


Universiteit Leiden

Opleiding Informatica

Identificaton of Transposable Element Insertion

Into the enod40 RNA

Name: Diederik Cames van Batenburg
Studentnr: 1045202

Date: 20/10/2016

1st supervisor: Alexander Gultyaev

2nd supervisor: Katy Wolstencroft

BACHELOR THESIS

Leiden Institute of Advanced Computer Science (LIACS)
Leiden University

Niels Bohrweg 1

2333 CA Leiden

The Netherlands






Identificaton of Transposable Element Insertion into the Enodqo RNA

Diederik Cames van Batenburg






Abstract

The enodqo gene in plants of the Fabales order is a root organ regulation gene that contains functional noncod-
ing RNA. Whereas normal DNA is coding for proteins, noncoding RNA is folded into functional molecules.
The program Mfold generates a predicted structure from a DNA sequence and gives insight into possible
properties of noncoding RNA. Using the BLAST search algorithm on databases of sequenced genomes and
Mfold, it is possible to identify noncoding RNA homologues by considering both sequence similarity and
structure similarity. Transposable elements are short DNA sequences that can spread out in the genome
and occur many times over. They have distinct structural properties. This thesis aims to use bioinformatic
methods to identify an evolutionary process of transposable element insertion at the fourth domain of the
enod4o noncoding RNA contributing to its evolution. Results suggest that this transposable element insertion
has occured at three points in time, but there is no conclusive evidence to define the moment in evolution

precisely.
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Chapter 1

Introduction

In this chapter we introduce the concepts that are key to the problem of this thesis, the initial observation

that started it and the research question.

1.1 Noncoding RNA

Originally, the flow of genetic information within an organism was considered a single unidirectional path
from DNA to regulatory proteins [Criyo]: The DNA code is transcribed into messenger RNA which is then
translated into proteins. In this model, the “central dogma of molecular biology”, the role of RNA is restricted
to an intermediary translation step between DNA and proteins as seen in Figure 1.1a. However, during the
following 46 years it became apparent that some RNA has functionality of its own.

This “noncoding” RNA, is transcribed from DNA and folds into a functional structure spontaneously (Fig-
ure 1.1b). It consists of a single string of nucleotides with four different types of bases: Adenine(A), Urasil(U),
Cytocine(C) and Guanine(G). Just like in DNA, the molecular content and structure of each type of base give
rise to a certain affinity to lie across from certain other types, following Watson-Crick basepairing. As a result,
the RNA molecule is more likely to fold into shapes that contain many of the stable pairs A-U, C-G or U-G
than into shapes with different pairs. The configuration of paired nucleotide bases is also called the secondary
structure while its underlying sequence is the primary structure. Nucleotides in stems, long sequences of sta-
ble pairs, enhance eachothers stability because they will be oriented in a stacked manner [SWBPo1]. Other
patterns in secondary structure are illustrated in Figure 1.2. A common shape for secondary structures is a
combination of stems and loops. In this way, it is possible for DNA to code for functional RNA molecules,
based directly on the nucleotide sequence.

Naturally, as certain genes show to be dependent on noncoding RNA for their functionality, further re-
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Figure 1.1: The different pathways of genetic information expression. The original model (A) assumes all functional DNA
is transcribed into mRNA which is translated into functional proteins. Currently it is known that pathway (B) is also
possible in which RNA will be functional itself after spontaneous folding.
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Figure 1.2: Names of different patterns in secondary structure of noncoding RNA.

Any sequence of paired nucleotides of a length greater than three is called a stem (black in this illustration). Unpaired
sequences that are not part of loops or bulges are called free strands (at the base at either side of the structure).

From J.Zhang, M.Lin, R.Chen, W.Wang and ].Lang. Discrete state model and accurate estimation of loop entropy of RNA
secondary structures. Journal of Chemical Physics, 128, 2007.

search is useful for finding and understanding genes. Not only is the further research of noncoding RNA
useful in understanding gene functionality, but also its evolutionary mechanisms. It has been suggested
that noncoding RNA played a fundamental role in evolution of complexity since it is relatively prevalent in
more complex eukaryotes. Moreover, it provides an additional pathway for regulation that works parallel to

regulatory proteins [Mato4].

1.2 enod4o

The gene that is studied in this thesis is called “Early nodulation gene 40” (enod4o). This plant-wide con-
served' gene, first found in the soyabean, was subsequently encountered in most legumes and many non-
leguminous plants. The gene shows a overall maximum sequence similarity level of 30% in distantly related
species but is about 70% in closely related species (reviewed in [Ruto3]). It has a regulatory function in a

symbiosis interaction with bacteria of the Rhizobiaceae family. After detecting the bacteria, the plant forms

*A conserved gene shows relatively low variation, which implies protection by natural selection.
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specialized nodule organs at its roots providing shelter and carbon based nutrients for the bacteria. In ex-
change, the bacteria aid the plant by performing nitrogen fixation from dinitrogen into ammonia. This plays

a role in the balancing of nitrogenbased molecules called the nitrogen cycle as shown in Figure1.3.
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Figure 1.3: The nitrogen cycle. Nitrogen fixation plays an important role in the balance between gaseous and soil nitrates
that serve as plant fertilizer. Nitrogen fixation in root nodules is a way to internalize the mutually beneficial relation
between plants and nitrogen-fixing bacteria. From: Nitrous Oxide Focus Group [Groo4].

