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Abstract ii

Nowadays, high throughput sequencing technologies have become essential in stud-

ies on genomics, epigenomics, and transcriptomics since they are capable of se-

quencing multiple DNA molecules in parallel, enabling hundreds of millions of

DNA molecules to be sequenced at a time. This is a great advantage which allows

HTS to be used to create large data sets, generating more comprehensive insights

into the cellular genomic and transcriptomic signatures of various diseases and

developmental stages.

Small non-coding RNAs make up much of the RNA content of a cell and have

the potential to regulate gene expression on many different levels. And it is now

possible for the sake of high-throughput sequencing techniques to assay an organ-

ism’s entire repertoire of small non-coding RNAs (ncRNAs) in an efficient and

cost-effective manner.

Due to the moderate size of small RNA-seq datasets, it is convenient and feasible

to provide free web servers to the research community that provide many basic fea-

tures of a small RNA-seq analyses, including quality control, read normalization,

ncRNA quantification, and the prediction of putative novel ncRNAs. We intro-

duced such web server plantDARIO in order to provide comprehensive analysis for

plant small non-coding RNAs (sncRNAs) which includes major modifications to

cope with plant-specific sncRNA processing.

During analysis of small non-coding RNAs, small nucleolar RNAs (snoRNAs) are

found to be the most ancient as well as conserved families amongst non-protein-

coding RNAs. SnoRNAs are ubiquitous in Archaea and Eukarya but are absent

in bacteria. Their main function is to target chemical modifications of ribosomal

RNAs. They fall into two classes, box C/D snoRNAs and box H/ACA snoR-

NAs, which are clearly distinguished by conserved sequence motifs and the type of

chemical modification that they govern. And like other small non-coding RNAs,

in animals, snoRNAs and their evolution have been studied in much detail.

However, very little attention is paid to the plant snoRNAs. In order to chart the

phylogenetic distribution of individual snoRNA families in plants, a sophisticated

approach for identifying homologs of known plant snoRNAs across the plant king-

dom is applied and we identified 296 families of snoRNAs in 24 species and traced

their evolution throughout the plant kingdom.

Many of the plant snoRNA families comprise paralogs. The sequence conservation

of snoRNAs is sufficient to establish homologies between phyla. The degree of this

conservation tapers off, however, between land plants and algae. It is also found
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that targets are well-conserved for most snoRNA families and plant snoRNAs are

frequently organized in highly conserved spatial clusters.

Since the snoRNAs are evolutionary ancient as well as conserved, it is speculated

that novel snoRNAs if predicted and provided they are not false predictions, then

they are also conserved in more than one species. In this context we applied

plantDARIO server to find novel snoRNAs from publicly available small RNA-seq

dataset and studied their phylogenetic distribution using the same sophisitcated

approach for identifying homologs of known plant snoRNAs across the plant king-

dom.

We intended to find how the novel predicted are distributed amongst the 24 species

in the plant kingdom. We find 11 novel snoRNA families classified into 9 box C/D

snoRNA families and 2 box H/ACA families along with their targets.
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Chapter 1

Introduction

Since the time of late 1800s, RNA is known, but its importance in cell functioning

has long been not discovered. During the period of 1950s, when the DNAmolecular

structure was established, and from that time RNA is proposed to be an interme-

diate molecule in the information flux between DNA and proteins. And then later,

experimental demonstration revealed that during gene expression, DNA is copied

in a molecule of messenger RNA (mRNA) that is then translated into proteins with

the help of other RNA molecules like transfer RNAs (tRNAs) and ribosomal RNAs

(rRNAs) [1]. The thought that RNAs are much more than molecules involved in

storage and transfer of information emerged with the discovery of ribozymes, RNA

molecules that have, like proteins, active roles as catalysts of chemical reactions

in cells.

The two ribozymes identified first have RNAs as substrates and are the Tetrahy-

mena intron of the 26S rRNA that is a self-sufficient catalytic unit capable of au-

toexcision and autocyclization [2], and the ribonucleoprotein, RNase P, an enzyme

containing an RNA subunit essential for the catalysis required for the synthesis

of tRNAs [3]. These discoveries clearly encouraged a variety of studies to search

for potential new roles of RNA molecules in vivo, and led to the re-evaluation of

RNAs as crucial molecules in the evolution of life. In view of the ability of RNAs

to catalyze biological reactions, it is conceivable that the first organisms could rely

only on RNA molecules and that only later an evolution of a more complex system

based on proteins is established. This hypothesis gave support to the model of a

primordial “RNA World” [4, 5].

1
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1.1 Emergence of Non-coding RNAs

Studies and research hinted towards the existence of non-coding RNAs much longer

before the non-coding RNA revolution. Back in the early period, evidences were

derived from the the labs of Phil Sharp [6] and of Louise Chow, Tom Broker, and

Rich Roberts [7] from studies of adenoviral early mRNAs from the labs of Phil

Sharp and of Louise Chow, Tom Broker, and Rich Roberts which showed that

final mRNAs can be formed from the transcript stretches arising from distinct

and distant portions of the viral genome (exons) when pieced together. This led

to the question whether any jumping RNA polymerases are responsible for such

results but then appar- ently the hnRNAs are found to be full-length transcripts

with the excision and discard of intron sequences which also explains that newly

synthesized RNA documented for mammalian cell nuclei have been hugely wasted.

But all these findings directed to the single question that what kind of cellular

machinery could be responsible behind all these actions? Finally, the evidence of

non-coding RNAs (ncRNAs) answered of all these questions. Earlier studies had

uncovered the presence of small (100–300 nt) highly abundant U-rich RNAs in the

nuclei of vertebrate cells [8, 9] and led to the discovery of non-coding RNAs.

Soon after the discovery of ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs)

in 1950s, the central roles of these principal RNA participants in gene expression

and protein synthesis is firmly established [2].

Non-coding RNAs (ncRNAs) are functional RNA molecules that are transcribed

from DNA but are not translated into proteins (see in 1.1)(adapted from [10])

In general ncRNAs function to regulate gene expression at the transcriptional

and post-transcriptional level, getting involved in the chain process of central

dogma from transcription to splicing to translation and contributing to genome

organization and stability.

Non-coding RNAs also play role in RNA editing events e.g. nucleotide exchanges

or very small (1–3 nt) insertion/deletions within an RNA transcript. It is found

that mRNAs editing in the mitochondria of kinetoplastid protozoa can result in

alteration of as many as 50% of the coding nucleotides. Short (40–80 nt) guide

(g)RNAs actively participate in base pairing with the editing sites to direct the

action of endonucleases and U-specific exonucleases or TUTases (terminal uridylyl

transfer- ases), executing the deletion or insertion of U residues [11].
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RNA

Figure 1.1: From genes to non-coding RNAs

The ncRNAs can be divided into many classes depending on their size and func-

tion. The short length small non-coding RNAs belong to one of the classes of the

ncRNAs.

1.2 Small non-coding RNAs

The discovery of small ncRNAs in recent years has shaken the world of RNAs,

bringing to the limelight very tiny yet powerful regula- tors of gene expression.

The characteristic features of small ncRNAs are their short length (20–30 nt) and

their function in regulating gene expression. In addition to these defining features,

different classes of small ncRNAs guide diverse as well as complex schemes of gene

regulation [12]. Amongst the small non-coding RNAs siRNAs, snRNAs, rRNAs,

tRNAs, miRNAs and snoRNAs are the small RNAs which are commonly known

and are the focus of the study (especially the last two).

Since the literature keeps on growing in case of small ncRNAs, various newer

acronyms, such as piRNA (Piwi-interacting RNA), rasiRNA (repeat-associated
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siRNA), tasiRNA (trans-acting siRNA), natsiRNA (natural an-tisense transcript

siRNA), hcsiRNA (heterochromatic siRNA), scnRNA (small scan RNA), 21U

RNA (21-mer with 5 uridine), and qiRNA (QDE2-interacting small RNA) have

also found their place in the literature and many more yet to be added in the near

future.

1.3 Plant small non-coding RNAs

The universe of plant sncRNAs (small non-coding RNAs) is much more complex

and diverse than its counterpart in animals. Longer approximately or perfectly

doublestranded RNA (dsRNA) precursors are cut by Dicerlike (DCL) proteins into

small RNA duplexes [13].

So, these small RNA duplexes are produced intitially and then, later, one strand

from the initial duplex becomes associated with an Argonaute(AGO) protein. In-

terestingly, the small RNAs are diversified based on the duplication of genes en-

coding DCLs and RNA-dependent RNA polymerase (RDRs) [14, 15].

The AGOs are diverse in types as well, which result in the development of distinct

gene-silencing processes depending on differential AGO affinities to small RNAs

[16]. The small RNAs bound to AGOs hybridize the target RNAs and upon

successful paring, the AGO protein directly catalyzes the repressive activities on

the target. The repression of the AGO-organized target can take place at the

levels of repressive chromatin modifications, decreased RNA stability, and lowered

translational efficiency. Hence, the AGObound smallRNA ensemble in any specific

plant is considered a reservoir of negative regulators of specific sequences [13].

The small RNA duplexes can be loaded onto different classes of Argonaute (AGO)

proteins present in complexes of different functions that mediate the interaction

of the incorporated smRNAs with their targets. For e.g. AGO1 acts mainly in

microRNA (miRNA) pathways for post-transcriptional gene silencing (PTGS)

[17]. In case of miRNA duplexes, while the guide strands are incorporated into

AGO1 of the RNA-induced silencing complex (RISC), the passenger strands called

miRNA star (miRNA*) are mostly degraded [18]. Small RNAs loaded onto other

Argonaute-containing complexes have different functions, e.g. heterochromatin

maintenance.
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The role of small RNAs not only in plant development but in reproduction and

genome reprogramming marked the snoRNAs to be very significant in plants. Even

the phenotypic plasticity in plants is contributed by the large variety of small-

RNA pathways in plants and it is now known and accepted that these pathways

have evolved as cellular defence mechanism against RNA viruses and transposable

elements [19]. Later, these pathways are adapted to regulate the expression of

endogenous genes.

In contrast to animals, all the plant small RNAs are modified at the 3’-end by

2’ O methylation, since 2’ O methylation seems essential conferring stability and

pro tection from 3’ -uridylation and degradation. MiRNAs especially in plants

are generally involved in post-transcriptional gene silencing (PTGS) by transcript

cleavage or translational repression and might trigger secondary siRNA produc

tion from RNA polymerase II (Pol II)derived cleaved transcripts. It has become

quite evident that many small RNAs are involved in PTGS. However, the majority

of siRNAs in plants are associated with RNA-directed DNA methylation (RdDM)

and transcriptional gene silencing (TGS)[13].

1.3.1 Classification of plant small non-coding RNAs

The diversity of plant DCL/AGO small RNAs based primarily on their distinct

modes of biogenesis can be described by hierarchical classification (see in 1.2,

adapted from [13] ). As described, the double-stranded RNA (dsRNA) precursors

are cut by Dicer-like (DCL) proteins into small RNA duplexes and further pro-

cessed into different types of small RNAs [13]. The precursors of siRNAs consist

of dsRNA molecules (see [20] for a recent review) whereas less heavily structured

single-stranded RNAs serve as the precursors of microRNAs [21].

It is a fact that most small RNA classes generally have significant role in defence

responses as well as in epigenetic regulation. Although relative importance and

overlap varies from plant to plant species, however the consistency persists amongst

all plants [13].

As the details of the precursors of small RNAs are considered, an elementary divi-

sion seems to emerge between small RNAs derived from doublestranded precursors,

generally formed by the intermolecular hybridization of two complementary RNA

strands and the small RNAs derived from single stranded precursors that acquire
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an intramolecular, “hairpin” structure (fig:heirarchy) which is self complementary

[13].

Small RNAs derived from double-stranded RNA (dsRNA) precursors are referred

as small interfering RNAs (siRNAs), whereas the ”hairpin” singe stranded struc-

tures give rise to microRNAs (miRNAs) and the small derived from the single-

stranded precursors are again catergorized into: small nucleoar RNAs (snoRNAs),

small nuclear RNAs (snRNAs), transfer RNAs (tRNAs) and rRNAs (ribosomal

RNAs).

The precursors of siRNAs consist of dsRNA molecules (see [20] for a recent review)
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rather than more or less heavily structured single-stranded RNAs that serve as the

precursors of microRNAs [21]. The small RNA duplexes can be loaded onto differ-

ent classes of Argonaute (AGO) proteins present in complexes of different functions

that mediate the interaction of the incorporated smRNAs with their targets. For

e.g. AGO1 acts mainly in microRNA (miRNA) pathways for post-transcriptional

gene silencing (PTGS) [17]. In case of miRNA duplexes, while the guide strands

are incorporated into AGO1 of the RNA-induced silencing complex (RISC), the

passenger strands called miRNA star (miRNA*) are mostly degraded [18]. Small

RNAs loaded onto other Argonaute-containing complexes have different functions

as for example heterochromatin maintenance.

In plants, even more extensive groups of sncRNAs have been described, compris-

ing in addition a variety of distinct types of small interfering RNAs (siRNAs) such

as trans-acting siRNAs (ta-siRNAs), natural antisense siRNAs (nat-siRNAs), and

double-strand break interacting RNAs (diRNAs) [22–25]. Heterochromatic (hc-

)siRNAs are the most abundant class of small RNAs in many plants. The tran-

scripts yielding hc-siRNAs are transcribed by the plant-specific RNA polymerase

IV and enter the RNA-directed DNA methylation (RdDM) pathway, comprising

first the synthesis of dsRNA by RDR2 and subsequent cleavage by DCL3. The

resulting 24 nt long hc-siRNAs are then bound to AGO4 [26]. In contrast to miR-

NAs whose genomic loci are conserved between species, hc-siRNAs genomic loci

are not, because they overlap with transposable elements (TEs), which are known

to rapidly change their position and copy number in the genomes during plant

evolution [13].

Analyses on small RNAs are discussed in more details in chapter 2, which includes

transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), small nuclear RNAs(snRNAs),

small interfering RNAs (siRNAs), especially more about microRNAs (miRNAs)

and small nucleolar RNAs (snoRNAs). And plant snoRNAs are vividly studied,

described and analyzed in chapter 3.

