 0.211 

DEG: differentially expressed gene 
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Figure 5.1 Flow chart of linc_finder. 
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Figure 5.2 Transcript length (A) , exon number (B), GC content (C),  and expression 

level (D) of lincRNAs and protein-coding genes in the three lines of the polyploid 

Brassica napus and their parents (Brassica rapa and Brassica oleracea). 
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Figure 5.3 Transcript length (A) , exon number (B), GC content (C),  and expression 

level (D) of lincRNAs and protein-coding genes in the natural Brassica napus.   
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6. Concluding chapter 

My Ph.D thesis has two themes: gene evolution after duplication in plants (Chapter 2, 4 

and 5) and the evolution of plant lincRNAs (Chapter 3, 4 and 5). Here I briefly 

summarize the contributions of my studies to the fields for each chapter. Also, the 

limitations of each study and possible future directions are discussed below. 

 

6.1 Divergence of duplicated genes through microRNA binding site divergence 

In the second chapter, I investigated the impact of microRNA binding site divergence on 

the evolution of duplicated genes in Arabidopsis thaliana and Brassica. Through the 

analysis of microRNA binding site divergence in different types of duplicated genes, I 

quantified the proportion of duplicate gene pairs with divergent microRNA binding sites. 

Most duplicated genes were found to show divergent microRNA binding sites. My 

analyses reveal the contribution of microRNA binding sites to the divergence of genes 

after duplication. Duplicated genes with divergent microRNA binding sites show more 

divergence in expression, suggesting the impact of divergence of microRNA regulation 

on the expression divergence of duplicated genes. 

 The following questions are yet to be solved in regards to miRNA binding sites in 

duplicated genes. First, there are two scenarios by which duplicated genes can show 

microRNA binding site divergence. One is that the ancestral state of the duplicated genes 

had a microRNA site and the binding site became divergent later in evolution. The other 

possibility is that neither of the two duplicated genes was regulated by microRNA(s) and 
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it is the gain of a microRNA binding site in one of them that leads to the binding site 

divergence. Although I assessed the contribution of evolutionarily young microRNAs to 

the gain of binding sites, those gains are more difficult to assess for more ancient 

microRNAs and it will require a more detailed phylogenetic approach to determine the 

ancestral state of the microRNA binding sites. Second, although the vast majority of 

duplicated genes show divergent microRNA binding sites, the genes with microRNA 

binding sites are not always the copy that is more highly expressed in a pair of duplicates. 

I think that this observation could be accounted for by the following two reasons. First, 

the expression of many miRNAs is highly tissue-specific. Thus the tissue types or 

developmental stages we sampled to analyze gene expression levels might not reflect the 

expression of genes in the tissue types where the microRNA happens to be expressed. 

Second, microRNA targets might still show a higher expression level compared with their 

non-target paralogs even though they are under the regulation of microRNAs. For 

example, it has been found that genes with microRNA binding sites have more optimal 

codons which might be associated with an increased efficiency of translation in 

Arabidopsis thaliana (Takuno and Innan 2011). 

  

6.2 LincRNA evolution in flowering plants 

In Chapter 3 and 4 I characterized evolutionary features of lincRNAs in flowering plants. 

I analyzed the sequence conservation of lincRNAs in Chapter 3. Sequences of lincRNAs 

diverge very rapidly compared with protein-coding genes and microRNAs. The analysis 
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of selection constraints on lincRNAs might be important to understanding the functions 

of lincRNAs. Unlike protein-coding genes where methods of the analysis of selection on 

the sequence have been well developed, fewer methods are available to quantify the level 

of selection on lincRNA sequences. To the best of my knowledge, the analyses on the 

identification of conserved motifs in Chapter 3 provide the first insights into the highly 

conserved regions in plant lincRNAs that are shared by multiple species. Based on the 

identification of these conserved regions, I analyzed SNP data set to assess the selection 

constraints on the conserved regions of lincRNAs. Stronger selection constraints were 

detected in the conserved regions than surrounding regions and introns. These results 

suggest that the conserved regions are likely under purifying selection and provide new 

clues to understanding lincRNA functions. It could be hypothesized that these regions 

might play sequence-specific roles whereas flanking sequences are more important at the 

structure level and are thus more flexible in sequence. 