The gene is associated with regulating initiation of the nodules’ growth proces [GRG"03]. Because a small
subset of non-leguminous plants produce root nodules but most of them contain enod4o, it is expected that
enod4o also has other developmental functions(reviewed in [Ruto3]).

It has been shown that the gene codes for short peptides as well as noncoding RNA and that both are func-
tional [SJC*o1,RSM*02]. Studying this gene is well worth the effort since many species of the legume family
are highly cultivated for food production. Moreover, the function of the gene in nitrogen fixation might be of
importance for agricultural applications as a fertilising proces.

Species may contain several homologues?® of the enod4o gene. The enod4o gene contains multiple noncoding
RNA “domains” and two “regions” that have a conserved sequence as can be seen in Figure 1.4. Region I
contains a small ORF(sORF I) that translates into a short peptide of 10-15 amino acids and shows high vari-
ance [PZF*o0g]. More conserved elements are the secondary structure of the noncoding RNA domains 2 and
3 and, most of all, the sequence of region II that lies in between. This part of the sequence is therefore called
the conserved core consensus RNA structure. Certain motifs are identified that are especially conserved in
domains 2 and 3 and consist of specific bases at key positions as well as their basepairings as shown in Figure
1.4. Domain 2 has a variable length and is more conserved near the stem of the structure. The domain 4 is
not necessarily present within enodgo genes and can vary more than domain 2 and 3 between species. It has

thus far been identified only in the legume family and only in a small subset of leguminous plants. Remark-

2A gene homologue is a sufficiently similar gene so that it is considered the same gene.
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Figure 1.4: Schematic illustration of regions and domains in enod4o.
Domains designate conserved secondary structures. Nucleotides written inside domains show conserved motifs. Regions
are conserved in sequence, especially region II. The position of sORF I is also shown.

ably, these same species are also the ones that form indeterminate nodules while others form determinate
nodules. The biggest difference is that indeterminate nodules grow in long shapes from one apical meris-
tem [GRG ™ 03]. Since legumes perform nitrogen fixation more effectively than other plants [SBF13], domain 4
is also correlated with an increased nitrogen fixation performance. According to unpublished data [Gultyaev,
unpublished], this domain in some leguminous plants may originate from transposable elements that have

similar stem-loop structures.

1.3 Transposable elements

Transposable elements, also known as transposons, are sequences of DNA within a genome that are capable
of moving into another part of the genome. Much variation is found in the abundance of transposable ele-
ments in plant DNA from species to species and could be as high as 85% (for maize [SWF0g]). In contrast,
the legume Lotus Japonicus genome, which is more relevant to this thesis, has a ~ 30% transposable element
composition [HZ]T06]. The subclass of autonomous transposable elements is able to move itself using the
transposase protein that is encoded within the sequence itself. On the other hand, non-autonomous transpos-

able elements depend on the protein from another transposable element to be able to move. Retrotransposons
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Figure 1.5: The structure of a DNA transposon. Non-autonomous DNA transposons are flanked at both ends by TIRs
and TSDs flanking those. The inverted repeats are complements of each other (the repeat at one end is a mirror image
of, and composed of complementary nucleotides to, the repeat at the opposing end). The target site duplications are
pure duplicates. The middle area in this figure is not representative of the typical length of this sequence. (©)2013 Nature
Education Adapted from Pierce, Benjamin. Genetics: A Conceptual Approach, 2nd ed. All rights reserved.

are transcribed into RNA and back into DNA on insertion. DNA transposons are cut and pasted over shorter
distances at specific sequences and stay DNA during the process [Kazoy].

The family of miniature inverted-repeat transposable elements (MITEs) is similar to non-autonomous DNA
transposons. They are ~ 100-500 base pairs long and do not code for proteins. As illustrated in Figure 1.5,
their sequence is flanked by characteristic target site duplications(TSDs) and conserved terminal inverted re-
peats(TIRs). However, they show higher copy numbers and uniformity (in structure) giving reason to classify
them differently [FZWoz]. If the MITE would also have a stable secondary structure as noncoding RNA, the
TIRs would represent the stem of the structure.

The view of the role of transposable elements has changed multiple times since the intial discovery in 1951.
At first it was expected to perform developmental or evolutionary change in regulation of nearby gene ex-
pression. Around 1980, the noncoding parts of DNA were considered “junk DNA” without functionality.
This gave rise to the notion that transposable elements are “selfish” parasites in the form of DNA, although a
symbiotic relation could occur by chance. Even so, it took a decade after the first complete sequences of the
human genome in 2000, before transposable elements were given attention as functional elements. Currently,
transposable elements are widely recognized contributors to gene regulation.

Moreover, study of evolutionary emergence of conserved genes in primates showed that transposable ele-
ments provided about 50% of the source material. Since this equals the relative amount of transposable
elements, this suggests they are just as likely to evolve functionality as regular DNA. A large part of non-
coding RNAs was also estimated to be orginated from and regulated by transposable elements [RDRP16].