1.3.2 Transfer RNAs (tRNAs)

Transfer RNA (tRNA) plays a very important role in translation of genetic infor-

mation into proteins, and understanding its molecular evolution is important if

we are to understand the genetic code. Small RNAs of about 76-90 nucleotides

termed transfer RNAs (tRNAs), act as adaptor molecules that physically link
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the nucleotide sequence containing genetic information to an amino acid during

protein synthesis [27]. In the reaction catalyzed by aminoacyl-tRNA synthetase

(aaRS), only one type of amino acid is attached to each type of tRNA [28].

The tRNAs are stucturally different in variable regions and based on that tRNAs

can be classified into two groups. Short variable region of 4–5 nucleotides known as

class I tRNAs, whereas class II tRNAs have a long variable-arm (V-arm) structure

containing ten or more nucleotides [29], and are therefore also called “V-arm-

containing tRNAs.” In class II category, tRNA(Leu), tRNA(Ser), and bacterial

and organellar tRNA(Tyr) are classified in class II, and all other tRNA isotypes

are classified in class I. The V-arm structure generally play an important role as a

recognition site for the aaRSs during the aminoacylation of class II tRNAs [30–33].

The V-arms of tRNALeu and tRNASer are found to be conserved in all organisms,

however the V-arms of archaeal and eukaryotic tRNA(Tyr) seem to be lost soon

after the separation of these domains from the domain Bacteria [34].

Nuclear or cytosolic compartments are the storage for most of the proteins required

by the plant chroloplasts or mitochondria, including the aminoacyl-transfer RNA

synthetases. However, the plant choloroplasts retain all tRNA genes and plant

mitochondria retain most tRNA genes needed for translation. The tRNAs encoded

by chloroplast and mitochondria mostly resemble their prokaryotic counterparts

and show very little homology to cytosolic species. Therefore, a plant cell contains

a variety of different tRNAs following classical structural rules [35].

The nuclear tRNA genes in plants as well as in animals and yeast found to exist as

multi gene families that are either scattered throughout the genome or found to be

clustered at single chromosomal sites. The first situation is illustrated in tobacco

nuclear tRNATyr genes where the minimal number of individual tRNA(Tyr) gene

loci appears to be about 14 [36].

The presence of ”cytosol-like” tRNAs in plant mitochondria served as the initial

evidence for tRNA import from cytosol. The genetic origin of the mitochondrial

tRNA population is diverse in case of plants, which is a striking feature in plants.

This underlines the complexity of both genetic information transfers between the

plant cell compartments and mitochondrial gene divergence during evolution [35].
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1.3.3 Ribosomal RNAs (rRNAs)

The riosomes are generally smaller in prokaryotes when compared to the eukary-

otes, with a sedimentation coefficient of 70 Svedberg units (abbreviated as 70S),

while eukaryote ribosomes have a sedimentation coefficient of 80 Svedberg units

(80S). Like the other higher eukaryotes, the nuclear RNA genes (rDNA) in higher

plants are arranged in long tandem repeating units.

The importance of ribosomal RNAs (rRNAS) is found to be very evident in evolu-

tionary biology, since the ribosomal RNA is considered the most conserved (least

variable) gene in all cells, the role of rRNAs in evolutionary biology cannot be

neglected [37]. Therefore in order to identify an organism’s taxonomic group,

calculate related groups, and estimate rates of species divergence, the genes that

encode the rRNA (rDNA) are sequenced. As a consequence, thousands of rRNA

sequences are known and stored in specialized databases such as RDP-II [38] and

the European SSU database [39].

The mature rRNAs are produced by processing of the pre-RNA, which sometimes

requires a number of snoRNAs and nucleolar proteins. The ribosomal RNAs gen-

erally complex with proteins to form large subunit (LSU) and small subunit (SSU),

and between the small and large subunits there is mRNA, and the ribosome cat-

alyzes the formation of a peptide bond between the two amino acids that are

contained in the rRNA. A ribosome also has three binding sites called A, P, and

E.

While the ribosomal subunits are quite similar between prokaryotes and eukary-

otes, the 70S ribosomes contain proportionally more RNA than protein, while the

80S ribosomes are composed of less RNA than protein [37]. In comparing the

two subunits themselves, the proportions of rRNA and protein are approximately

equal. The spacer has been most frequently designated the ”non-transcribed

spacer”. Plants generally have more rRNA genes than the other groups of or-

ganisms [40].

The 70S ribosomes have three different types of rRNA: 23S rRNA, 16S rRNA,

and 5S rRNA. There are four different types of rRNA in 80s ribosomes: 28s rRNA

(but 25-26S rRNA in plants, fungi, and protozoans), 18S rRNA, 5S rRNA, and

5.8S rRNA. The 3’ end of the 16S rRNA (in a ribosome) binds to a sequence on

the 5’ end of mRNA called the Shine-Dalgarno sequence. The 18S rRNA in most
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eukaryotes is in the small ribosomal subunit, and the large subunit contains three

rRNA species (the 5S, 5.8S and 28S rRNAs) [41].

1.3.4 microRNAs (miRNAs)

A group of sRNAs originating from endogenous loci and regulating other target

RNAs are the micro RNAs (miRNAs), which are a well-studied subset of hpRNAs

defined by the highly precise excision of one or sometimes a few functional products

[42].

Generally, plant miRNAs are 21–22 nt long mediating gene silencing at post-

transcriptional level. The major functions of miRNAs are entailing endonucleolytic

cleavage (slicing) and transla- tional repression of a target mRNA, and the miRNAs

often have a defined set of mRNA tar- gets. It is found that individual miRNA

families can be conserved over long evolutionary distances [43].

Although many animal miRNAs are derived from introns or untranslated regions of

coding messages or primary transcripts containing tandem precursors [44, 45] most

plant miRNA- encoding loci comprise independent, non-protein- coding transcrip-

tion units [46]. However, there are some known examples of transcripts harboring

tandem precursors in plants [47, 48] and precursors located in mRNA untranslated

regions.

Most plant miRNAs are generated from their own transcriptional units. The

miRNA primary transcripts contain an in- ternal stem–loop secondary structure

(miRNA pre- cursor) with the miRNA located in one of the arms.

Recognized by the miRNA processing machinery, structural determinants in the

miRNA precursors and produces staggered cleavages in the dsRNA, sepa- rated

21 nt of each other. These cuts release the miRNA together with the opposing

fragment of the precursor that is interacting with it, called miRNA* as in 1.3

(adapted from [42]).

The miRNA processing in Arabidopsis is dependent on DICER-LIKE1 (DCL1)

machinery, which is the RNAse type III that produces all cuts in the miRNA pre-

cursors [49, 50]. DCL1 acts together with the dsRNA-binding protein HYPONAS-

TIC LEAVES1 (HYL1) [51, 52] and the C2H2 zinc-finger protein SERRATE (SE)

[53, 54]
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It is presumed that DAWDLE, a DCL1 interacting protein stabilizes miRNA pri-

mary transcripts until they are processed by DCL1 [55]. There is a homolog of

the animal Exportin5 named HASTY which contributes to the levels of certain

miRNAs [56].

In case of animals, where HASTY as Exportin5 transports animal pre-miRNAs

to the cytoplasm, whereas the molecular role of HASTY is not clear in plants

since all molecular processing steps occur within plant nucleus. However, HASTY

might be associated with other cargo, such as the miRNA/miRNA*. After the

processing of the pre- cursors, the miRNA/miRNA* duplex is released [57].

When compared to plants, miRNA biogenesis is com- partmentalized in animals.

The primary transcripts are first trimmed in the nucleus to separate the stem-loop

precursor from the rest of the transcript and the process is generally achieved by

a Microprocessor complex. This complex is generally formed by an RNase III-like

enzyme termed Drosha and the dsRNA-binding protein DiGeorge syndrome criti-

cal region gene 8 (DGCR8; Pasha in Drosophila melanogaster and Caenorhabditis

elegans) [51, 58].

In general, the processing of the fold-back precursors by the RNAse III complexes

causes the release of miRNA/miRNA* duplexes (2.3), where miRNA is incorpo-

rated into an AGO complex, whereas the miRNA* is generally degraded.

The main important point is the precision in the position of the cuts along the

precursor as they determine the sequence of the miRNA and therefore its target

specificity. The selection of the position for the first cleavage reaction is of special

importance because the second cut is usually performed by measuring a fixed

distance from the end of the precursor [42].

In some cases, the biogenesis of the miRNAs could proceed by other pathways

e.g. cases have been found where recently evolved miRNAs have been shown to

depend on DCL4 rather than DCL1 in Arabidopsis thaliana[59].

Some examples are also found where the activity of Drosha can be bypassed by the

splicing machinery, generat- ing mirtrons [60, 61], which have been also described

in plants [62, 63]. However, the biogenesis of most animal and plant miRNAs is

generally canalized through Drosha and DCL1, respectively [42].

Plant microRNAs are much longer compared to animal miRNAs [43] (see in 2.3),

adapted from [42]
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The typical miRNA precursor in animals generally comprises a stem of approxi-

mately three helical turns (miRNA/miRNA* duplex plus a lower stem), a terminal

loop and long ssRNA flanking sequence (1.4a), whereas the plant miRNA precursor

seems to be different.

A plant miRNA precursor could be divided into four parts comprising a lower

stem, the miRNA/ miRNA*, an upper stem and the terminal loop. Many plant

miRNA precursors have a lower stem of 15 nt below the miRNA/miRNA* that

is followed by a large bulge [42](1.4b).

1.3.5 Small nuclear RNAs (snRNAs)

Previous studies had uncovered the presence of small (100–300 nt) highly abun-

dant U-rich RNAs in the nuclei of vertebrate cells [8, 9] and named as small

nuclear RNAs (snRNAs), which mainly form the core spilceosome, sometimes also

responsible for pre-processing of mRNA. These snRNAs are discovered to associate

tightly with a set of proteins that are targets of autoantibodies (anti-Sm) found

in patients with lupus, forming so-called Sm snRNPs [64].

The Sm proteins are now known to be related to Hfq, which binds multiple ncRNAs

in bacteria [65]. Failure to assemble snRNAs with due to a deficit in the cellular

assembly factor SMN (survival of motor neurons) leads to a devastating disease

atleast in case of animals [66].

Hence the spliceosomal RNAs U1, U2, U4, U5, U6, U11, U12, U4atac, and U6atac

grouped together with SRP RNA and RNase MRP RNA are together grouped

into the class “snRNAs” and discussed more in chapter 2.
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1.3.6 Small interfering RNAs (siRNAs)

smallRNA derived from DCL-catalyzed processing of dsRNA i.e. small-RNA tar-

geting of an initial primary transcript leads to recruitment of a RNA dependent

RNA polymerase (RDR) leading to synthesis of the complementary RNA strand

and ultimately processing of the resulting dsRNA into secondary siRNAs as men-

tioned previously [13].

Small-RNA targeting of an initial primary transcript leads to recruitment of an

RDR, synthesis of the complementary RNA strand, and processing of the resulting

dsRNA into secondary siRNAs. The three major clades of eukaryotic RDRs are

RDRα, RDRβ and RDRγ; the RDRα clade is present in the fungal, plant and

animal kingdoms, whereas RDRβ has been found in only animals and fungi and

RDRγ in only plants and fungi [14, 67]. Generally, RDR genes are found in RNA

viruses, plants, fungi, protists and some animals, but found to be absent in flies,

mice and humans [14].

The endogenous siRNAs in plants are primarily processed by DCL2, DCL3 and

DCL4, and have been categorized into secondary siRNAs. Secondary siRNAs in-

clude different subclasses, such as trans-acting siRNAs (tasiRNAs), phased siRNAs

(phasiRNAs), epigenetically activated siRNAs (easiRNAs) and natsiRNAs.

Amongst these, the most abundant small RNAs are the 24nucleotide heterochro-

matic siRNAs (hetsiRNAs), which mediate transcriptional silencing of transposons

and pericentromeric repeats through RNA-directed DNA methylation (RdDM)

[68, 69]. Heterochromatic siRNAs are generally very consistent with requirements

for specific mem- bers of the RDR, DCL, and AGO gene families. They depend

specifically on RDR2 and DCL3 for their biogenesis [70, 71] and on members of

the AGO4 clade of AGOs (AGO4, -6, and -9 in Arabidopsis) for their function.

Whereas in case of most heterochromatic siRNAs, they depend on an alternative

DNA-dependent RNA polymerase, Pol IV, for their biogenesis [72].

1.3.7 Small nucleolar RNAs (snoRNAs)

Amongst the ever-increasing number of families of small RNAs are small nucleolar

RNAs (snoRNAs) which represent an abundant class of 50-300 nucleotide trans-

acting RNAs in all eukaryotes [73] generally involved in RNA metabolism and gene
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expression in eukaryotes.

snoRNAs are found to be synthesised by two major mechanisms: i.e. the snoR-

NAs can either be directly transcribed by RNA polymerase II or produced through

splicing. In the first case the snoRNA becomes capped like all other RNA poly-

merase II products whereas in the latter, the snoRNAs are derived from introns

that are spliced out during mRNA processing (1.5 adpated from 1)

Although the snoRNAs are absent in bacteria, but are present in archae, where

they are named as sRNAs (for small RNAs) stating the ancient origin of snoRNAs

[74]. snoRNAs are composed of two subclasses, C/D snoRNAs (1.6, adapted from

[75]) and H/ACA snoRNAs (1.7, adapted from [75]), both of which have been

shown to function as guides in site-specific RNA modification [76, 77]. Mature

snoRNAs are produced by processing of a pre-snoRNA that can be polycistronic,

intronic or monocistronic [78].

A key factor in the processing of polycistronic pre-snoRNA in yeast, is Rnt1p, an

RNase III endonuclease which cleaves the pre-snoRNA and liberates the individual

snoRNA with 3’ and 5’ extensions. These extensions are eliminated by exonuclease

activities [79], whereas the mature snoRNA ends are protected by assembly of

snoRNP core proteins [80].

