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ABSTRACT OF THESIS

A COMPARATIVE ANALYSIS OF ALTERNATIVE SPLICING IN A. THALIANA AND C.
REINHARDTII

The extent of and mechanisms causing alternative splicing in plants arementty well
understood. A recent study in the model organi&srabidopsis thaliana estimates that approx-
imately 42% of intron-containing genes are alternatively spliced and it isukgted that this
number may be much higher [1]. Results from our pevious studies shoagthéhsingle celled
algaChlamydomonas reinhardtii also exhibits alternative splicing characeristic of plants [2]. In
this work we present the results of a comprehensive alternative splicaihgssusing the largest
Expressed Sequence Tag (EST) datasets available for both of tigesésans, describe an anal-
ysis pipeline tailored to these large datasets, and conduct a crosssargamparative analysis

of aspects related to alternative splicing.
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Chapter 1

| ntroduction

Alternative splicing (AS) is a biological mechanism that has important implicatiorgene
regulation and protein diversity within a cell [3]. Alternative splicing anadyare typically fa-
cilitated by comparing DNA sequences obtained from ESTs or cDNAs agakmown genomic
sequence. The task of determining where a EST originates in the genoflevigtbby succes-
sive steps to filter, refine, and collate the data in such a way as to allow detetttiernative
splicing events. The ultimate goal of alternative splicing analyses is to idemtifyuaderstand
the underlying biological mechanisms that cause alternative splicing. Afisegrsplicing has
been heavily studied in animals but its mechanisms are not as well understpladhis. This
study conducts an AS analysis on the largest available EST datasetstiwotimodel organisms
Arabidopsis thaliana and Chlamydomonas reinhardtii.

The remainder of this document is organized as follows. In the next chiaphedetailed
explanation of alternative splicing and how it can be detected, includinggbdwerview of the
biology, algorithms, and strategies used. The following chapter disctlssepecific datasets
and analysis pipeline developed for this study and how design choicesmaate to deal with
issues related to using these particular data. The results of the analyisramresented fol-
lowed by a discussion of splice site motifs for both organisms. The documentudes with

ideas on further work.

1.1 Glossary of Terms

Because there are many biological terms in this work, a glossary of ternteebasdded at the

end of this document to help better follow the text.



Chapter 2

Background

2.1 Genes, Gene Splicing, and Protein Synthesis

An organism’s genome is a double-stranded molecule made of deoxyribanacid (DNA)
whose sequence stores information about how a cell functions. [4cif8lly, the genome
contains a number of distingeneswhose primary role is to code for proteins that control nearly
all aspects of a cell. DNA, and therefore a gene’s sequence, is mafe@wgombination of four
molecules calleducleotides or bases - adenine (A), cytosine (C), guanine (G), and thymine (T).
In the first step of coding for a protein, genes undergo the procesanstription whereby the
gene’s nucleotide sequence is copied by cellular machinery iptecarsor messenger RNA or
pre-mRNA molecule. The pre-mRNA that is copied from a gene exhitdie complementarity
with respect to the gene’s sequence, meaning that a cytosine in the oggimalpairs with a
guanine (C— G), a guanine pairs with a cytosine (G C), a thymine pairs with an adenine (T
— A), and an adenine pairs with a uracil (A U), uracil being the RNA equivalent of thymine.
Once a pre-mRNA molecule has finished being copied from a gene, it thigrgoes a
separate process to prepare it fiandation into a protein. In higher eukaryotes, many genes’
coding sequences are interrupted by non-coding subsequenceksioaies that are excised
from pre-mRNA before translation into a protein. This excision of introrg jaming of cod-
ing sequences from pre-mRNA molecules is ca#glicing and transforms the pre-mRNA into
maturemessenger RNA or mRNA. The mRNA subsequences that remain after splicing, called
exons, are concatenated together and it is this sequence that is translated ioteia. jProteins
are composed of sequences of molecules calddo acids, where a single amino acid is spec-

ified by three consecutive bases of RNA caltedons (e.g. the RNA codon CAU codes for the



amino acid Histadine). The pattern of introns and exons of a gene, cadfgib@form, dictates
the final sequence of amino acids and therefore the protein’s functignrel2.1 is a cartoon
illustration of the process whereby a gene’s sequence is ultimately transistedprotein.

Gene —{IETN exon exon

pre-mRNA

exon |ntron exon |ntron exon

NVESg

spliced mRNA [N exon exon

Translatlon

Figure 2.1: Simplified illustration of how a gene’s sequence is translated irmmeim

The splicing machinery, ospliceosome, of a cell splices introns by recognizing splicing
signalsin the sequence of bases in pre-mRNA. The most common splicing signaleatmth
ucleotide pairs GT at the beginning of an intronic sequence and AG at thefem intronic
sequence, concisely written as GT/AG. The second most frequent sjpadinucleotide com-
bination is GC/AG. These two splice site markers, GT/AG and GC/AG, are foutite vast
majority of known introns and thus are referred to hereaaonical splice site signatures. These
dinucleotide pairs very often define the precise locations in a gene whe@RNA splicing
will occur after transcription. The locations in a gene that define the mieslbetween ex-
ons and introns are commonly callsgdlice sites or splice junctions. Figure 2.2 is a cartoon

illustration of an intron with canonical splice site junctions.