This thesis is about identifying a transposable element insertion into a noncoding part of the enod4o gene.
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1.4 Research question

As enodqo RNA structures of legumes Cicer arietinum and Lupinus angustifolius were studied by A.Gultyaev
it appeared that sequences similar to one of the enodgo domains were found many times over in its corre-
sponding genomes suggesting the domains originate from transposable elements [Gultyaev, unpublished].
A similar sequence was also found manyfold in the Medicago truncatula species, another legume. After com-
parative analysis of highly stable folding structures of the C.arietinum enod4o domain and its homologues,
this sequence was found to be homologous to a known MITE according to the Plant Repeat Databases at
Michigan State University [OBog]. This thesis aims to find a hereditary link between transposable elements
and functional elements in the enod40 RNA. The goal is to identify an event or multiple events in evolution of
transposable element insertion into enodgo, after which such element(s) became a functional part of the gene.
This would be possible by studying the phylogeny? of the species at which we can find an insertion compared
to those that do not show it. For example a shared insertion would make it likely the event occured before the
species have diverged. Identification of such insertions require annotation of multiple copies of (previously
unknown) enod4o genes in available genomic sequences and genome-wide search for similar sequences and

structures of transposable elements.

1.5 Related work

The most directly related work is those studies that try to identify conserved properties of secondary struc-
tures in enodgo. The article of Girard et al [GRG " 03] focussed on finding its conserved domains using both
a bioinformatic approach as well as a structure probing laboratory experiment. It is especially useful as a
source of annotated enod4o genes in the legume family. Somewhat more related is the article by Gultyaev
et al [GRoy] in their effort to find enodgo homologues based on the conserved secondary structures. The
work by Santi [SBF13] and Mus [MCG™16] study the differences between leguminous and non-leguminous
symbiosis with nitrogen-fixating bacteria and how they can be overcome. Comparison shows that there is
some common ground in signalling pathways for both nodule-forming and other kinds of symbiosis with
nitrogen-fixing bacteria. In agricultural context, the extensive fertilisation with nitrogen based molecules that
can be directly absorbed by plants leads to longterm unbalances in the soil. Because the majority of plants
grown for food are non-leguminous, an effort is made to transfer the more efficient root nodule symbiosis to
these plant species in order to reduce fertilisation. The work of Lisch [Lis13] explores the role of transposable

elements in plant evolution apart from noncoding RNA insertions.

3A phylogeny is a tree diagram of the hypothesized evolutionary relationships of a group of organisms.
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1.6 Thesis Overview

The thesis is structured as follows: This chapter contains the introduction which also includes related work;
chapter 2 includes the definitions, used tools and the workplan and choices that were made; chapter 3
discusses the results; chapter 4 concludes on a evolutionary level and discusses the impact of some choices

and results on the research.



Chapter 2

Methods

In this chapter we describe what methods were used to perform the research.

2.1  NCBI BioProject database

With the advent of a new generation of cheap and fast DNA sequencing machines, called next generation
sequencing, the amount of sequenced genome has grown considerably. Instead of doing our own labo-
ratory experiments, we make use of the resourceful BioProject database of the NCBI organisation. This
project provides an open access to many different databases including genome sequences generated by other
scientists for their own research purposes. It uses accession numbers to uniquely identify individual sub-
missions [TDB T 13], and within them areas can be designated by specifying the nucleotide position numbers
of the range. Apart from directly searching entries by accession number, there are several search algorithms
available. These algorithms allow users to seach within specified groups of entries to compare them to a

specific nucelotide sequence given by the user.

2.2 WGS

Whole genome sequencing (WGS) using shotgun methods is a sequencing technique that generates large
amounts of randomly positioned short fragments of a sequence. In order to obtain a single read from the
material, a computationally intensive algorithm reconstructs the sequence based on overlap between the
fragments. The goal is to eventually sequence the whole genome of a species reliably. This method is

especially attractive since the current sequencing machines are capable of generating short ~ 25-500 basepair

11
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sequences very fast. One of the side-effects of this method is that some parts might not (yet) be sufficiently

covered at which point the WGS read contains gaps [TDB*13].

2.3 Alignment algorithms

In order to find similar sequences in genomes, the Basic Local Alignment Search Tool(BLAST) algorithm is
used. It requires a query sequence and searches a specified range of genomes for similar or partly similar
sequences. Performing a search returns a list of aligned sequences above a specified quality threshold,
allowing deletions, insertions and mismatches with a certain penalty. Along with the results, it provides
the Expect-value(E-value) metric for matching quality. It represents the expected value of the number of
sequences that would have (at least) an equally well-aligned match, in a random database of the same size.
The BLAST is a heuristic algorithm for fast results and aligns locally, allowing partial alignments. It uses small
words, which are subsequences of the query sequence, to find areas of partial similarity. In the following
steps, BLAST keeps the sequences that can be expanded to include more of the query sequence without
losing too much quality. High quality alignments are no longer expanded if a certain range of expansion
only results in lower similarity.

Another useful alignment algorithm is the Needleman-Wunsch global alignment. It provides the best possible
alignment between two sequences, always using the full query sequence which is useful for comparing two
highly similar sequences. Using this algorithm for alignment, the differences, rather than the similarities,

between the two sequences are more easily analyzed [TDB*13].