1https://www.nobelprize.org/educational/medicine/dna/a/translation/snorna_bio.html

https://www.nobelprize.org/educational/medicine/dna/a/translation/snorna_bio.html
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In vertebrates, mature snoRNAs are mainly produced from introns of precursors

that can be both protein-coding mRNAs or non-coding “host genes.” In contrast,

only a few snoRNAs are intronic in budding yeast and plants [78, 81]. Moreover,

the loss of introns through widespread degeneration of splicing signals has lead to

snoRNA host genes that carry snoRNAs as exons in yeast. [82].

Plant pre-snoRNAs have been detected in Cajal bodies, supporting a role in pro-

cessing [38]. In addition, there is the unexplained observation of the accumulation

of plant snoRNAs in the nucleolar cavity (a central, transcriptionally inactive re-

gion of plant nucleoli).

There is a tendency for polycistronic snoRNA precursors in general. In plants,

however, polycistronic precursors are the standard [83–85]. A curious exception

are the tRNA(Gly)-snoRNA and tRNA(Met)-snoRNA cotranscripts in dicots and

monocots, respectively [86].

In general, individual snoRNAs are excised from the precursor by RNase III en-

donucleases and are then trimmed by exonucleases [79, 87]. The mature snoRNA

ends are protected by assembly of snoRNP core proteins [80] from further degra-

dation.

1.3.7.1 Box C/D snoRNAs

The box C/D snoRNAs share the conserved sequence motif C (RUGAUGA) close to

the 5’-end and D (CUGA) near the 3’-end, which are tethered by a terminal stem-

loop (1.6). In addition, internal C’ and D’ box can be found in many of the box

C/D snoRNA. They have the same consensus sequence as C and D box, but show

more variance.

The spacing between the box C/D and D’/C’ motifs is highly conserved in archaeal

box C/D snoRNAs. The spatial positioning of the two constituent RNPs within

the sRNP complex is critical for nucleotide modification activity. The terminal

box C/D core motif is comprised of boxes C and D, whereas internally located D’

and C’ sequences usually fold to form the D’/C’ motif. Both motifs often form

a kink-turn (K-turn) motif, which is typified by two tandem-sheared G:A pairs

hydrogen-bonding across the asymmetric bulge [88–90].

In yeast and vertebrates, box-C/D snoRNAs associate with Snu13p, Nop56p,

Nop58p and Nop1p (fibrillarin in animals and plants) [91, 92]. The core snoRNP
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proteins in case of plants are highly conserved and have all been found in the

nucleolar proteome from Arabidopsis [93].

Although the plant box-C/D snoRNAs are found similar to their metazoan and

yeast counter- parts in size and structure but, in alignments, only the box-C and

-D elements, and the RNA-complementary regions are found higly conserved [83].

Generally, the assembly of C/D snoRNPs is initiated by the binding of 15.5K

protein to the kink–turn fold of C/D boxes. This 15.5K is the only core snoRNP

protein directly interacting with the snoRNA which is followed by the recruitment

of the three other core C/D snoRNP proteins. This is a process that involve ther

factors [88, 94].
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Experimental validation identified NUFIP (nuclear Fragile X mental retardation

protein- interacting protein; Rsa1 in yeast) as a central protein which directs this

process. It is found that NUFIP interacts directly with the 15.5K protein serving

as a bridge to recruit the other core proteins [95]. NUFIP is also found to be

implicated in the assembly of U4 snRNP that contains the 15.5K protein and

other nuclear RNP-containing proteins from the L7Ae family, such as NHP2 from

H/ACA snoRNPs [95].

1.3.7.2 Box H/ACA snoRNAs

The box H/ACA snoRNAs are distinguished by the presence of an ACA triplet

at their 3’-end and a characteristic hairpin-hinge-hairpin-tail secondary structure

with the H box (ANANNA) located in the hinge region [96, 97] (1.7).

The H/ACA snoRNAs associate with dyskerin/NAP57 (Cbf5p in yeast), which

is the pseudouridine synthase, NHP2, NOP10 and GAR1 [74, 77, 83]. Yeast and

vertebrate box-H/ACA snoRNAs associate with Cbf5p (NAP57 in vertebrates),

Gar1p, Nhp2p and Nop10p [81, 92]. In these complexes, Nop1p/fibrillarin is the

rRNA methylase and Cbf5/Nap57 is the rRNA pseudouridine synthase [98].

In the case of H/ACA the snoRNP assembly is directed by a different set of pro-

teins, including NAF1 (nuclear assembly factor 1), a key assembly factor both in

vertebrates and yeast (Table 1). NAF1 interacts with dyskerin/NAP57 (Cbf5p in

case of yeast) and subsequently recruits the other H/ACA core proteins. Most

importantly, NAF1 binds to the CTD (C-terminal domain) of Pol II, and the as-

sembly of H/ACA snoRNPs is tightly coupled to transcription. NAF1 binds to

one of the core proteins, NAP57, and then shuttles between nucleus and cyto-

plasm. Both proteins are equally essential for stable H/ACA RNA accumulation.

It is found that NAF1 and GAR1 bind NAP57 competitively, suggesting a se-

quential interaction [99]. It is repoted that the assembly factor Naf1p and the

core components Cbf5p and Nhp2p are generally recruited during early period

of transcription on H/ACA snoRNA genes. It is known that cotranscriptional

recruitment of Naf1p and Cbf5p is Ctk1p dependent and that Ctk1p and Cbf5p

are required for preventing the readthrough into the snoRNA downstream genes

and also known that proper cotranscriptional snoRNP assembly controls 3’-end

formation of snoRNAs [99–101].
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1.3.7.3 Functional roles of snoRNAs

Beyond their function as guides for chemical modifications, a few snoRNAs are

required for the cleavage of the ribosomal RNA precursors [102], among them in

particular the U3 and the U14 snoRNAs. As it is known that the abundant U3

and U14 snoRNAs are required for 18S rRNA production like the unique RNase

MRP snoRNA (which is involved in 25S –28S rRNA production), are conserved

in all eukaryotes including plants.

In contrast to the modification guides, these snoRNAs are essential for cell survival

in human and yeast. They are also ubiquitously present throughout eukaryotes

[91, 103, 104]. Some snoRNAs are involved in regulating gene expression, e.g. by

modulating mRNA splicing or editing [74, 77].

More recently, snoRNAs have also been identified as a source of miRNA-like small

RNAs that function in mRNA silencing found in diverse organisms from archaea
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to humans [105, 106]. SnoRNAs have even been found to be important play-

ers in cancer, suggesting that they fullfil multiple additional function in cellular

regulation [107, 108].

Prior to the divergence of Archaea from eukaryotes, the common ancestors of

snoRNAs already contained multiple snoRNA genes [109, 110]. By studying the

evolution of snoRNAs in Archaea, yeast and vertebrates, it seems to have occurred

through a repeated series of duplications, mutations and selections for their ability

to associate into stable snoRNPs and to influence ribosome assembly and function

[92, 93].

Owing to the prevalence of polyploidy in plants, there is a high degree of gene

duplication and potential gene redundancy in plant snoRNAs, providing more

opportunity to accumu- late mutations. Thus, plant snoRNA genes provide a

useful model for observing mechanisms playing important role in gene evolution

[83].

1.3.7.4 Plant Phylogeny

For the global biodiversity, climatic change is believed to be one of the major

factors which is responsible [111, 112]. Aging towards life, world’s climatic fluctu-

ations have most likely caused major extinctions [113] leading to the development

of new ecosystems and new biotic interactions are promoted leading to the evolu-

tion of novel adaptive traits. And diversification of dynamic events can be studied

through phylogenetic trees and their detail analysis.

Diverse life forms are exhibited by the green plants or termed Viridiplantae, which

are actually a clade of perhaps 500,000 species [114–116] also including some of the

smallest and largest eukaryotes [117]. According to fossil evidence the clade is at

least 750 million years old, whereas the molecular data estimated divergence time

suggest that it may be more than one billion years old [118]. But reconstructing

the phylogenetic relationships across green plants is really challenging not only

because of the age of the clade but also the extinction of major lineages and

extreme molecular rate and compositional heterogeneity [119, 120]. Two well

supported subclades of Viridiplantae, Chlorophyta and Streptophyta [121] have

been recovered from most phylogenetic analyses. Chlorophyta contain comprises of

“green algae,” and Streptophyta contain the land plants (Embryophyta), as well as
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several other lineages also considered “green algae”. Land plants include the seed

plants or the flowering plants (gymnosperms and angiosperms; Spermatophyta),

which consist of 270,000 to 450,000 species [114].

Generally the broad analyses of green plant relationships based on nuclear gene

sequence data have been largely dependent on 18S/26S rDNA sequences [122, 123].

Recent reserach and analyses have also employed numerous nuclear genes which

are involved. Studies have often used mitochondrial gene sequence as well as oher

other data [124], but the green plant phylogeny research is largely dependent on

the employed chloroplast genes (e.g.,[124, 125]). It has now also came to the

picture that sequence data too from the plastid genome have been an important

and valuable resource for transformed plant systematics. It has greatly contributed

to the current view of plant relationships.

Hence it’s a fact that detail study of phylogenetic tree from the aspect of non-

coding RNAs will also lead to more interesting facts and informations. This phy-

logenetic tree (1.8)(created through taxonomy browser, consisting of some clades

from the phylogenetic tree mentioned in [126]) seems to cover the almost all the

major clades from algae to flowering plants.

In chapter 3, this phylogentic tree (1.8) is used to study the phylogenetic distribu-

tion of plant snoRNAs leading to interesting evolutionary facts and informations

of plant snoRNA families.
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Chapter 2

plantDARIO web-server for

analyzing small non-coding RNAs

In the previous chapter, we learned about the plant small non-coding RNAs and

their classification. In this chapter we are going to learn about the analysis of

small RNA-seq data, including quality control, read normalization, ncRNA quan-

tification, and the prediction of putative novel ncRNAs with the implementation

of plantDARIO web-server.

2.1 Background of creating plantDARIOweb-server

As discussed in the previous chapter, the universe of plant sncRNAs is more com-

plex and diverse than its counterpart in animals and it has been found that plant

sncRNAs from seedlings upto inflorescences have been shown to have a broad

range of biological functions in the model plant Arabidopsis thaliana [127].

As revealed in case of animals after detailed analyses of small RNA-seq samples,

which were primarily produced with the aim of measuring miRNA expression [128,

129], are actually derived from virtually all of the housekeeping ncRNAs including

tRNAs [130, 131], snoRNAs [132, 133], and snRNAs [134, 135], as well as from

many previously undescribed genomic loci including promoters and transcriptional

termini of most protein-coding genes [136].

As discussed in case of plants, even more extensive groups of sncRNAs have been

described, comprising in addition a variety of distinct types of small interfering

23
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RNAs (siRNAs) such as trans-acting siRNAs (tasiRNAs), natural antisense siR-

NAs (natsiRNAs), and double-strand break interacting RNAs (diRNAs) [22–25].

Heterochromatic (hc-)siRNAs are the most abundant class of small RNAs in many

plants.

A large array of computational tools has been developed and published for the

analysis of the RNA-seq data, mainly focusing on the prediction and quantification

of sncRNA genes for e.g ShortStack [137], mirDeep [138], and others. There

are also tools like PsRobot [139] that combine plant small RNA annotation and

target analysis, while psRNATarget [140] and SoMART [141] are mostly concerned

with target prediction. While miRanalyzer and omiRas are the only webtools

installed and run locally, requiring more than basic computer skills. In case of

CPSS and PsRobot, the data needs to be formated to fasta format manually. The

other sncRNA prediction tools need to be downloaded, installed and run locally,

requiring more than basic computer skills.

The main drawback of all these tools are the integrated adapter clipping and read

mapping steps. Given the differences in the performance of read mappers, in

particular regarding sequences mapping multiple times and the handling of mis-

matches arising from polymorphisms [142] or editing [143]. These can be actually

problematic since different library preparations and sequencing runs which result

in sequencing data that should be handled independently, therefore it is desirable

that the researcher should use the tools of his/her choice. Furthermore, the sheer

size of the raw sequencing data (several gigabyte) compared to their mapping co-

ordinates (some megabyte) and abundances suggests the conclusion, that for a

web-tool mapping coordinates are the upload format of choice.

In 2011, DARIO a webserver was introduced for the analysis of small RNA-seq

data in animals was introduced [144] which is designed to perform quality control

of input samples along with expression analyses of annotated and user-defined

sncRNAs, as well as a prediction of new non-coding RNAs. The main feature

is that it provides exploratory analyses for mapped, but also unannotated reads.

Keeping in mind all the features of this web-service, we have modified this versatile

web server into a version which is specifically tailored to plants. And accordingly

implemented the needed modiciations in the workflow.

Since plant pre-miRNAs are much more heterogeneous than their animal counter-

parts and have a different distribution of genomics contexts in which they reside
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[44–46], hence they are more difficult to annotate [145]. In contrast to most ani-

mals, plant genomes (with the exception of Arabidopsis thaliana) are poorly an-

notated for ncRNAs and thus a careful and manual annotation of their sncRNAs

was essential.

A classification of different sncRNAs solely based in their read patterns, as it has

been used in DARIO [144], was not possible in plants. Hence, plantDARIO uses

third-party tools that also consider sequence and structure information for their

predictions. Furthermore, due to a lack of one genome browser covering all plants,

it was necessary to adapt and utilize different ones, allowing the researcher to take

a look on the read distribution of the known and newly predicted sncRNAs.

2.2 Material and Methods

The current version of plantDARIO handles data for A. thaliana (TAIR9 and

TAIR10)1, B. vulgaris (RefBeet-1.1)2 [146], and S. lycopersicum (SL2.40)3 [147].

2.2.1 Concept of Web-server and its implementation

Storing, processing, and delivering the web pages to the client are the main fea-

tures of a web-server. By the utilization of Hypertext Transfer Protocol (HTTP),

communication between client and server takes place. The HTML (HyperText

Markup Language) documents are generally delivered as pages including images,

style sheets and scripts along with text content. Sometimes multiple web servers

are used for a high traffic website [148].

Communication is initiated by a web browser or web crawler or an user agent by

making a request for a specific resource using HTTP and the server responds with

the content of that resource or an error message if unable to do so. Generally

there is a secondary server storage in the form of a real file or folder which is the

resource. In this case also, we have implemented such server storage for all the

informations (files and folders) to create the webserver plantDARIO, which can be

accessed at http://plantdario.bioinf.uni-leipzig.de/.