In Chapter 3 I analyzed lincRNA data sets from five representative species of four 

plant families. However, as the original lincRNA transcripts were not always identified 

using the same criteria, and were not based on the same tissue types in all studies, caution 

should be taken when making comparison between different families. Thus the vast 

majority of the chapter aims to compare among lincRNAs, protein-coding genes and 

microRNAs from the same species rather than making conclusions on the comparison 

between different plant species and families. 

Another issue that needs to be taken into consideration is that a large portion of the 
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analyses in Chapter 3 is focused on lincRNA evolution at the sequence level. The 

expression conservation of lincRNAs was only examined between closely related species 

using the RNA-seq data from the same organ type. This is mainly due to the limited 

number of high-quality RNA-seq data sets available in plants. It is plausible that lincRNA 

homologous loci without evidence for transcription in my analyses are transcribed in 

other organ types or conditions that were not analyzed. Analysis with deeper sequencing 

data from more tissue types may help to reveal a more detailed expression landscape of 

lincRNAs. Also, although we have identified many short conserved regions in lincRNAs, 

the functions of them still remain unknown and wait to be validated by functional studies 

in the future. 

 

6.3 The evolution of lincRNAs by gene duplication 

Very few studies have investigated the origin of lincRNAs. In general, lincRNAs may 

originate by the following three ways: conversion from previous protein-coding genes, de 

novo birth, and duplication of other lincRNAs (Ulitsky and Bartel 2013). I characterized 

duplicated lincRNAs in several plant species in Chapter 4. The proportion of duplicated 

lincRNAs is generally low and varies greatly among lineages. Also, only a small 

proportion of duplicated lincRNAs are likely derived from whole-genome duplication. 

All the above characteristics are in sharp contrast to protein-coding genes. 

 Based upon the detailed identification of duplicated lincRNA data sets, I analyzed the 

expression divergence of lincRNAs and compared this pattern with protein-coding genes, 
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revealing many unique features of duplicated lincRNAs. First, the expression of 

duplicated lincRNAs showed much less correlation than for mRNAs. Second, lincRNAs 

are much more likely to show reciprocal expression patterns. Third, tandem duplicates of 

lincRNAs show the highest similarity of expression. Last, the expression divergence is 

not correlated with sequence divergence. 

The above unique features of lincRNAs are important to understand the duplication 

of lincRNAs. The large expression divergence of lincRNAs indicates that lincRNAs 

likely diverge rapidly in expression after duplication. Previous studies have pointed out 

that the expression of lincRNAs is more affected by the local chromatin environment 

(Chekanova 2015). As most duplicated lincRNAs are likely generated by interspersed 

duplication, the chromatin environment is likely to be different between the two 

duplicates, thereby resulting in the large divergence of lincRNAs at the expression level. 

The observations in regards to the high expression similarity between tandem duplicates 

of lincRNAs are very different from protein-coding genes. The finding that tandem 

duplicates of lincRNAs show the highest expression similarity might also be due to their 

similar chromatin environment. 

 

6.4 LincRNA expression evolution after polyploidization 

To better understand how the expression of lincRNAs diverges after polyploidization, as 

well as in response to abiotic stresses in a polyploid, I conducted analyses of lincRNA 

expression divergence after polyploidization in the Brassica polyploid and diploid system 
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(Chapter 5). My analyses indicate large expression divergence of lincRNAs not only after 

polyploidization but also across different stress conditions. In addition, lincRNAs show 

more divergence in expression compared with protein-coding genes. The expression 

divergence of lincRNAs between the resynthesized Brassica napus and parental species 

suggest the rapid divergence of lincRNAs soon after polyploidization. Based on the 

expression change of lincRNAs, it could be hypothesized that some lincRNAs might be 

involved in lineage-specific features, potentially underlying the phenotypic variation 

between the diploid and polyploid species, and between responses to different stress 

conditions. 