2.4 Mfold

Mfold is a secondary structure prediction tool for DNA or RNA molecules [Zuko3]. As said before, RNA
folding is partly determined by base pairings that provide stability. This is quantified as the thermodynamic
measure of free energy change: The most likely spontaneous folding of the RNA strand would decrease
its free energy the most. It is estimated that, for short sequences, about 70% of secondary structures are
predicted correctly based on only thermodynamics. Just like alignment algorithms, Mfold uses dynamic
programming to calculate possible foldings efficiently by building on earlier conclusions to subproblems re-
cursively [MMT1o]. It generates many possible foldings and calculates a free energy level for each prediction

and ranks them by free energy change.
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2.5 Outline

In order to answer the research question, it is necessary to identify as many cases as possible of transposable
element insertion at domain 4 in enod4o genes, forming domain 4. Ultimately, we aim to deduce the moment
in evolution and impact of the event, based on the interrelation within the phylogenetic tree of researched
species. As said in chapter 2.1, the already present genomic information at the NCBI databases is used as
primary data source, as well as annotations done in previous work (chapter 2.1 and unpublished work by
A. Gultyaev). However, previous publications might not be complete in respect to current knowledge since
the NCBI databases are continuously updated with newly sequenced material so there is reason to revisit
the previously studied species. The first step is to list all known enod4o containing species, and expand this
list by looking for additional previously unknown enod4o homologues (using the method described in 2.6).
Since domain 4 is not always present in enod4o, we filter the list of confirmed enodgo genes to select those that
contain domain 4. The domain 4 of these candidates is then tested for being an inserted transposable element
by performing BLAST. Using domain 4 of each candidate as query, a BLAST search is performed in the whole
genome of that candidates species for sequences similar to its domain 4 sequence. If many significant matches
are returned that are not part of known enod4o homologues, they are very likely a transposable element. To
confirm their identity, the hits that give the best MITE-like secondary structure are used as BLAST query in
databases of known plant MITEs.

Alternatively, domain 4 sequences of one species are used as BLAST queries against other enod4o containing
species. The same action would even be useful when the other species’” enod4o genes do not contain domain
4. This could find traces of yet unsequenced enodgo genes which might contain domain 4. Otherwise, it
could indicate cases where, after insertion at domain 4, the tranposable element lost its tendency to increase

in number, while it did not in other descendants.

2.6 Finding enod4o homologues

As described in chapter 1.2, a large part of the gene shows no conserved sequences. At the same time, pres-
ence of its conserved secondary structures is necessary for its functionality. In order to identify a candidate
as an enod4o homologue, it requires the presence of region II, domain 2, domain 3 and the sORFI with a
reasonably similar translation. However, any of the other domains also weigh in for the decision, and might
make up for the lacking of other elements. The final judgment is a matter of collecting sufficient evidence,
where highly conserved elements weigh in stronger than lesser conserved elements.

Since finding conserved secondary sequences is not automated as well as BLAST searching similar sequences,
we focus on region II first. Taking the sequence of any region II of a known enod4o gene as BLAST query

would suffice since it is strongly conserved. We chose L32806 Medicago sativa, Ms-1 from the work by Girard
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et al. [GRG™ 03], because it is well annotated and familiar. Since region II is very strongly conserved, it makes
little difference at this stage what species is chosen for taking its region Il as query. The resulting set of signif-
icant hits are filtered for exact duplicate submissions by aligning hits with eachother that show suspiciously
similar statistics.

For each candidate, we perform a Needleman-Wunsch alignment against a known and closely related enodgo
gene, with a query of the aligned sequence, expanded in both directions to encompass the expected domi-
domy range. This allows for a full annotation of the gene, including the expected positions of structural non-
coding RNA structures using Region II as anchorpoint. The sequences that roughly align with the respective
domains are used as input for Mfold predictions to confirm their presence and location. The decision to call
a structure homologue is again based on several properties: its relative position to other elements, length,
shape, and amount of bulges and loops compared to known homologues, as well as conserved motifs. Al-
though there is generally little conserved sequence in the domains, we also take sequence similarity into
account. If the most likely predicted secondary structure is inconclusive, we take into account predictions of
higher free energy level if the difference is not too large. Other Mfold settings can be investigated as well.
Raising the suboptimality shows more of the less likely predictions, while changing the temperature gives
different results.

Finally, we try to find sORFI using the surrounding sequence if its expected position as input in the ORF
finder by Stothard et al. [Stooo] and compare the translated peptide to already known variants [PZFtog]. All

positions of found elements are annotated on the corresponding sequence.

2.7 Scope of search space

Because of time limitations and in order to completely cover some part of of the plant species we chose to
limit our search to species of the Fabales order. This is because the species of the initial observation were all
member of the legumes(Fabaceae) family only, which is a subset of Fabales. Moreover, we expect to find enod4o
genes in most plants, while the domain 4 which we try to find has thus far been found only in legumes.

Within this search space we were limited by the available sequence information on the NCBI databases.
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Results

Here we describe the results of the thesis.

3.1 enod4o homologues

Results for searching new enod4o homologues are presented in Table 3.1. Ultimately, 18 different species from
the Fabales order were considered. A total of 17 species contained at least one enod4o homologue. In the case
of Vicia faba, which returned an incomplete sequence, the only candidate gave inconclusive results. In some
enodqo RNAs the typical extended stem-loop structure of domain 4 could not be unambiguously identified.
In these cases the regions downstream of the domain 3, roughly corresponding to the putative domain 4,
were treated as “inconclusive domain 4” sequences. None of the newly found enod4o homologues showed
a clear presence of domain 4. Because of this, the 8 species from the article by Girard et al. [GRG' 03] were
also included to search for additional copies. For the Glycine max species, the plant database of Ensembl,

EnsemblPlants, was also used as a source for sequenced genome [KAAT16].