1ftp://ftp.arabidopsis.org
2http://bvseq.molgen.mpg.de
3http://solgenomics.net/organism/Solanum_lycopersicum/genome

http://plantdario.bioinf.uni-leipzig.de/
ftp://ftp.arabidopsis.org
http://bvseq.molgen.mpg.de
http://solgenomics.net/organism/Solanum_lycopersicum/genome
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2.2.2 The Workflow pipeline

The input by the user to the plantDARIO web-service is a list of sequencing read

positions which are mapped to one of the supported reference genomes. Data

generated from any sequencing platform and mapped with the read alignment

tool of user’s choice can be used. However, only data originating from experiments

prepared with the small RNA-seq protocol and thus predominantly covering read

lengths of about 21–26 nt can be analyzed. Mapped reads can be uploaded in

either BAM or bed format.

We provide the PERL script map2bed.pl for converting mapped reads to bed

format and for merging reads to tags, i.e., unique reads, that are represented as

coordinate pairs rather than sequences. This reduces the volume of data to be

transferred over the internet to a manageable amount: 1 GB of SAM formatted

mapper output is converted to about 15 MB of compressed bed file that can

be uploaded to plantDARIO. Additionally, user-defined annotations can easily be

added to the annotation information stored in plantDARIO’s internal database by

uploading a list of loci, again in BED format.

Figure 2.1 summarizes plantDARIO’s workflow. The usage of plantDARIO is de-

tailed on the separate help page (4).

Instead of featuring a big extensive pipeline in the workflow, we have collated

several analytical works as one step in the workflow. The first component of the

pipeline performs a global statistical analysis of the input and provides the aggre-

gate data for several quality control tools. The second component is concerned

with the quantitative expression analysis at known and user-defined loci. The third

component supports the discovery of novel microRNAs, snoRNAs, and tRNA-like

loci. Output is displayed as HTML web pages and provided as machine-readable

text files for download. A single job typically takes between 1 and 2 hours.

2.2.3 Quality control of the input data

A wide variety of errors and biases have been described in high-throuput sequenc-

ing data, which may originate from sample handling, library preparation, or the

sequencing itself. It is thus necessary to assess the quality and integrity of the

4http://plantdario.bioinf.uni-leipzig.de/help.py

http://plantdario.bioinf.uni-leipzig.de/help.py
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Figure 2.1: Workflow design of plantDARIO. Several analyses are integrated
into one step e.g. quantification, normalization processes are merged into the

step ’Measure gene expression’.

experimental data before they are analyzed for biological content [149–151]. Im-

portant measures include the number of mappable reads and the number of tags

(distinct read sequences), the distribution of read length, and the sequence com-

position of mapped reads.

A set of plots provides a convenient overview of the dataset (Figure 2.2). plantDARIO

also computes a summary of the distribution of reads among annotation items such

as introns and exons and the major classes of annotated non-coding RNAs such

as miRNA, snRNA, rRNA, tRNA, tasiRNA, and snoRNAs.

2.2.4 RNA Quantification

Mapped loci are overlapped with annotated ncRNAs. To this end, plantDARIO in-

cludes an internal database of ncRNAs comprising microRNAs from miRBase [152],
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Figure 2.2: Initial quality control. plantDARIO provides overviews of the
read length distribution, the distribution of read-length multiplicities, the dis-
tribution of genomic locations, and known annotations (separated into known
ncRNAs, exons, introns, and intergenic regions). Here, an overview of data-set

SRR952330 from A. thaliana is shown as an example.

tRNA annotations from tRNAscan-SE [153], tasiRNA annotations from TAIR 5and

tasiRNAdb 6 [154], plant specific literature data [146, 155, 156], as well as dedicated

homology-based annotations for each individual genome. This internal annotation

can be complemented by user-defined loci, which are then fully included in all

downstream analyses. To handle multiple mappings, the number of reads for each

sequence tag is divided by the number of its mapping loci, and this normalized

expression value is assigned to each mapping locus.

The webserver generates a list of expressed ncRNAs, itemized by ncRNA classes.

For each of them, a normalized expression value based on RPM (Reads per million)

and the number of mapped reads (both in raw form and normalized for multiple

mapping) is displayed.

5ftp://ftp.arabidopsis.org
6http://bioinfo.jit.edu.cn/tasiRNADatabase/

ftp://ftp.arabidopsis.org
http://bioinfo.jit.edu.cn/tasiRNADatabase/
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Figure 2.3: A link to the Ensemble genome browser
(http://plants.ensembl.org) allows the instantaneous inspection of
ncRNAs with help of ncRNA annotation tracks and conservation. The example

shows the MIR781A-2.1 locus.

In addition a link to a genome browser is generated that allows for the user to

conveniently inspect the expression pattern at each individual locus (Figure 2.3).

This can he helpful e.g. to distinguish between bona fide microRNAs from other

RNA classes in case of misannotations [157], to inspect microRNA genes for the

presence of offset RNAs [158, 159], or to look for short reads generated from the

antisense locus [160].

2.2.5 Analysis of Unannotated Loci

Mapped tags are merged to blocks and are aggregated to regions of blocks using

blockbuster [159] with default parameters. Contrary to animals, the processing

patterns of microRNAs are not very consistent in plants (Figure 2.4) so that

patterns of mapped reads alone do not allow a sufficiently accurate classification.

The same is true for snoRNAs.

Hence the prediction of microRNAs and snoRNAs is assisted by the integration

novomir [161] and snoReport [162] in plantDARIO. The tools are integrated as al-

gorithms or scripts locally and interfaced the the output internally to plantDARIO.

Both tools implement RNA folding and machine learning approaches to classify

intervals of genomic sequences. We use blockbuster to identify accumulations of

reads and then run the two tools on these loci.

http://plants.ensembl.org
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Figure 2.4: Usual read patterns of plant microRNAs. The example shows the
MIR868A-201 locus.

2.2.6 ncRNA Annotation in Solanum lycopersicum

Non-coding RNAs have not been comprehensively annotated in many published

genomes. This is also the case for S. lycopersicum, whereas most relevant annota-

tion data were already available for the arabidopsis and sugar beet genomes. Here

is the annotation track focussing on microRNAs, snoRNAs, and tRNAs for the

tomato genome roughly following the workflow employed for the annotation of the

B. vulgaris genome [146]:

1. For microRNAs, plant microRNA pre-cursors were downloaded from miRBase

and mapped against the genome using blast, employing a minimum align-

ment length of 60 nt and a sequence similarity of 80% as filter criteria.

Overlapping matches were combined.

2. For snoRNAs, all plant snoRNAs were downloaded from the Rfam database

and mapped against the genome with blast, employing a minimum align-

ment length of 70 nt and a sequence similarity of 80% as filter criteria.

Overlapping matches were combined.

3. For tRNAs, tRNAscan [153] was run against the whole genome of S. lycop-

ersicum.

The annotations can be downloaded from 7.

7http://plantdario.bioinf.uni-leipzig.de/annotations/

http://plantdario.bioinf.uni-leipzig.de/annotations/
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2.2.7 snRNA annotation in Solanum lycopersicum and

Arabidopsis thaliana

For the B. vulgaris genome, snRNAs are already annotated and available along

with other non-coding genes from the B. vulgaris resource [146]. For A. thaliana

and S. lycopersicum, snRNA covariance models were downloaded from Rfam (8),

and infernal [163] was run against the respective genomes. For the purpose of

providing a brief summary statistics, the spliceosomal RNAs U1, U2, U4, U5, U6,

U11, U12, U4atac, and U6atac are grouped together with SRP RNA and RNase

MRP RNA in the class “snRNAs”. They can be downloaded from the annotation

URL given above.

2.2.8 Genomes and Visualization

plantDARIO references to the Ensembl genome browser [164] to visualize the read

coverage at annotated loci and predictions as custom tracks for A. thaliana. This

allows an interpretation of the user data in the context of information provided

by the Gramene database [165], a resource for plant comparative genomics. For

sugarbeet and tomato, we rely on the genome browser from the B. vulgaris resource

[146] and sol genomics network (SGN) [147], respectively, for visualization.

2.2.9 Implementation Details

The technical details of plantDARIO parallel those of DARIO [144]. Web pages are

created by python scripts making use of the Mako template engine. Graphics are

created using R and the graphics package ggplot2 [166]. A queuing system is used

to distribute analysis jobs.

2.3 Results and Discussion

plantDARIO implements basic workflows for the analysis of RNA-seq data. It al-

lows the user to obtain a comprehensive overview starting after read mapping. To

demonstrate the versatility of plantDARIO we re-analyzed publicly available small

8ftp://ftp.ebi.ac.uk/pub/databases/Rfam/

ftp://ftp.ebi.ac.uk/pub/databases/Rfam/
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Table 2.1: Known and novel sncRNAs in four test datasets. For both microR-
NAs and snoRNAs, the number of expressed annotated sncRNA loci (“known”)

and the number of novel candidates (“new”) is reported.

miRNAs snoRNAs

Data Species known new known new

SRR167709 A. th. 276 121 78 348
SRR167710 A. th. 236 139 71 268

SRR786984 S. ly. 268 65 121 202

SRR868805 B. vu. 197 41 60 22

RNA-seq datasets from Arabidopsis SRR952330, [SRR167709 and SRR167710;

167], sugarbeet (SRR868805) [146], and tomato (SRR786984) [168]. We used

segemehl [169] with default parameters to map the sequencing data to the re-

spective reference genomes. Unlike many other mapping tools, segemehl has full

support for multiple-mapping reads which is very important for small RNA-seq

[170].

2.3.1 Novel miRNAs and snoRNAs

In addition to more than 200 known microRNAs, we observed more than 100

expressed putative novel microRNAs in each of the datasets. An example of a

newly predicted microRNA is shown in Figure 2.5. It represents a perfect plant

microRNA pattern as expected for sncRNAs processed by a plant dicer-like enzyme

[50], resulting in one functional arm (proper read block in the figure) in this case.

The irregular patterns found as little bumps in the structure are bulge loops or

internal loops present in the pre-miRNA structure, which are usual, i.e., which are

a thermodynamic feature of the RNA. Furthermore, the read pattern matches a

stem-loop when traced back to a likely pre-microRNA, as shown in Figure 2.5.

For snoRNAs, we observed an even larger number of candidates. An example is

detailed in Figure 2.6. The structure pattern shows a candidate snoRNA with

typical C box and D box sequence patterns close to the ends. The middle region,

presumably a loop, contains box C’ and D’ regions frequently found in box C/D

snoRNAs.
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Figure 2.5: A novel microRNA discovered by plantDARIO. Top: Visualiza-
tion of the expression profile. Bottom: Secondary structure of the predicted

microRNA precursor.
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2.3.2 Differential expression

In order to demonstrate that the output of plantDARIO is easy to use for down-

stream analyses, we compared small RNA expression for microRNA and snoRNA

in the two A. thaliana datasets SRR167709 and SSR167710 [167] representing

populations of small RNAs from Arabidopsis immature flowers of WT and drb2

mutants, respectively. The original study aimed at the antagonistic impact of

double-stranded RNA binding proteins DRB2 and DRB4 on polymerase depen-

dent siRNA levels. Figure 2.7 shows that, overall, the microRNA expression levels

correlate positively between the two data-sets for both previously annotated and

newly predicted microRNAs.
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One of the microRNAs with extreme (> 8fold) change in expression level is ath-

MIR856. This microRNA, which is predominantly expressed in the floral organ

[63], belongs to a set of microRNAs that are evolutionary transient within the

genus Arabidopsis [171, 172] and shows an exceptional evolutionary behavior with

relatively low levels of polymorphism but the highest level of divergence [173].

Surprisingly, we observe a much larger variability for the processing products of

snoRNAs. The extreme case, snoZ102 R77, is a box C/D snoRNA belonging to the

SNORD44 clan. Box C/D snoRNA CD 230 (Arabidopsis chr1 6697176 6697261)

is related to snoR16 and snoR72 families according to a search in Rfam. All these

snoRNAs have a primary function in ribosomal RNA processing [83]. Interestingly,

the examples with extreme differential expression belong to the box C/D class of

snoRNAs that is not processed by Dicer but utilizes another, hitherto unknown,

processing pathway at least in mammals [174].

2.4 Concluding Remarks

High-throughput sequencing has become the method of choice for the analysis

of transcriptome data. For the special case of small RNA-seq data, webservices
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provide a convenient means of conducting standard analyses. In this way the

user can avoid the need to install, maintain, and update an array of individual

tools. plantDARIO is such a service that, in contrast to comprehensive analysis

environments like GALAXY [175], provides a ready-to-use analysis workflow for

small RNA-seq data.

Together with precompiled sncRNA annotations this allows to inspect analysis re-

sults quickly after uploading the user data. In summary, plantDARIO provides the

user with a valuable combination of annotation-based, standardized quantitative

analysis and a simple facility for guided discoveries of novel small RNA loci.

The webservice also provides the results in a bed format, which can easily be used

for downstream analysis tasks such as the assessment of differential expression.

Using publicly available small RNA-seq data for A. thaliana we noticed extreme

differences in the levels of small RNAs processed from box C/D snoRNAs.

Some of these sncRNAs are known to have a regulatory role in animals, so it

might be of possible interest to further characterize small RNA processing from

“house-keeping ncRNAs” in plants, and plantDARIO might be a convenient and

versatile tool for this purpose.



Chapter 3

Phylogenetic distribution of plant

snoRNAs

Until this chapter, we already read about the plant small non-coding RNAs and

their analysis. In this chapter we are going to analyze and evaluate plant snoRNAs

with phylogenetic tree studying their distribution.

3.1 Background of analyzing plant snoRNAs and

their phylogenetic distribution

It is already known that small nucleolar RNAs function as guides in site-specific

RNA modification [76, 77]. They fall into two distinct classes: box H/ACA snoR-

NAs responsible for targeting pseudouridylation sites and box C/D snoRNAs

directing 2’-O-methylation of ribonucleotides and both are part of well-defined

ribonucleo-particles the snoRNPs [73].