 Chapter 5 raises further questions on gene expression after polyploidization and 

under abiotic stress. Due to the availability of data, I only analyzed the gene expression in 

leaves in the Brassica polyploid system. Considering the lineage-specific and 

tissue-specific manner of lincRNA expression, it would be desirable to characterize the 

expression of lincRNAs in more tissue types and in other species. Another possible future 

direction is to investigate the mechanisms underlying the rapid expression divergence of 

lincRNAs after polyploidization and in response to stresses. It could be hypothesized that 

lincRNAs might be more affected by the changes of epigenetic status after 

polyploidization. To test this hypothesis, one may need to perform genome-wide 

identification of changes in DNA methylation and histone modification that are 

potentially associated with expression divergence of lincRNAs. 
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6.5 Concluding remarks on lincRNA evolution 

One of the important results in my dissertation is the low conservation level sequence 

and expression conservation of lincRNAs in flowering plants. Homology searches and 

phylogenetic analysis pointed out that the homologous loci of the vast majority of plant 

lincRNAs examined can only date back to species within the family. While a small 

proportion of lincRNAs likely have more ancient origins, they do not show the same 

conservation level as protein-coding genes, as indicated by their lower sequence 

similarity and shorter aligned sequences. The lack of conservation of the sequences of 

lincRNAs can be due to their rapid evolution or their recent origins. Some studies have 

suggested that some lincRNAs may be conserved in expression while diverging in 

sequence, pointing out the positional conservation of lincRNAs (Ulitsky et al. 2011; 

Mohammadin et al. 2015). Others suggested that the recent activity of transposons may 

drive the origins of lincRNAs, supporting the second scenario (Kapusta et al. 2013; Wang 

et al. 2016). Further analyses are needed to answer this question. In addition, orthologs of 

plant lincRNAs displayed very rapid expression turnover, both qualitatively and 

quantitatively,, even between very closely related species. The expression conservation 

level is, in general, higher between those species that are closely related species than 

those that are distantly related. Additionally, lineage-specific lincRNAs are expressed at 

lower levels than those conserved in distantly related species, suggesting gains of 

lincRNA expression gradually. 

My dissertation also investigated the evolution of plant lincRNAs after duplication 
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and polyploidization, providing some of the first insights into the evolution of lincRNAs 

by gene duplication in plants. The proportion of lincRNAs that are likely derived from 

gene duplication is much higher in plants than previously reported in animals. This result 

suggests different mechanisms of lincRNA evolution between plants and animals. Note 

that the proportion of duplicated lincRNAs might be larger than estimated in my 

dissertation. This is because most lincRNAs are subject to rapid sequence evolution, and 

the currently annotated lincRNA repertoires might represent a proportion of lincRNAs 

that exist due to their low expression level and high expression tissue specificity. In 

general, lincRNAs exhibit higher expression divergence between duplicates than 

protein-coding genes in the plant species surveyed in my dissertation. These results 

indicate the rapid divergence of expression after the duplication of lincRNAs. Also, 

lincRNAs showed more expression divergence than protein-coding genes between the 

diploid and polyploid Brassica species. Expression divergence between duplicated 

lincRNAs may contribute to functional divergence between them in some cases.  

Evolutionary conservation in sequences can sometimes give clues as to which 

regions are functional. I characterized a large number of short motifs that are 

evolutionarily conserved across various flowering plants, consistent with studies in 

animals (Hezroni et al. 2015). I also uncovered evidence for purifying selection on these 

sequences. These findings suggest that only a small part of the entire transcript can be 

involved in the function of the lincRNA. One possible scenario is that these conserved 

motifs may be responsible for sequence recognition whereas their fast-evolving flanking 



 

175 
 

sequences might provide structural support. Future functional studies could test these 

hypotheses. 
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