3.2 Domain 4 similarity

Table 3.2 depicts the attempts to find new instances like the initial observation, by finding many sequences
that are similar to domain 4. Since there were no new identifications of domain 4 - containing enod4o genes,
the query is restricted to domain 4 homologues that were already known. As seen in the original observation,
there were many significant hits of similar sequences to its own domain 4 in the Lupinus angustifolius (334
with AOCWo1181709.1) and C.arietinum (1034 with XM_004509513). Some cross species BLAST searching

was done as well, where sequences similar to domain 4 of species A are searched in the genome of species B.
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The M.sativa domain 4 of accession 1.32806.1 showed 173 significant hits of similar sequences in the M.truncatula
genome. Alternatively, the second M.truncatula homologue returned 62 hits and using M.truncatula domain 4
itself as query returned only 24 hits. Since there is always a possibility that some of the judgments on domain
4 presence were wrong, we also considered the inconclusive regions corresponding to the putative domain 4.
A newly found homologue of C.arietinum returned 32 similar sequences using its (inconclusive) domain 4 as
BLAST query on the C.arietinum genome. However, this number is much lower compared to the number of

hits from the known domain 4 containing homologue.

3.2.1 Medicago truncatula hits

Although there is no wgs available for M.sativa, its domain 4 of its enod40 RNA returned 173 hits of significant
sequence similarity in the M.truncatula genome (Table 3.2). The sequence similarity of the most significant
hit is shown in Figure 3.1. The hits were researched while prioritizing those of high sequence similarity.
Secondary structures were predicted with mfold(version 2.3 energies) using a 10 ° C temperature setting.
Exploring the structural properties of the hits showed a variety of structural properties of which many were
MITE-like. All predicted structures showed at least partial stemloops of varying sizes. The difference in
MITE-like properties is defined by the amounts of internal loops, bulges and multibranch loops that break
up the stem. The ideal MITE structure would be a thermodynamically stable extended stem-loop structure
with terminal palindromic sequences (Figure 1.5). Out of 173 putative MITE-like sequences similar to M.sativa
enodgo domain 4, ten promising sequences were selected for further consideration on the basis of their simi-
larities to the query and stabilities of stem-loop structures. Choosing each of these promising sequences as a
query on the same genome, seven additional sequences were discovered that were at least equally MITE-like.
Of course, known domains 4 in the identified enod4o homologues were excluded from the candidates. The
same treatment was planned for inconclusive domains 4, but these sequences never occurred as a candidate.
In Figure 3.2, we describe three of the most interesting cases and the following results gained by using their

sequence as BLAST query.

3.2.2 MITE confirmation by databases

Taking the 17 best structures we performed BLAST searches in databases of known MITEs. The Plant Re-
peat Databases at Michigan State University returned only one hit (for APNOo1002116.1) with an E-value of
0.85 for a M.sativa retrotransposon polyprotein gene interrupted by LTR retroelement MCIRE (complete se-
quence). This corresponds to a rather low sequence similarity. The database contains only 32 known MITEs of

Medicago repeats and they are all from the sativa species. Another database, the P-MITE database [CHZ"14],
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Chapter 3. Results

Target wgs Query species Query Domain 4 Rough range domain 4 # significant hits
Lupinus angustifolius | Lupinus angustifolius | AOCWo01106645.1 2640 - 2740 3
AOCWo1112350.1 | ? 1343 - 1448 3
(initial observation) AOCWo1181709.1 | X 2054 - 2158 334
AOCWo1036497.1 | ? 6663 - 6749 3
Cicer arietinum Cicer arietinum AHII02012933.1 ? 10385 - 10486 32
(initial observation) Cicer arietinum XM_004509513 X 483-611 1034
Lupinus angustifolius | AOCWo1181709.1 | x 2054-2158 o
Vigna angularis Vigna angularis JZJHo1053362 ? 11803-11737 2
Medicago truncatula | Medicago sativa L32806.1 (Ms1) X 374 - 438 173
(initial observation) Cicer arietinum XM_004509513 X 483-611 72
Medicago sativa X80263 (Msz2) X 353-417 62
Medicago truncatula | X80264 (Mt) X 405 - 468 24
Lupinus angustifolius | AOCWo1181709.1 | X 2054-2158 o
Vicia faba Vicia sativa X83683 (Vs) X 425 - 517 1
Lotus japonicus Medicago sativa L32806.1 (Ms1) X 374 - 438 o
Glycine max Medicago sativa L32806.1 (Ms1) X 374 - 438 o
Arachis duranensis Medicago sativa L32806.1 (Ms1) X 374 - 438 o
Arachis ipaensis Medicago sativa L32806.1 (Ms1) X 374 - 438 o
Cajanus cajan Medicago sativa L32806.1 (Ms1) X 374 - 438 o
Vigna angularis Medicago sativa L32806.1 (Ms1) X 374 - 438 o

Table 3.2: Results for BLAST searching similar sequences to domain 4 in wgs targets, cross-species and intra-species.

Significantly resembling hits are counted with a threshold of E < 1e=3 and > 50% cover. Presence of domain 4 is indicated
with the symbol ‘x’, absence with empty entries and inconclusive cases with the symbol “?". Parenthesed codes are the
names used in Girard et al [GRG"03]. In this table, hits are counted without omitting known domain 4 homologues.

did give many hits for most of the structures as can be seen in Table 3.3. All hits were of partial sequences
of known M.truncatula MITEs of the superfamily hAT. More specifically, hits belonged to different families
DTA Metz, 3, 9, 10 and 14 with a high proportion of familynumber 2, 9 and 10. The most hits were found for
the APNOo1002116.1 M.truncatula sequence.