Based on sequence similarity, snoRNAs fall into many well-defined families of

homologous genes. As a consequence of the frequent segmental, chromosomal,

and whole genome duplications in plant genome evolution, most plant snoRNA

families have multiple paralogous members both in spatial clusters and spread

throughout the genome [106]. Despite their ancient ancestry as a class [176], not

very much is known about the evolution of the individual snoRNA families.

36
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Several studies showed that many snoRNA families are conserved at phylum or

even kingdom level in animals [177], plants [83], and fungi [75]. The genome-wide

analysis of chicken snoRNAs provided direct evidence for extensive recombination

and separation of guiding function [178]. Similarly, multicellular fungi exhibit a

more complex pattern of methylation guided by box C/D snoRNAs than unicellu-

lar yeasts [179]. Nevertheless, conserved snoRNA targets typically have conserved

modification sites, although there is some redundancy and an appreciable level of

turnover throughout the animal kingdom [177].

Again matching the situation in microRNAs [180], there is good evidence for clade

specific de-novo innovation of novel snoRNA families found in fungi as well as in

humans[76, 181]. The long and the short of it is that so far there is no clear

picture if and how the evolution of plant snoRNAs differs from the situation in

fungi although a lot of data are available, dispersed throughout the literature.

However, no clue is found how snoRNAs emerges in case of plants, and we aim to

find out if clade specific innovation of snoRNA families occurs in plants too.

Although there is good evidence for the conservation of many of the chemical

modification sites on rRNAs and snRNAs between eukaryotic kingdoms [182], it

has remained an open question to what extent individual snoRNA families are

homologous at such large phylogenetic distances.

This is difficult to address since snoRNA sequences evolve quite rapidly apart

from the conserved boxes and the antisense region. To tackle this question, it is

necessary to first understand the evolutionary patterns of snoRNAs within each

kingdom in detail. Secondly, snoRNA families that originated in the eukaryotic

ancestor need to be distinguished from those that originated more recently. This

may provide an answer of how the phylogenetic distances affected the homology

of snoRNAs.

In this contribution we reconstruct the evolutionary history of snoRNAs in the

plant kingdom. Henceforth, the paper is structured in studying the phylogenetic

distribution of the snoRNA families with the identification of additional homologs

and several interesting patterns of conserved snoRNA families and spatial clusters

along with systematic tracing of the evolution of each individual snoRNA family

back to its last common ancestor.
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Figure 3.1: The heatmap (built in R with heatmap.2 version) shows the box
C/D snoRNA families and their distribution amongst the plant species. The
colour code reflects the number of box C/D paralogs found within each species.
The phylogenetic tree was constructed from recent literature and NCBI Taxon-

omy information.
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Figure 3.2: The heatmap (built in R with heatmap.2 version) shows the box
H/ACA snoRNA families and their distribution amongst the plant species. The
colour code reflects the number of box C/D paralogs found within each species.
The phylogenetic tree was constructed from recent literature and NCBI Taxon-

omy information.

3.2 Material and Methods

Data sources

We selected 24 plant species with completely sequenced genomes covering the plant

kingdom, see Figs. 3.1 and 3.2. Among crown group (living representatives of the

collection together with their ancestors back to their most recent common ancestor

as well as all of that ancestor’s descendants) eudicots, we preferentially included

species for which snoRNAs had been described in the literature.
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We collected all available plant snoRNA sequences from the SnoRNA orthologous

gene database (SNOPY [183]) and the plant snoRNA database [184]. In addition

we extracted snoRNA sequences from the literature [84, 155, 156, 185–188].

We considered only the rRNAs/snRNAs as potential targets. Ribosomal RNA

sequences of the 24 plant and red algae species are downloaded from the SILVA

database [189]. The snRNAs comprising of U1, U2, U4, U4atac, U5, U6, U6atac,

U11, and U12 are imported from datasets of the plantDARIO webserver [190].

3.2.1 Curation of initial snoRNA data

From the initial set of collected snoRNAs, the box motifs are annotated and cate-

gorized into box C/D and box H/ACA snoRNAs. The characteristic boxes (C, D’,

C’, D, H, ACA) are annotated manually using the sequence patterns as constraints

given in [191].

3.2.1.1 SnoRNA box motifs

Previous analyses from the Bachellerie laboratory showed conserved spacing be-

tween the box C/D core motif and the internal D’/C’ motif of the archaeal box

C/D snoRNAs[109]. Although alteration of D and D’ spacer distances does not

affect box C/D and D’/C’ RNP assembly, the spacer distances severely affect box

C/D and D’/C’ RNP-guided methylation of target RNAs [191].

Hence, box motives are annotated based on both known pattern of conserved nu-

cleotides and likely spacer distances, usually 12nt, between the box C/D and D’/C’

motifs. Only snoRNAs with boxes that could be annotated with high certainty

are selected for the initial query set. The sequences are then grouped into gene

families based on known orthology and sequence similarity.

3.2.2 Homology search

In the next step all snoRNA families were mapped to all plant genomes. The list

of all genomes with accession numbers is provided in Appendix A. The snoStrip

pipeline [75] was used to search each of the 24 plant genomes for homologs of each

of the query families. In a nutshell, snoStrip is an automatic annotation pipeline
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that is developed specifically for comparative genomics of snoRNAs. It first uses

both a blast search with relaxed parameters and infernal [192] to retrieve initial

candidates.

The expected boxes and the anti-sense elements were annotated based on sequence

alignments, and candidates were filtered for the presence of the boxes. Then sec-

ondary structure features are validated. In the final step a family-wide alignment

of all retained candidate sequences was calculated. The alignments produced by

snoStrip are manually inspected.

Data were then aggregated to heatmaps showing the number of family members

in each species. SnoRNA clusters were identified by proximities of genomic coor-

dinates.

The history of gains and losses in each snoRNA family was reconstructed using a

Dollo parsimony approach implemented in the ePoPe programm [193].

Since the nomenclature of plant snoRNAs only partially respects known or de-

tectable sequence homology we used a unique internal family identifier throughout

this study. These identifiers are re-translated to a consolidated family nomencla-

ture that is based, in this order, on the nomenclature for Arabidopsis, Oryza,

and Chlamydomonas. A complete table of family names and their species-specific

synonyms is provided in Appendix B.

3.3 Results and Discussion

From the intial set of collected and curated snoRNA families, snoRNAs are mapped

to all the plant genomes, family-wide alignments of all retained candidate se-

quences were calculated and finally the history of gains and losses in each snoRNA

family was reconstructed. The initial query set of 554 snoRNA genes was com-

prised of a collation of all available (plant) snoRNA databases. These sequences

were assigned to 222 box C/D and 74 box H/ACA snoRNA families after manual

curation and annotation of the box C/D and box H/ACA snoRNAs. We identified

a total of 5116 additional homologs in the 24 plant species under consideration.
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3.3.1 Heatmaps of snoRNA families

The phylogenetic distribution of the snoRNA families is shown in Figure 3.1 and

Figure 3.2 in form of heatmaps color-coding the number of family members.

3.3.2 Patterns in heatmaps of snoRNA families

Several patterns are apparent. With the exception of the highly conserved U14

family and the snoR96 family that shows a much more scattered distribution,

snoRNAs from land plants do not have identifyable homologs in green algae. Seven

families of box C/D snoRNAs (snoR28, U14, snoR13, snoR18, snoR32, U36II, and

snoR37) as well as four H/ACA snoRNA families (snoR2, snoR72, snoR96, and

snoR74) are present throughout land plants. The largest fraction of identified

snoRNAs (76 box C/D and 20 box H/ACA families) are common to the flowering

plants including both monocots and dicots.

It is possible that many of these families are in fact evolutionarily older and that

the apparent restriction to land plants or flowering plants is a consequence of the

limited sensitivity of state-of-the-art homology search methods. The consensus

box motifs within some snoRNA families are very well conserved across the plant

kingdom, see Figure 3.3 for an example.

A very interesting pattern is the large block of box C/D snoRNAs (20 families)

that is only present in monocots. A similar pattern is not visible for box H/ACA

snoRNAs. There is also no such pattern of dicot-specific box C/D snoRNAs or

dicot-specific box H/ACA snoRNAs. Hence, it is very unlikely that the monocot

specific families of box C/D snoRNAs are just an artefact caused by limitations

in the homology search method. So they should be interpreted as true monocot

innovations.

Finally, focussing on column-wise patterns we observe a systematically elevated

number of snoRNA paralogs in some species. The most prominent examples are

Brassica rapa and Digitalis purpurea among dicots, as well as Triticum aestivum

and Hordeum vulgare among monocots. By comparison with the Plant Genome

Duplication Database [194] this observation is readily explained by phylogeneti-

cally recent genome duplication or triplication events.
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Figure 3.3: Conservation pattern of snoRNA U29. In the #Boxes line nt
marked with C, D, and d belong to the box C, box D, and box D’, respectivley.
The consensus secondary structure in dot-bracket notation provides the typical
terminal stem with the unpaired nucleotides inbetween. The region upstream of
the box D’ is highly conserved. It is the putative antisense element for guiding
a modification. The region upstream of the box D is less conserved than box

D’.

3.3.3 Exceptional snoRNA families

On the other hand, there are many families with a very narrow phylogenetic distri-

bution: 27 families are found only in Arabidopsis, e.g. snoR107, 28 families appear

to be specific to Oryza, e.g. snoR146a, and 131 families appear only in Chlamy-

domonas, e.g. CrACA02. Either these sequences have evolved extremely rapidly,

essentially at neutral rates, or they are true species or genus-specific innovations.

3.3.4 snoRNA clusters

SnoRNAs that are encoded or positioned closely together in the same chromoso-

mal region are considered as “snoRNA clusters”. In order to study the long-term

integrity of those clusters we investigated representative examples: the 68 rice

snoRNA clusters described in [84]. Multiple snoRNA clusters have also been iden-

tified and studied in some detail in A. thaliana [155]. In this case, we find 10

snoRNA clusters that are conserved in rice and at least in some of the selected 24

plant species considered here, 5 of which have also been described in A. thaliana

[155].

The 10 genomic clusters involve 22 distinct snoRNA families. A subset of the

clusters comprises highly conserved snoRNAs, whereas most of the rice clusters are
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not conserved in other species. Several snoRNA families have members in distinct

clusters. Figure 3.4 summarizes the evolutionary history of “U15a-U15b-snoR7b-

snoR18b cluster” termed “cluster 5” in rice [84], which consists of U15a, U15b,

snoR7b, and snoR18b, respectively. While two members of the U15 family (U15A

and U15B) and snoR18b date back to the magnoliophyte ancestor (P.dactylifera),

snoR7b is a more recent addition, incorporated in the dicot ancestor. Its homolog

in A. thaliana was discussed in [155] as the “U15a-U15b-snoR7.1 cluster”.

The U36Ia-U36IIa-U36IIb cluster named as “cluster 1” in rice is only present in

the flowering plants (3.5).

In the snoR12-U24 cluster (“cluster 19”) (3.6), which was termed “U12.2-U24.2

cluster” in A.thaliana[155], U24 was present already in the ancestor of viridiplan-

tae. In contrast, snoR12 comparatively has its origin in mesangiospermae or the

flowering plants as seen in 3.6.

In cluster snoR22a-snoR23-snoR22b (“cluster 20”) (3.7), the A. thaliana “U32.2-

U27.2-U80.2 cluster” [155], snoR22b dating back to the magniliophyte ancestor

whereas, snoR22a appears in the monocots and also in few recent dicot plants.

However, snoR23 is the prominent addition in the dicot plants.

In cluster U27-U80b (“cluster 43”) (3.8), amongst U27 and U80b, U27 is the recent

snoRNA appearing in the mesangiospermae family, while U80b can be traced back

to magniliophyta. It is also found in A. thaliana [155] as the “U32.2-U27.2-U80.2

cluster”.

In the cluster U61-snoR14 (“cluster 49”) (3.9) corresponding to the “U61-U14.1-

U56” cluster” in A.thaliana [155], both U61 and snoR14 appear in the measan-

giospermae family, however, snoR14 is more consistently conserved in the mesan-

giospermae plant species.

Cluster snoR44-snoR17-snoR147a (“cluster 53”) (3.10) consists of snoR44, snoR17,

and snoR147. snoR147 is the ancestral snoRNA dating back to spermatophyte

ancestor, followed by snoR44 dating back to the magniliophyte ancestor, whereas

snoR17 appear to be recent emergence in the mesangiospermae or flowering plants.

snoR167-snoR47 cluster (“cluster 56”)(3.11) comprising snoR167 and snoR47,

both of them appear only in the monocots without any innovation in the recent

species.
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Figure 3.4: Evolutionary observation of snoRNA “U15a-U15b-snoR7b-
snoR18b cluster”, where we find two members of the U15 family (U15A and
U15B) and snoR18b date back to the magnoliophyte ancestor (P.dactylifera),

whereas snoR7b seems to be a recent innovation [84].
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Figure 3.5: Evolutionary observation of snoRNA “U36Ia-U36IIa-U36IIb clus-
ter”
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Figure 3.6: Evolutionary observation of snoRNA “snoR12-U24 cluster”
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Figure 3.7: Evolutionary observation of snoRNA “snoR22a-snoR23-snoR22b
cluster”
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Figure 3.8: Evolutionary observation of snoRNA “U27-U80b cluster”
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Figure 3.9: Evolutionary observation of snoRNA “U61-snoR14 cluster”
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Figure 3.10: Evolutionary observation of snoRNA “snoR44-snoR17-snoR147a
cluster”
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Figure 3.11: Evolutionary observation of snoRNA “snoR167-snoR47 cluster”
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Figure 3.12: Evolutionary observation of snoRNA “snoR53Y-U29a-U29b clus-
ter”
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Figure 3.13: Evolutionary observation of snoRNA “U43a-snoR16 cluster”
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In cluster snoR53Y-U29a-U29b cluster (“cluster 58”) (3.12), although snoR53Y

emerges in the mesangiospermae family but is not consistently conserved through-

out but also re-appears in recent dicots, whereas both U29a and U29b are restricted

to monocots.

Cluster U43a-snoR16 (“cluster 66”) (3.13) comprising U43a and snoR16, snoR16

seems to date back to magniliophyte ancestor whereas U43a although is a recent

addition but restricted to subfamily BOP Clade. This cluster is also already men-

tioned in A. thaliana [155] as “snoR16.1-U43.1 cluster”. The conservation of many

snoRNA clusters independently strongly supports the results of the homology-

based family assignments.

3.3.5 snoRNA targets

Systematic prediction of snoRNA targets in rRNAs and snRNAs showed that

known and many predicted targets are usually conserved when the snoRNA is

conserved. As an example, Figure 3.14 shows the predicted targets for snoR28 in

the ribosomal RNA 18S. While we were able to identify putative targets for most

snoRNA families, several orphan snoRNAs (where no target RNAs are found)

remain: snoR8, snoR9, snoR106, snoR107, snoR109, snoR112, CrCD72, CrCD74,

CrACA54, and CrACA55. Orphan snoRNAs for which we could not find any

rRNA or snRNA target may have a different function, e.g. they may target other

RNAs such as mRNAs, or they may act as precursor molecules for the production

of small regulatory RNAs [85].

Targets are also found to be conserved to a great extent. The target prediction

employed by the snoStrip pipeline [75] suggests that 12 of the target sites in

rRNAs are conserved throughout the plant kingdom. These 12 targest sites, from

the aspect of snoRNA families (snoR1, snoR12, snoR14, snoR15, snoR22, snoR24,

snoR28, snoR32, snoR37, snoR44, snoR59, U15) are higly conserved as well.

3.3.6 Phylogenetic tree and the evolution of snoRNA fam-

ilies

To draw a comprehensive picture of the snoRNA evolution in the 24 plant species

we used the compational approach ePoPE [193]. It implements a parsimony-based
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Figure 3.14: Conservation of the interaction between the region upstream of
D-box of snoRNA family snoR28 (right side) and the region around the 2’-O-
methylated cytosine in 18S rRNA (left side). Target RNA segment and ASE are
separated by &. The methylated residue is marked with M. The position of the
predicted modification in the 18S rRNA sequence within each species is given at
the end of each row. Red and green columns highlight conservation of the RNA-
RNA interaction. Completely conserved base pairs are shown in red. Green
columns mark base pairs with compensatory mutations. Lighter colors indicate
loss of base pairs in individual species. The gray bars at the bottom correspond
to the degree of sequence conservation. The last three snoR28 paralogs are more

divergent and presumably address different targets.

presence/absence analysis of genes within a gene family. Given the phylogenetic

tree of our plants of interest and the built alignments this program systematically

traced each individual snoRNA family back to its last common ancestor. The

ePoPE program also returns a most parsimonious solution for the history of gains

and losses of genes along the phylogenetic tree. A summary of this study over all

plant snoRNA families is given in Figures 3.15 (box C/D snoRNAs) and 3.16 (box

H/ACA snoRNAs). which includes the annotation of the last common ancestor

of this snoRNA family, the predicted number of snoRNA genes that emerged and

diverged at each branch and the number of genes that is observed in the species

(at the leafs).

3.4 Concluding Remarks

Many snoRNA families are deeply conserved in the plant kingdom. Surprisingly,

only a few families can unambiguously be traced back to the ancestor of land

plants. Some families are innovations that emerged later during plant evolution.

We hypothesize that at least 8 snoRNA families are recent innovations, i.e. snoR59,

U29, snoR72Y, snoR6, U31, snoR8, snoR23, and snoR7. This hypothesis is sup-

ported by a large group of monocot-specific snoRNAs.
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Figure 3.15: Phylogenetic tree of C/D snoRNAs of 24 plant species and red
alga (C. merolae). The phylogenetic tree was constructed from recent literature
and NCBI Taxonomy information. The species are assigned to the leaves. The
numbers summarize the results of all ePoPE runs - that trace each snoRNA
family back to its LCA and annotates the inner nodes of the tree with a putative
number of observed paralogs. Green numbers refer to the predicted number of
observed genes (families) at each node. Red numbers refer to the number of lost
genes (families) while blue numbers to the number of gained genes (families).
Prominent duplication and triplication events in certain plant species are also

depicted in the figure.
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Figure 3.16: Phylogenetic tree of H/ACA snoRNAs of 24 plant species and
red alga (C. merolae). The species are assigned to the leaves. The numbers
summarize the results of all ePoPE runs - that trace each snoRNA family back
to its LCA and annotates the inner nodes of the tree. Green numbers refer to
the predicted number of observed genes (families) at each node. Red numbers
refer to the number of lost genes (families) while blue numbers to the number of
gained genes (families). Prominent duplication and triplication events in certain

plant sepecies are depicted in the figure.
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The strong conservation of some chemical modification sites in ribosomal RNAs,

however, supports the idea that there is a core of snoRNA genes that are ubiq-

uituously present in Eukarya and possibly even in Archaea. Several interesting

patterns on snoRNA evolution in plants can be observed. Many snoRNA families

have well-identifiable paralogs. Furthermore, distinction between evolutionarily

old families and a collection of evolutionarily young innovations is observed see

Figs. 3.1 and 3.2.



Chapter 4

Prediction of novel snoRNAs in

plants

Since in the last chapter (chapter 3), we found how the annotated snoRNAs are

phylogenetically distributed and their evolutionary significance, here we intended

to find novel snoRNAs in plants and whether they are conserved to an extent like

the annotated snoRNAs.

4.1 Background

Small nucleoar RNAs (snoRNAs), although absent in bacteria but present in ar-

chae group demonstrates an ancient origin and the phylogenetic distribution of

plant snoRNAs (in chapter 3) proved the conservation of snoRNAs to an extent

along the selected plant species which includes green algae, land plants as well as

flowering plants. Therefore, since the snoRNAs are evolutionary ancient and cat-

egorized into two box C/D and box H/ACA snoRNAs, hence it is speculated that

novel predicted snoRNAs should also be conserved in more than one species un-

less they are really species specific innovation or false prediction. In this context,

we thought to implement the application of plantDARIO web server, described in

chapter 2, which is mainly used for the analysis of small RNAs in plants along

with the initial quality control and prediction of novel microRNAs and snoRNAs.

Therefore we intented to combine the studies as well as pipelines from chapter

2 and chapter 3 related to plantDARIO and Phylogenetic distribution of

60
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plant snoRNAs respectively to predict the novel snoRNAs and to find how many

of them are conserved. The plan is to combine the workflow pipelines from chapter

2 and chapter 3 in order to find whether novel snoRNAs predicted from any small

RNA-seq study can lead to other paralogs in other species and the targets as well.

4.2 Material and Methods

4.2.1 Small RNA-seq dataset

The small RNA-seq dataset from tomato, SRR786984 [168] is downloaded from

short read archive. The dataset is then analyzed, sorted then segemehl [169]

is used with default parameters to map the sequencing data to the respective

reference genome (S.lycopersicum genome). We use segemehl, since it has full

support for multiple-mapping reads which is very important for small RNA-seq

data. The actual study of SRR786984 small RNA-seq dataset aimed to examine

small RNAs from B. cinerea-treated tomato leaf and fruit tissue over a time course.

As it is already known, plantDARIO implements basic workflows for the analysis

of RNA-seq data and allows the user to obtain a comprehensive overview starting

after read mapping, we provided the already mapped RNA-seq data as input to

plantDARIO.

4.2.2 plantDARIO analysis

The plantDARIO intially assess the quality and integrity of the data before they

are analyzed further; the measures include the number of mappable reads and the

number of tags (distinct read sequences), the distribution of read length, and the

sequence composition of mapped reads (4.1). Generally a wide variety of errors

and biases have been described in high-throughput sequencing data, which may

originate from sample handling, library preparation, or the sequencing itself. It is

thus very necessary to assess the quality and integrity of the experimental data

before they are analyzed for biological content [149–151].

An overview of the dataset is obtained since plantDARIO computes a summary

of the distribution of reads among annotation items such as introns and exons;
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Figure 4.1: Initial quality control. plantDARIO provides overviews of the
read length distribution, the distribution of read-length multiplicities, the dis-
tribution of genomic locations, and known annotations (separated into known
ncRNAs, exons, introns, and intergenic regions). This is the overview of the

dataset SRR786984 from S. lycopersicum

the major classes of annotated non-coding RNAs such as miRNA, snRNA, rRNA,

tRNA, ta-siRNA, snoRNAs and predict novel miRNAs and snoRNAs. Since al-

ready discussed, that contrary to animals, the processing patterns of microRNAs

as well as snoRNAs are not very consistent in plants so that patterns of mapped

reads alone do not allow a sufficiently accurate classification. Therefore the pre-

diction of microRNAs and snoRNAs is assisted by the integration of novomir [161]

and snoReport [162] in plantDARIO as algorithms or scripts locally and interfaced

the the output internally to plantDARIO. From the output results, predicted novel

snoRNAs are derived for further study and analysis.
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4.2.3 Curation of the derived predicted snoRNA data

The predicted novel snoRNAs derived are then categorized into box C/D and

box H/ACA snoRNAs respectively, and the characteristic boxes (C, D’, C’, D, H,

ACA) are annotated manually using the sequence patterns as constraints given in

[191] in the similar way as in chapter 3.

Since from the previous analyses from the Bachellerie laboratory, it is already

known that there is conserved spacing between the box C/D core motif and the

internal D’/C’ motif of the archaeal box C/D snoRNAs[109]. Hence, the box

motifs are annotated based on both known pattern of conserved nucleotides and

likely spacer distances, usually 12nt, between the box C/D and D’/C’ motifs. Only

snoRNAs with boxes that could be annotated with high certainty are selected for

the initial query set. The sequences are then grouped into gene families based on

known orthology and sequence similarity as followed in chapter 3.

4.2.4 Homology search for predicted snoRNA data

In the next all predicted snoRNA families were mapped to all plant genomes

similarly as the annotated snoRNAs are mapped in chapter 3. The list of all

genomes with accession numbers is provided in Appendix A already mentioned

in chapter. The snoStrip pipeline [75] was used to search each of the 24 plant

genomes for homologs of each of the query families. It is an automatic annotation

pipeline that is developed specifically for comparative genomics of snoRNAs which

first uses both a blast search with relaxed parameters and infernal [192] to

retrieve initial candidates.

And then like in chapter 3, the expected boxes and the anti-sense elements were

annotated based on sequence alignments, and candidates were filtered for the

presence of the boxes. And a family-wide alignment of all retained candidate

sequences was calculated and the alignments produced by snoStrip are manually

inspected.

In the final step, data were aggregated to heatmaps showing the number of fam-

ily members in each species. SnoRNA clusters were identified by proximities of

genomic coordinates.
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4.2.5 Targets of the predicted snoRNAs

Likewise in chapter 3, we considered the rRNAs/snRNAs as potential targets.

Ribosomal RNA sequences of the 24 plant and red algae species are downloaded

from the SILVA database [189]. The snRNAs comprising of U1, U2, U4, U4atac,

U5, U6, U6atac, U11, and U12 are imported from datasets of the plantDARIO web

server [190].

4.3 Results and Discussion

4.3.1 Heatmaps of predicted snoRNA families

The obtained heatmap represents the number of novel predicted snoRNA families

and how they are distributed amongst the selected plants, 4.2. The heatmap shows

11 novel snoRNA families classified into 9 box C/D snoRNA families and 2 box

H/ACA families.

The 9 box C/D snoRNA families are found to be present only within ”Solanaceae”

family, evident in S.tuberosum and S.lycopersicum only. Perhaps these box C/D

snoRNAs are only ”Solanaceae” family clade specific innovations and we suspect

that these snoRNAs are also found in other ”Solanaceae” family members: like

eggplant (S. melongena), the pepper (Capsicum annuum), tobacco (N.tabacum,

belladonna (A.belladonna) and others. The box H/ACA snoRNA families are

found to be present comparatively in more species. The H/ACA box snoRNA, sly

HACA01 is found to be present in the red alga, green alga, land plants and the

monocots. However it is totally absent in the dicots. Whereas, sly HACA02 is

absent in red alga, green alga, land plants or monocots but mostly present in the

dicots. The targets are found to be the rRNAs.

4.3.2 Expression of predicted novel snoRNA candidates

Most of the predicted novel snoRNAs rom SRR786984 [168] are found to be ex-

pressed in the S.lycopersicum and other species where they are found. The expres-

sion of the novel snoRNAs are observed with visualization browser, see example

4.3.
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Figure 4.2: Heatmap of predicted novel snoRNAs (built in R heatmap.2 ver-
sion)

Figure 4.3 shows the expression of box H/ACA snoRNA in S.lycopersicum named

HACA 01 as found in the snoRNA heatmap. The box motifs are quite evident

and clear according to the figure which adds an extra support to the fact that the

predicted snoRNAs are presumably true and not false positives.

4.4 Concluding Remarks

It can hypothesized from the heatmap that some snoRNAs are family specific inno-

vation (mostly predicted box C/D snoRNAs) which are limited only to Solanaceae

family. Nevertheless, the predicted box H/ACA snoRNAs are found to be exten-

sively present and conserved to an extent. The box H/ACA snoRNAs show very

interesting patterns. Box H/ACA 01 snoRNA is found to be dating back to algae

species and missing in the advanced recent species. Whereas the case is vice versa
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Figure 4.3: Visualization of HACA 01 snoRNA gene expression (viewed in
IGV genome browser)

in case of box H/ACA 02. It is found only in the advanced recent species and date

back only to the Solanaceae family.

Hence, merging the pipelines of plantDARIO and phylogenetic distribution in case

of other small RNA-seq datasets can identify more new snoRNAs leading to many

interesting facts and new inputs important in plants.



Chapter 5

Conclusions

Since, high-throughput sequencing now has become one of the choicest methods

for the analysis of transcriptome data and for special case of small RNA-seq data,

web servers provide convenient means of conducting standard analyses. In fact,

web servers help to avoid the the need to install, maintain, and update an array

of individual tools. From chapter 2, we find that plantDARIO is such a web server

which provides a ready-to-use analysis workflow for small RNA-seq data. In short,

plantDARIO provides the user with a valuable combination of annotation-based,

standardized quantitative analysis and a simple facility for guided discoveries of

novel small RNA loci as well as to carry out other analyses i.e. the web server

also provides the results in a bed format, which can easily be used for downstream

analysis tasks such as the assessment of differential expression, for example 2.7,

discussed in chapter 2.