Many of the MITE hits show comparable levels of MITE-like properties but also a much larger structure:
MITEs of ~ 80-210 nucleotides versus queries containing only 63 nucleotide queries. Parts of query se-
quences that showed similarity are folded differently when positioned in the larger structures. One particu-
larly interesting hit was a fully identical MITE sequence from MITE family DTA _met2. Expanding the query
to the MITE size still resulted in completely equal sequences, as can be seen in Figure 3.3. However, the
orginal structure is very different from the one inside the larger MITE (Figure 3.4).

Looking at the secundary structure of the found MITE (Figure 3.4.C), it appears to be surprisingly unchar-
acteristic to MITEs. Most importantly, it lacks a clear palindromic stemloop at the base, corresponding to a
terminal inverted repeat (Figure 1.5).

The sequence in the C.arietinum genome that was found to be similar to a Medicago MITE in the initial observa-
tion was compared with BLAST on the newly found M.truncatula MITE collection in Table 3.3. This sequence
(ANPCo1009927 10287-10414) showed no significant sequence similarity to any of these sequences. The initial
observation also reported a collection of sequences in M.truncatula that were similar to this same sequence
ANPCo01009927 (10287-10414). These sequences were also compared to the newly found M.truncatula MITE
collection that is represented in Table 3.3. The 100 most significant hits of both collections were all of distinct

sequences.
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ldentities 49/65(75%)

Gaps 0/B5 (%)

Strand Plus/Plus

Ms L328086.1 374 ATCTATGTAGCACTGACACTTTAGATTGAAGGCATGTCCCGTGTCTGTGTTTGTGCTTCATAGAT 438
Mt APNOB1B@3836.1 166883 ATCTATGTAGCACTGACACTTCAGATTGAAGGCATCTCCAGCATGTGTCAGTGTCCAATAGTGAC 166947

Figure 3.1: Alignment of M.sativa domain 4, highly similar to M.truncatula sequence outside of enodgo.
The highly similar left side appeared as a BLAST hit using the complete M.sativa domain 4 sequence as query. This hit
was expanded to cover the entire query with a Needleman-Wunsch global alignment.

Accession range P-MITE hits (E < 1e~2)
APNOo01000612.1 | 476177-476241 17
APNO01000622.1 | 680406-680470 18
APNOo01001242.1 | 90350-90286 28
APNOo01001506.1 | 17935-17871 9
APNOo01001679.1 | 358027-358091 48
APNO01002116.1 | 140835-140744 63
APNOo01002328.1 | 2385496-2385432 -
APNO01002484.1 | 256526-256462 3
APNO01002498.1 | 26283-26347 2
APNO01003836.1 | 166883-166947 30
APNOo01001658.1 | 133185-133249 14
APNOo01001651.1 | 227514-227578 11

APNOo1003105.1 | 86823-86887 5
APNO01003892.1 | 43509-43445 7
APNOo1002311.1 | 234880-234943 14
APNO01001109.1 | 44629-44565 11
APNOo01002764.1 | 5710-5774 6

Table 3.3: The amount of significant hits found for comparing 17 of sequences in M.truncatula that are similar to the
M.sativa domain 4 to known MITEs in the P-MITE database.

Using the M.truncatula domain 4 itself as query on the M.truncatula genome, four of these hits were also present with
similar ranges: APNOo1001242.1, APNO01002116.1, APNO01002328.1 and APNO01003836.1.
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Figure 3.2: Predicted secondary structures of M.truncatula BLAST hits that most closely resemble a typical MITE.
Structures in section A are from the initial BLAST search using M.sativa domain 4 as query. Structures in section B are
hits from BLAST searches using the sequence directly above in A as query. Using structure 5 as query returned no

noteworthy results.
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Section A: 1 From the same BLAST hit as in Figure 3.1. This y-shaped structure shows a medium internal loop, a medium
and very small hairpin loop and a small multibranch loop. Its base-pairing is strong, except for two bad pairings at the
basestem. 3 This structure is preceded by a smaller hairpin with medium hairpin loop. The main structure has two small
bulges (one of which a U-bulge) and a very small hairpin loop. Basepairing is strong in all stems. 5 This single stemloop
contains four small bulges, one small internal loop and a small hairpin loop. Basepairing is strong in all stems.
Section B: 2 This single stemloop contains three small bulges (one of which a UU-bulge), a small internal loop and a
medium hairpin loop. Basepairing is strong except for a single pair. 4 This T-shaped structure contains two small bulges,
a small internal loop, a small multibranch loop and two very small hairpin loops. Basepairing is strong in all stems.
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Query: L32806.1 Medicago satiwva domaln 4, range 374-438

Subject: APNOB1001679.1 Medicago truncatula, range 358027-358091

ldentities: 49/89(71%) Gaps: S/69(7%) strand: Plus/Plus

Query 374 ATCTATGTAGCACTGACACTTTAGATTGAAGGCATGTCCC-GTGTCTGTGTTTGTGCTTC 432

Sbjct 358027 CACTATGTAGCACCGACACTTCAGATTGAAGGCATGTCATTGTGTC-GTGAGT---CGTG 358082
Query 433 ATAGAT 438

Sbjct 358083 ACAGGTGTC 358091

Query: APNOD1D01679.1 Medlicago truncatula, range 358027-358091
Subject: 5Q203116729 Medicago truncatula (P-MITE number)
ldentities: 172/172{100%) Gaps: 017 2(0%) Strand: PlusMinus