Hence, the best part is that we can even use publicly available small RNA-seq

data in order to do any comparative analysis. Using publicly available dataset

e.g. SRR167709 and SSR167710 datasets from A. thaliana, analyzing them, we

noticed extreme differences in the levels of small RNAs processed from box C/D

snoRNAs. Some of these snoRNAs are known to have a regulatory role in animals,

so it might be of possible interest to further characterize small RNA processing

from “house-keeping ncRNAs” in plants, and plantDARIO seems to be a convenient

and versatile tool which helps to serve this cause.

From the analysis of small non-coding RNAs, we observed small nucleolar RNAs

(snoRNAs) are found to be the most ancient as well as conserved families amongst

non-protein-coding RNAs. Hence we thought to use phylogenetic tree analysis

67
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in order find the distribution of snoRNAs in the plants belonging to different

hierarchical families and clades as discussed in chapter 3. The phylogenetic tree

comprises major clades from algae to the flowering plants, which is used for the

phylogenetic study of the distribution of the plant snoRNAs.

Detail study of the phylogenetic distribution in chapter 3 led to many interesting

facts and informations. Many snoRNA families are found to be deeply conserved in

the plant kingdom. However, surprisingly, only a few families can unambiguously

be traced back to the ancestor of land plants and some families are found to be

innovations that emerged later during plant evolution. We hypothesize from the

study that at least 8 snoRNA families are recent innovations, i.e. snoR59, U29,

snoR72Y, snoR6, U31, snoR8, snoR23, and snoR7, which is supported by a large

group of monocot-specific snoRNAs amongst the flowering plants.

The strong conservation of some chemical modification sites in ribosomal RNAs,

however, supports the idea that there is a core of snoRNA genes that are ubiqui-

tously present in Eukarya and possibly even in Archaea. The small size, the relative

fast rate of evolution, and limitations of available homology search techniques,

however, make it hard to directly test this hypothesis. Surprisingly, homology

search methods fail, with very few exceptions, to identify homologs of landplant

snoRNAs in green algae. We suspect, however, that this rather a limitation of the

state of the art in homology search.

Despite the limitations, several interesting patterns on snoRNA evolution in plants

are observed. Many snoRNA families also have well-identifiable paralogs. Further-

more, distinction between evolutionarily old families and a collection of evolution-

arily young innovations is observed see Figs. 3.1 and 3.2 in chapter 3. The rapidly

increasing collection of completely sequenced rosids, for example, can serve as an

excellent starting point for a systematic study of snoRNA turnover.

The main challenge in the part was the nomenclature of plant snoRNAs, since it is

often species specific and it respects only partially known orthology relationships at

the level of individual snoRNAs families. In particular, this is the case where data

go beyond the plant snoRNA database [184]. In some cases, naming convention

for different species are even contradictory. This poses a serious obstacle for large-

scale comparative studies and causes the danger of mis-interpreting the results

of comparative surveys. Hence in chapter 3, in this contribution, we used the

Arabidopsis or Oryza names for snoRNA families wherever possible based on the
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assumption that these are most widely used. A comprehensive table of synonyms

is provided in Appendix B.

The nomenclature of such type in plant snoRNAs is a great asset in order to

facilitate comparative studies. This nomenclature is (a) designed to be applicable

to all (land) plant species, (b) strives to honor homologies, and (c) distinguishes

box H/ACA and box C/D snoRNAs.

Therefore in chapter 3, we studied as well as analyzed all the available annotated

plant snoRNAs and provide a comprehensive, well curated collection of homologous

snoRNAs in 24 plant species evenly covering the plant kingdom. For each indi-

vidual snoRNA family we prepared and analyzed multiple sequence alignments in

the Rfam-compatible STOCKHOLM1 format. These alignments would only help

to count the number of species aligned but also to see how the box motifs are

conserved in the species.

Moreover, apart from the aligned sequences these files contain the predicted con-

served secondary structure and the positions of the characteristic box motifs of

snoRNAs. In addition, all data regarding target prediction, snoRNA distribution

and evolution provided valuable resourceful information regarding snoRNAs and

their evolution in the plant kingdom.

In chapter 4, we intended to find and see whether novel snoRNAs when annotated

are conserved or how they are distributed in the plant kingdom. Hence, we used

plantDARIO to predict novel snoRNAs from small RNA-seq dataset of tomato

SRR786984 [168] and studied their phylogenetic distribution. We find that some

snoRNAs are family specific innovations (most predicted box C/D snoRNAs).

Whereas the predicted box H/ACA snoRNAs are found to be extensively present

and conserved to an extent in the plant kingdom. From the genomic coordinates,

we intended to find the neighbouring genes and their nature in order to predict

the characteristics of the novel genes.

Hence to conclude overall, the study covered the types of small non-coding RNAs,

their annotations, differentiation and analyses with plantDARIO including further

analysis. The study also covered the annotated plant snoRNAs and their evolu-

tionary significance through phylogenetic distribution along with annotation and

phylogenetic distribution of novel predicted snoRNAs.

1https://en.wikipedia.org/wiki/Stockholm_format

https://en.wikipedia.org/wiki/Stockholm_format
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[40] R Appels and J Dvoŕáfik. The wheat ribosomal DNA spacer region: Its

structure and variation in populations and among species. Theor Appl

Genet, 63:337–348, 1982.

[41] J Wuyts, Y Van de Peer, T Winkelmans, and R De Wachter. The

european database on small subunit ribosomal rna. Nucleic Acids Res, 30:

183–185, 2008.

[42] N G Bologna, A L Schapire, and J F Palatnik. Processing of plant

microrna precursors. Brief Funct Genomics, 12:37–45, 2012.

[43] Y Kurihara and Y Watanabe. Processing of microrna precursors. Methods

Mol Biol, 592:231–241, 2010.

[44] R W Carthew and E J Sontheimer. Origins and mechanisms of miRNAs

and siRNAs. Cell, 136:642–655, 2009.



Bibliography 74

[45] V N Kim, J Han, and M C Siomi. Biogenesis of small RNAs in animals.

Nat Rev Mol Cell Biol, 10:126–139, 2009.

[46] E Allen, Z Xie, A M Gustafson, G H Sung, J W Spatafora, and J C

Carrington. Evolution of microRNA genes by inverted duplication of target

gene sequences in Arabidopsis thaliana. Nat Genet, 36:1282–1290, 2004.

[47] G Chuck, A M Cigan, K Saeteurn, and S Hake. The heterochronic maize

mutant corngrass1 results from overexpression of a tandem microRNA. Nat

Genet, 39:544–549, 2007.

[48] A Boualem, P Laporte, M Jovanovic, C Laffont, J Plet, J P Combier,

A Niebel, M Crespi, and F Frugier. MicroRNA166 controls root and

nodule development in medicago truncatula. PlantJ, 54:876–887, 2008.

[49] W Park, J Li, R Song, J Messing, and X Chen. CARPEL FACTORY, a

dicer homolog, and HEN1, a novel protein, act in microrna metabolism in

Arabidopsis thaliana. Curr Biol, 12:1484–1495, 2002.

[50] Y Kurihara and Y Watanabe. Arabidopsis micro-RNA biogenesis through

Dicer-like 1 protein functions. Proc Natl Acad Sci U S A, 101:12753–12758,

2004.

[51] M H Han, S Goud, L Song, and N Fedoroff. The Arabidopsis

double-stranded RNA-binding protein HYL1 plays a role in

microRNA-mediated gene regulation. Proc Natl Acad Sci U S A, 101:

1093–1098, 2004.

[52] F Vazquez, T Blevins, J Ailhas, T Boller, and F Jr. Meins. Evolution of

arabidopsis MIR genes generates novel microRNA classes. Nucleic Acids

Res, 36:6429–6438, 2004.

[53] D Lobbes, G Rallapalli, D D Schmidt, C Martin, and J Clarke.

SERRATE: a new player on the plant microRNA scene. EMBO Rep, 7:

1052–1058, 2006.

[54] L Yang, Z Liu, F Lu, A Dong, and H Huang. SERRATE is a novel nuclear

regulator in primary microRNA processing in arabidopsis. Plant J, 47:

841–850, 2006.



Bibliography 75

[55] B Yu, L Bi, B Zheng, L Ji, D Chevalier, M Agarwal, V Ramachandran,

W Li, T Lagrange, J C Walker, and X Chen. The FHA domain proteins

DAWDLE in arabidopsis and SNIP1 in humans act in small RNA

biogenesis. Proc Natl Acad Sci U S A, 105:10073–10078, 2008.

[56] M Y Park, G Wu, A Gonzalez-Sulser, H Vaucheret, and R S Poethig.

Nuclear processing and export of microRNAs in Arabidopsis. Proc Natl

Acad Sci U S A, 102:3691–3696, 2005.

[57] S Boutet, F Vazquez, J Liu, C Béclin, M Fagard, A Gratias, J B Morel,
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Appendix A: Reference genomes

of selected plant species

The list of the genomes discussed in chapter 3 as well as in chapter 4, used for of

the different selected species are downloaded from different sources and they are

cited with the sources and their accession numbers in the following page:

Species Genome Assembly Genome Source

Citrus sinensis Csinensis154 phytozome database

Arabidopsis thaliana TAIR10 ensembl database

Brassica rapa IVFCAASv1 ensembl database

Gossypium raimondii JGI v221 JGI database

Prunus persica Ppersica139 phytozome database

Medicago trunculata MedtrA173.5GCA000219495.1 ftp.jcvi.org database

Lotus japonicus Lj2.5 ftp.kazusa.or.jp database

Ricinus communis Rcommunis119 phytozome database

Vitis vinifera V.viniferaIGGP12x ensembl database

Solanum lycopersicum SL2.40 cornell database

Solanum tuberosum SolTub3.0 ensembl database

Digitalis purpurea dpaassemblyv10072011 plantbiology database

Beta vulgaris RefBeet-1.2 bvseq.molgen.mpg.de database

Hordeum vulgare ASM32608v1 ensembl database

Triticum aestivum IWGSP1 ensembl database

Oryza sativa IRGSP-1.0 ensembl database

Sorghum bicolor Sorbi1 ensembl database

Zea mays AGPv3 ensembl database

Phoenix dactylifera PdactyKAssembly1.0 cornell database

Amborella trichopoda AMTR1.0 ensembl database

Pinus taeda ptaeda.v1.0 dendrome database

Selaginella moellendorffii v1.0 ensembl database

Physcomitrella patens ASM242v1 ensembl database

Chlamydomonas reinhardtii v3.0 JGI database

Cyanidioschyzon merolae ASM9120v1 ensembl database
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snoRNA families

As discussed in chapter 3, the nomenclature of plant snoRNAs only partially re-

spects known or detectable sequence homology and so we used a unique internal

family identifier throughout the study. We provide here the complete table of

snoRNA unique internal family identifiers, types and their species-specific syn-

onyms in the corresponding sources. The nomenclature data table along with

comparisons from the different sources is attached in the following page:

snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

snoR1 AtsnoR1 — SnoR1a/snoR1 — —

C/D

snoR10 AtsnoR10 snoR10 — — —

C/D

snoR11 AtsnoR11 snoR11 — — —

C/D

snoR12 AtsnoR12 snoR12 Z131a/snoR12 — —

C/D

snoR13 AtsnoR13 snoR13 Z199a/snoR13 — —

C/D

snoR14 AtsnoR14 snoR14 snoR14 — —

C/D

snoR15 AtsnoR15 snoR15 Z101/snoR15 — —

C/D

snoR16 AtsnoR16 snoR16 snoR16 — —

C/D

snoR17 AtsnoR17 snoR17 — —

C/D

snoR18 AtsnoR18 snoR18 Z102/snoR18 — —

C/D

snoR20 AtsnoR20 snoR20 Z160a/snoR20 — —

C/D

snoR21 AtsnoR21 snoR21 Z221/snoR21 — —

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

snoR22 AtsnoR22 snoR22 Z151a/snoR22 — —

C/D

snoR23 AtsnoR23 snoR23 Z152/snoR23 — —

C/D

snoR24 AtsnoR24 snoR24 SnoR24a/snoR24 — —

C/D

snoR25 AtsnoR25 snoR25 — — —

C/D

snoR29 AtsnoR29 snoR29 Z107/snoR29 — —

C/D

snoR31 AtsnoR31 snoR31 — — —

C/D

snoR32 AtsnoR32 snoR32 — — —

C/D

snoR37 AtsnoR37 snoR37 Z157a/snoR37 — —

C/D

snoR4 AtsnoR4 snoR4 — — —

C/D

snoR44 AtsnoR44 snoR44 snoR44 — —

C/D

snoR59 AtsnoR59 snoR59 — — —

C/D

snoR64 AtsnoR64 snoR64 — — —

C/D

snoR7 AtsnoR7 snoR7 — — —

C/D

snoR8 AtsnoR8 snoR8 — — —

C/D

snoR9 AtsnoR9 snoR9 — — —

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

U27 AtU27 U27 — — —

C/D

U29 AtU29 U29 — — —

C/D

U30 AtU30 U30 — — —

C/D

U31 AtU31 U31 — — —

C/D

U33 AtU33 U33 Z195a/U33 — —

C/D

U34 AtU34 U34 Z181a/U34 — —

C/D

U35 AtU35 U35 Z228a/U35 — —

C/D

U36II AtU36 U36 U36A/U36II — —

C/D

U37 AtU37 U37 — — —

C/D

U38 AtU38 U38 — — —

C/D

U43 AtU43 U43 — — —

C/D

U49 AtU49 U49 — — —

C/D

U51 AtU51 U51 Z196a/U51 — —

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

U53 AtU53 U53 — — —

C/D

U55 AtU55 U55 — — —

C/D

U56 AtU56 U56 — — —

C/D

U61 AtU61 U61 U61/U61 — —

C/D

U80 AtU80 U80 Z193a/U80 — —

C/D

snoR38Y AtsnoR38Y snoR38Y — — —

C/D

snoR53Y AtsnoR53Y snoR53Y snoR53Y — —

C/D

AtsnoR68Y AtsnoR68Y snoR68Y — — —

C/D

snoR69Y AtsnoR69Y snoR69Y — — —

C/D

snoR39BY — snoR39BY Z125a/snoR39BY — —

C/D

snoR102 — snoR102 — — —

C/D

snoR106 — snoR106 — — —

C/D

snoR107 — snoR107 — — —

C/D

snoR108 — snoR108 — — —

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

snoR19 — snoR19 SnoR19a/snoR19 — —

C/D

snoR26 — snoR26 — — —

C/D

snoR27 — snoR27 — — —

C/D

snoR28 — snoR28 Z103a/snoR28 — —

C/D

snoR33 — snoR33 — — —

C/D

snoR34 — snoR34 — — —

C/D

snoR35 — snoR35 — — —

C/D

snoR36 — snoR36 — — —

C/D

snoR41Y — snoR41Y Z154a/snoR41Y — —

C/D

snoR58Y — snoR58Y Z200a/snoR58Y — —

C/D

snoR6 — snoR6 — — —

C/D

snoR65 — snoR65 — — —

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

snoR66 — snoR66 Z269a/snoR66 — —

C/D

snoR68 — snoR68 — — —

C/D

snoR72Y — snoR72Y — — —

C/D

snoR77Y — snoR77Y — — —

C/D

U14 — U14 Z114a/U14 — —

C/D

U15 — U15 Z104a/U15 — —

C/D

U16 — U16 — — —

C/D

U18 — U18 Z106/U18 — —

C/D

U24 — U24 Z132a/U24 — CrCD59/U24

C/D

U54 — U54 — — —

C/D

snoR60 — U60 snoR60 — —

C/D

snoR30 — snoR30 — — —

C/D

U40 — U40 Z153a/U40 — —

C/D

R72 — R72 — — —

C/D

R71 — R71 — — —

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

Z155a — — snoR36/Z155a — —

C/D

U36I — — Z100a/U36I — —

C/D

U59 — — Z159a/U59 — —

C/D

Z158a — — snoR38Ya/Z158a — —

C/D

Z226 — — snoR68Y/Z226 — —

C/D

Z122 — — snoR72Y/Z122 — —

C/D

Z111 — — snoR77Ya/Z111 — —

C/D

Z105 — — SnoR7a/Z105 — —

C/D

Z110 — — SnoR10a/Z110 — —

C/D

OssnoR17 — — snoR17 — —

C/D

Z108 — — SnoR30/Z108 — —

C/D

Z109 — — SnoR31/Z109 — —

C/D

OssnoR32 — — snoR32 — —

C/D

Z155a — — snoR36/Z155a — —

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

snoR47 — — Z271/snoR47 — —

C/D

Z134a — — SnoR64/Z134a — —

C/D

snoR120 — — Z192/sno120 — —

C/D

snoR121 — — Z118a/snoR121 — —

C/D

snoR122 — — Z119a/snoR122 — —

C/D

snoR123 — — Z121/snoR123 — —

C/D

snoR124 — — Z123/snoR124 — —

C/D

snoR125 — — Z124/snoR125 — —

C/D

snoR126a — — Z278a/snoR126a — —

C/D

snoR132a — — Z162a/snoR132a — —

C/D

snoR135a — — Z165a/snoR135a — —

C/D

snoR136a — — Z166/snoR136a — —

C/D

snoR137a — — Z168a/snoR137a — —

C/D

snoR138 — — Z170/snoR138 — —

C/D

snoR139 — — Z171/snoR139 — —

C/D

snoR140a — — Z172a/snoR140a — —

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

sno141a — — Z173a/snoR141a — —

C/D

snoR144 — — Z250/snoR144 — —

C/D

snoR145a — — Z177a/snoR145a — —

C/D

snoR146a — — Z178a/snoR146a — —

C/D

snoR147a — — Z267a/snoR147 — —

C/D

snoR148 — — Z252/snoR148 — —

C/D

snoR149a — — Z182a/snoR149a — —

C/D

snoR150a — — Z183a/snoR150a — —

C/D

snoR153 — — Z187/snoR153 — —

C/D

snoR154a — — Z188a/snoR154a — —

C/D

snoR156 — — Z190/snoR156 — —

C/D

snoR157a — — Z194a/snoR157a — —

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

snoR158a — — Z268a/snoR158a — —

C/D

snoR159a — — Z198a/snoR159a — —

C/D

snoR160a — — Z270a/snoR160a — —

C/D

snoR161a — — Z279a/snoR161a — —

C/D

snoR162a — — Z203/snoR162a — —

C/D

snoR165 — — Z225/snoR165 — —

C/D

snoR167 — — Z229/snoR167 — —

C/D

snoR169 — — Z240/snoR169 — —

C/D

snoR170 — — Z241/snoR170 — —

C/D

snoR172 — — Z243/snoR172 — —

C/D

snoR175 — — Z274/snoR175 — —

C/D

snoR176 — — Z275/snoR176 — —

C/D

Z191a — — U27/Z191a — —

C/D

OsU29 — — U29a — —

C/D

Z223a — — U38/Z223a — —

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

OsU43 — — U43 — —

C/D

Z112 — — U49/Z112 — —

C/D

OsU54 — — U54a — —

C/D

AtncR4 — — — ncR4 —

C/D

AtncR6 — — — ncR6 —

C/D

AtncR7 — — — ncR7 —

C/D

AtncR10 — — — ncR10 —

C/D

AtncR12 — — — ncR12 —

C/D

AtncR16 — — — ncR16 —

C/D

AtncR17 — — — ncR17 —

C/D

AtncR27 — — — ncR27 —

C/D

AtncR28 — — — ncR28 —

C/D

CrCD01 — — — — snoR1/CrCD01

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

CrCD02 — — — — CrCD02

C/D

CrCD03 — — — — snoR68/CrCD03

C/D

CrCD04 — — — — CrCD04

C/D

CrCD05 — — — — CrCD05

C/D

CrCD06 — — — — snoR69/CrCD06

C/D

CrCD07 — — — — snoR24/CrCD07

C/D

CrCD09 — — — — U51/CrCD09

C/D

CrCD10 — — — — snoR41Y/CrCD10

C/D

CrCD11 — — — — snoR120/snoR162/CrCD11

C/D

CrCD14 — — — — CrCD14

C/D

CrCD15 — — — — CrCD15

C/D

CrCD16 — — — — snoR13/CrCD16

C/D

CrCD17 — — — — U34/CrCD17

C/D

CrCD18 — — — — Z270/CrCD18

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

CrCD19 — — — — U54/CrCD19

C/D

CrCD20 — — — — U59/CrCD20

C/D

CrCD21 — — — — U49/CrCD21

C/D

CrCD22 — — — — snoR60/CrCD22

C/D

CrCD23 — — — — snoR130/CrCD23

C/D

CrCD24 — — — — CrCD24

C/D

CrCD25 — — — — J27/U36/CrCD25

C/D

CrCD26 — — — — U14/CrCD26

C/D

CrCD27 — — — — U35/CrCD27

C/D

CrCD28 — — — — U35/CrCD28

C/D

CrCD29 — — — — U29/CrCD29

C/D

CrCD30 — — — — U18/CrCD30

C/D

CrCD31 — — — — snoR37/CrCD31

C/D

CrCD32 — — — — snoR41YII/CrCD32

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

CrCD33 — — — — snoR66/CrCD33

C/D

CrCD34 — — — — snoR31/snoR9/CrCD34

C/D

CrCD35 — — — — snoR10/CrCD35

C/D

CrCD36 — — — — U59/CrCD36

C/D

CrCD37 — — — — U30/CrCD37

C/D

CrCD38 — — — — Z267/CrCD38

C/D

CrCD39 — — — — CrCD39

C/D

CrCD40 — — — — snoR44/CrCD40

C/D

CrCD41 — — — — CrCD41

C/D

CrCD43 — — — — snoR14/U61/CrCD43

C/D

CrCD44 — — — — snoR77Y/CrCD44

C/D

CrCD45 — — — — snoR19/crCD45

C/D

CrCD46 — — — — snoR15/CrCD46

C/D

CrCD47 — — — — CrCD47

C/D

CrCD48 — — — — U36/CrCD48

C/D

CrCD49 — — — — snoR68/CrCD49

C/D

CrCD50 — — — — U15/CrCD50

C/D

CrCD51 — — — — snoR72Y/CrCD51

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

CrCD52 — — — — CrCD52

C/D

CrCD53 — — — — U80/CrCD53

C/D

CrCD54 — — — — U80/CrCD54

C/D

CrCD55 — — — — U27/CrCD55

C/D

CrCD56 — — — — snoR53Y/CrCD56

C/D

CrCD57 — — — — U38/CrCD57

C/D

CrCD58 — — — — CrCD58

C/D

CrCD60 — — — — CrCD60

C/D

CrCD61 — — — — snoR19/CrCD61

C/D

CrCD62 — — — — snoR39BY/CrCD62

C/D

CrCD63 — — — — U43/CrCD63

C/D

CrCD64 — — — — U40/CrCD64

C/D

CrCD65 — — — — snoR133/CrCD65

C/D
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

CrCD66 — — — — CrCD66

C/D

CrCD67 — — — — snoR7/CrCD67

C/D

CrCD68 — — — — snoR38Y/snoR18/CrCD68

C/D

CrCD69 — — — — snoR29/CrCD69

C/D

CrCD70 — — — — snoR12/CrCD70

C/D

CrCD71 — — — — CrCD71

C/D

CrCD72 — — — — CrCD72

C/D

CrCD73 — — — — snoR32/CrCD73

C/D

CrCD74 — — — — CrCD74

C/D

CrCD75 — — — — CrCD75

C/D CrCD76 — — — — SnoR22/CrCD76

C/D

CrCD77 — — — — CrCD77

C/D

snoR2 — SnoR2a/U65 Z113/snoR2 — —

H/ACA

snoR5 — snoR5a SnoR5/snoR5a — —

H/ACA
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

snoR100 — snoR100 — — —

H/ACA

snoR103 — snoR103 — — —

H/ACA

snoR104 — snoR104 — — —

H/ACA

snoR109 — snoR109 — — —

H/ACA

snoR110 — snoR110 — — —

H/ACA

snoR111 — snoR111 — — —

H/ACA

snoR112 — snoR112 — — —

H/ACA

snoR72 — snoR72 — — —

H/ACA

snoR73 — snoR73 — — —

H/ACA

snoR74 — snoR74 — — —

H/ACA

snoR77 — snoR77 — — —

H/ACA

snoR78 — snoR78 — — —

H/ACA

snoR79 — snoR79 — — —

H/ACA

snoR80 — snoR80 — — —

H/ACA
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

snoR81 — snoR81 — — —

H/ACA

snoR82 — snoR82 — — —

H/ACA

snoR83 — snoR83 — — —

H/ACA

snoR84 — snoR84 — — —

H/ACA

snoR86 — snoR86 — — —

H/ACA

snoR88 — snoR88 — — —

H/ACA

snoR89 — snoR89 — — —

H/ACA

snoR90 — snoR90 — — —

H/ACA

snoR92 — snoR92 — — —

H/ACA

snoR93 — snoR93 — — —

H/ACA

snoR94 — snoR94 — — —

H/ACA

snoR95 — snoR95 — — —

H/ACA

snoR96 — snoR96 — — —

H/ACA

snoR97 — snoR97 — — —

H/ACA

snoR99 — snoR99 — — —

H/ACA

U19 — U19 — — —

H/ACA
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

AtncR1 — — — ncR1 —

H/ACA

CrACA01 — — — — snoR83/snoR82/CrACA01

H/ACA

CrACA02 — — — — CrACA02

H/ACA

CrACA03 — — — — CrACA03

H/ACA

CrACA04 — — — — CrACA04

H/ACA

CrACA05 — — — — snoR99/CrACA05

H/ACA

CrACA06 — — — — Osaca052/CrACA06

H/ACA

CrACA07 — — — — CrACA07

H/ACA

CrACA08 — — — — CrACA08

H/ACA

CrACA09 — — — — Osaca003/CrACA09

H/ACA

CrACA10 — — — — CrACA10

H/ACA

CrACA13 — — — — SnoR2/CrACA13

H/ACA

CrACA16 — — — — snoR100/CrCD16

H/ACA

CrACA18 — — — — CrACA18

H/ACA

CrACA19 — — — — CrACA19

H/ACA

CrACA21 — — — — Osaca019/CrACA21

H/ACA

CrACA22 — — — — CrACA22

H/ACA

CrACA23 — — — — CrACA23

H/ACA

CrACA24 — — — — Osaca003/CrACA24

H/ACA
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snoRNAs Plant-snoRNAdb snOPYdb O.sativa-paper A.thaliana-paper C.reinhardtii-paper

Type

CrACA26 — — — — snoR91/CrACA26

H/ACA

CrACA28 — — — — CrACA28

H/ACA

CrACA29 — — — — Osaca019/Osaca003/CrACA29

H/ACA

CrACA30 — — — — CrACA30

H/ACA

CrACA31 — — — — snoR87/CrACA31

H/ACA

CrACA32 — — — — snoR96/CrACA32

H/ACA

CrACA33 — — — — snoR91/CrACA33

H/ACA

CrACA35 — — — — CrACA35

H/ACA

CrACA36 — — — — snoR78/CrACA36

H/ACA

CrACA37 — — — — snoR86/CrACA37

H/ACA

CrACA38 — — — — Osaca053/CrACA38

H/ACA

CrACA39 — — — — Osaca025/CrACA39

H/ACA

CrACA40 — — — — SnoR82/snoR77/CrACA40

H/ACA

CrACA41 — — — — CrACA40

H/ACA

CrACA42 — — — — CrACA42

H/ACA

CrACA43 — — — — Osaca069/CrACA43

H/ACA

CrACA44 — — — — CrACA44

H/ACA

CrACA45 — — — — CrACA45

H/ACA

CrACA46 — — — — snoR83/CrACA46

H/ACA

CrACA48 — — — — CrACA48

H/ACA

CrACA50 — — — — U19/CrACA50

H/ACA

CrACA51 — — — — CrACA51

H/ACA

CrACA54 — — — — CrACA54

H/ACA
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