Query 358025 CTATGTAGCACCGACACTTCAGATTGAAGGCATGTCATTGTGTCGTGAGTCGTGACAGGT 358088
sbject 1 CTATGTAGCACCGACACTTCAGATTGAAGGCATGTCATTGTGTCGTGAGTCGTGACAGGT 60
Query 358089 GTCTGACACGAAACATGTGGTTACCTTTAMATATTTCATTTTCTCAAATTATTGTTGGTG 358148
Shbjct 61 GTCTGACACGAAACATGTGGETTACCTTTAAATATTTCATTTTCTCAAATTATTGTTGGTG 120
Query 358149 TCGGTGTCATGTTCGGTGTCTOTOGTCGLTAAAAGTGTTTCGTAGGTAATAGC 358200

Sbjct 121 TCGGETGTCATGTTCGGTGTCTOTGTCOLTAAAAGTGTTTCGTAGGTAATAGC 172

Figure 3.3: Alignment of (A) M.sativa domain 4 to similar sequence in M.truncatula and (B) of this (expanded) sequence
to a known M.truncatula MITE.

The APNOo1001679.1 sequence in M.truncatula is highly similar to domain 4 of Ms, and 100% equal to the known
5Q203116789 MITE in M.truncatula from MITE family DTA_met2. Both alignments are done with a Needleman-Wunsch
global alignment and input sequences were expanded to cover the entire query.
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Figure 3.4: Predicted secondary structure of (A) domain 4 of M.sativa, (B) a M.truncatula sequence that is similar to A,
APNOO01001679 range 358027-358091 and (C) the known MITE that partially has an identical sequence, SQ203116789 from
MITE family DTA _met2.

The secondary structure of the original domain 4 of Ms is a single stemloop A instead of the T-shape in B. A contains
several U-internal loops which is typical of domain 4, while B does not. Green nucleotides in C indicate the position of
the sequence B within this structure. It is part of one side of a stem and no longer pairs up within itself for most of the
sequence.
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Discussion

All of 18 studied species in the Fabales order showed at least one homologue of the enodgo gene, if enough
genome sequencing data was available. This is support for the importance of the gene since it is so strongly
conserved. Even though the gene is this common, presence of domain 4 is found in only 8 out of 36 conclusive
enod4o homologues, suggesting it is a rare domain. It also limited the ways we could search for instances
where many domain 4 resembling sequences are found.

We have found two new instances of a domain 4 that shows many similar copies throughout a Fabales genome,
one in the M.truncatula genome and a second one in the C.arietinum genome. The case of M.sativa domain 4
throughout the M.truncatula genome was extensively analyzed. Many of the hits were signficiantly similar to
known MITEs of M.truncatula. Most interestingly, one of the hits appeared to be exactly a known MITE. It
showed no sequence similarity to the C.arietinum MITEs from the initial observation. The MITE has a much
greater length than the original hit. Expanding the query to match the MITE size still returned a perfect
alignment.

However, the original structure in domain 4 is not comparable to its component within the MITE, where it is
situated as the first half of a palindrome. Moreover, we were unable to find an example where the structures
were comparable. Most often, the corresponding sequence was present in one of the strands of a double
stranded component.

The evolutionary explanation of the difference in length is purely speculative. Possibly, only a small part of
a MITE was inserted as domain 4 in M.sativa. Alternatively, a considerable amount of evolutionary change
could have occured after the original insertion. This would explain the situation as a large deletion of an
initial inserted MITE sequence in the M.sativa enodgo RNA.

Moreover, the predicted structure of the associated MITE as in 3.2.C is not corresponding to an expected MITE
structure. There is no clear representative for the typical terminal inverted repeat in the form of a strongly

palindromic stem at the base of the structure. This is due to an additional stemloop structure connected to

23
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the tail end of the structure. This could be explained by the fact that the found MITEs as represented in
the P-MITE database are annotated as partial sequences of MITEs suggesting this sequence is incomplete.
However, taking the MITE sequence from the database as query for a BLAST search on the M.truncatula
genome, hits of partial sequence cover are found. The parts that are not aligned are predominantly at the
end, corresponding roughly to location of the additional stemloop at the tail of 3.2.C. Therefore, an alternative
explanation is that the MITE sequence as presented by P-MITE is incorrect in the sense that it is longer than
the actual MITE. Omitting this last structure does provide us a satisfactory palindromic stem corresponding
to a typical terminal inverted repeat.

Selecting the structures of the domain 4 resembling sequences in M.truncatula on their MITE-like properties
did not contribute as much as expected. Many of the known MITEs that were associated with them were
up to three times larger. Furthermore, the original structures similar to the conserved stem-loop of enod4o
domain 4 could not be traced in these MITEs. Since they were not maintained within the MITES, these
original structures turned out to be less relevant. It could be argued that expanding the range of the queries
of domain 4 resembling hits would have resulted in a better selection of MITE-like structures. However,
the second purpose of structure selection was finding structural resemblance between the original domain 4
structure with the associated MITE structures. In this context, it does not make sense to increase the range of

domain 4 resembling hits over its actual range.
We now know the following keypoints:
1. Based on the initial observations.

(@) One of the many C.arietinum enodqo domain 4 similarity hits in C.arietinum was similar to a known

M.truncatula MITE.

(b) One of the many C.arietinum enod4o domain 4 similarity hits in M.truncatula was similar to two

different known M.truncatula MITEs.

(c) One Lupinus angustifolius enod4o domain 4 showed 334 similarity hits in the L.angustifolius genome,
but none were similar to known MITEs. C.arietinum and M.truncatula show no similar sequences

to this domain 4.
2. Based on new results.

(a) M.sativa enodqo domain 4 has a similar sequence to many sequences in M.truncatula that are similar

to known MITEs.

(b) The M.sativa domain 4 and MITE resembling hits in M.truncatula(2a) are not significantly similar
to the MITE resembling the C.arietinum hit (1a) or the C.arietinum domain 4 and MITE resembling

hits in M.truncatula(1ib).
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The data show that in three species of the order Fabales, a MITE has been inserted in enod4o. Following this
insertion, the enodgo RNA has then evolved from this genetic material a functional structural domain 4.
Taking into account the phylogeny of the species, we hypothesize a collection of events have occured, as illus-
trated in Figure 4.1. We expect that since M.sativa domain 4 was similar to M.truncatulas MITEs, the M.sativa
genome would contain the same or very similar MITEs. Sadly, there is no whole genome sequence available
for the M.sativa to test this. Querying the M.truncatula domain 4 itself resulted in a much lower amount of
hits(24) compared to querying M.sativa domain 4, but three common hits showed strong MITE similarity.
Possibly, a progenitor MITE, inserted into enod4o and, while taking on the form of domain 4, evolved further
away from its original sequence in M.truncatula than in M.sativa.

Not only the C.arietinum MITEs are different from the ones found in M.truncatula. The C.arietinum domain
4 resembling sequences in M.truncatula differ from M.sativa domain 4 resembling sequences in M.truncatula
as well. This strongly suggests that the two cases have no hereditary link. One hypothesis is that the two
insertions of MITEs into enod4o have happened independently after which they have acquired structural and
functional properties of the contemporary domain 4. They both happen after the branching of C.arietinum:
one in its progenitor, another in the progenitor of M.truncatula and M.sativa, affecting both. Even though the
334 similar sequences of domain 4 in L.angustifolius could not be confirmed as a MITE, the high number of
hits is sufficient to assume an insertion of a MITE at domain 4 has occured at some time in the past. We
could also find no relation between the MITE collections of L.angustifolius versus those of C.arietinum and
M.truncatula, suggesting again a seperate event.

Remarkably, insertions in the same region have occured in three different progenitors of contemporary
species. In each case, the inserted sequence resulted in a conserved stemloop structure. Since the func-
tionality of enod4o domain 4 has emerged out of a MITE insertion, it appears that transposable elements

contribute actively to the evolution of non-coding RNAs.

In order to make a fully informed and certain conclusion about the difference between MITE insertion in
M.sativa and M.truncatula, more sequence data of the M.sativa genome is required. Similarly, to confirm the
MITE identity of the domain 4 resembling sequences in L.angustifolius, there is need of a more extended
knowledge of existing MITEs in current databases. Luckily, since the databases are continuosly being rein-
forced with new sequences and annotations, this is only a matter of time. Alternatively, a seperate study
of this collection of sequences could be performed to further test for MITE-like properties or behaviour. If
enough confirmation is achieved, an effort could be made to submit an entry and enrich the database actively.
Further study is required to determine the relation between the MITE insertion at enod4o domain 4 of
L.angustifolius to those of M.truncatula and C.arietinum. At this point, we know that domain 4 of L.angustifolius
shows no similarity in the other two genomes. Furthermore, its domain 4 similarity hits were not recognized
as MITEs by databases, in contrast to those of M.truncatula and C.arietinum. This suggests that the MITEs

are not related, but a more satisfactory evidence would be achieved if the L.angustifolius MITE collection is
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p—p LUpINUS luteus

_-_> Lupinus angustifolius*

— —p- Arachis duranensis

- Arachis ipaensis

p—- Cajanus cajan
— Glycine max

l» Glycine soja
- Vigna radiata

bee—eoup- Vigna angularis

ey Phaeseolus vulgaris
» Lotus japonicus

—.—» Cicerarietinum*

— Medicago truncatula*

— -

——eepp- Medlicago sativa*

—p-  Trifolilum repens*

- Pisum sativum*

—- \/icia faba

» Vicia sativa*

Figure 4.1: Hypothesized order of evolution and MITE insertion.

Red dots indicate MITE insertion. The red arrow signifies the insertion occured anywhere before this point. * denotates
the confirmed presence of at least one enod4o gene that contains domain 4. Bold names indicate that wgs is available for
this species at the NCBI database. Figure based on Figures 1-3 of Lavin et al. [LHWos5].

cross-aligned with BLAST to the other two collections to exclude similarity.

In order to understand transposable element insertion as evolutionary mechanism fully, a study of its transi-
tion from its originial form to a functional non-coding RNA in the host gene would be required. However, all
we can do is reconstruct a narrative based on the current genomes and their evolutionary relations. For this,
we need more examples of transposable element insertions in closely related species that can be extensively
compared. Further research could be spend into identifying any other kinds of transposable elements besides
MITEs that can contribute to non-coding RNA evolution. It would also be useful to search for occurrences
of transposable element insertion in other non-coding RNA regions with different properties of the resulting
non-coding RNA. This could provide more insight in the properties required for a transposable element in

order to be able to succesfully insert and evolve into certain non-coding RNAs.
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