AGGACGT... .. AGCAGAT..

Figure 2.2: lllustration of an intron with canonical GT/AG splice site junctionsrs are dark
grey and the intron is light gray.

The start and end of a DNA molecule are labeled shend 3' end, respectively. In a

canonical intron like the one in Figure 2.2, the 5’ end of the intron has thei@ickotide and



the 3’ end has the AG dinucleotide. The same terminology is used to exprdssgihaing and

end of genes.

2.2 Expressed Sequence Tags

Expressed Sequence Tags (ESTSs) are relatively short (usually no longer than 800 bases) DNA
sequences that encode either the 5’ or 3’ end of a transcribed mRNAM% process called
reverse transcription, mMRNA molecules are first transcribed back into a single strarmbrof
plementary DNA, or cDNA (in the sense that the DNA contains the complementary bases of the
MRNA, and thus the same sequence as the originating gene) and then tleestsargied cDNA

is converted into a double stranded DNA sequence. The DNA molecule earbéhsequenced
using a number of techniques [6] into a digital form and used for a largéeruof genetic anal-
yses. When used in conjunction with a published genome, ESTs can béousedlyses that

study how genes are spliced.

2.3 Alternative Splicing

When a single gene has more than one splice form it is said to eshiihative splicing (AS).
AS has been implicated in many regulatory functions within a cell [3]. The impbrize
and widespread occurrence of AS is now well documented and undérst@nimals but the
mechanisms and extent of AS in plants are still comparatively unknown.r&iffesplice forms
of a single gene thus result in different final proteins whose functionbealifferent, inhibited,
or completely deactivated.

There are five primary forms of alternative splicing: donor site (Alt5 Legtor site (Alt3’),
simultaneous Alt3'/Alt5’ (AltB), Exon Skipping (ES), and Intron Retention XIRany more
complicated forms of AS exist [3], but the focus of this work is on these fiwmns because
they are simple and the most prevalent. An &@nt is defined as the occurrence of differential
splicing involving introns and exons that correspond to the same regiog@ie More detall
on how alternative splicing events are counted is found in section 3.4. &&j8ris a cartoon

illustration of types of alternative splicing.



...ATGAT...

5' 3
EE— [ Constitutive Splicing
I [ Alternative Donor (Alt5')
) e —| ] Alternative Acceptor (Alt3')
[ ] Alternative Both (AltB)

- Genome

I @ I Constitutive Splicing
EE——— [ Exon Skipping (ES)

EEE— [ Constitutive Splicing
T Intron Retention (IR)

Figure 2.3: lllustrated examples of the primary forms of AS. Boxes andsedgpgesent exons
and introns, respectively. The top form is considered the constitutiveogt common, splice
form. Other forms span the same genetic sequence but have diffdieatmiterns as indicated.

2.4 Sequence Alignment

Sequence alignment is the most critical component of any AS analysis. limiest form,
aligning two sequences of characters amounts to finding the longest common seibsede-
tween the two sequences. For DNA sequences, alignment entails pairirsguences of nu-
cleotides such that the most nucleotides match and also such that the aligniviefdggally
relevant €.g. it respects canonical splice site boundaries when appropriate). lrotiiext of
AS, the alignment of nucleotide sequenceg.(ESTSs) to the genome facilitates the detection of
regions where a gene is alternatively spliced. Figure 2.4 is a simple illustrédtiomaligned

DNA sequences.

Sequence 1AGACATTAGATAGA
Sequence 2 - ACAGTAG - - GA

Figure 2.4: Example of two aligned sequences. The complete Sequend€RGFAGGA with
gaps inserted to align the most characters between sequences.

Sequence alignment algorithms typically employ a dynamic programming stragegy (
Needleman-Wunsch [7], Smith-Waterman [8], PALMA [9]), a graphicabeldased approach
(eg. GENESEQER [10], HMMER [11]), a sequence indexing strategy asl uisehigh-
throughput alignment toolseg. BLAST [12], blat [13], PASS [14]), or some combination

of these techniques.. GMAP [15]). Each of these methods produces an alignrseore



that is some measure of how well two sequences align. A common way to stafigament

is to factor the number of characters that match, the number that mismatch,eandntiber
of gaps (indicated with a in Figure 2.4) into a number that allows alignments to be distin-
guished from each other based on their biological significance. Tip®gron of characters that
match in an alignment is often called thaguence identity or percent identity of an alignment.

In the simplest algorithms, every gap inserted into one sequence or aimaher a penalty to
the alignment score. However, since it is known that the sequencesrus&lanalysis have
substrings removed from theme, introns), penalizing for every gap individually is an inappro-
priate strategy. Therefore, the more specific problergapped or spliced alignment is solved
[16], whereby long consecutive stretches of gaps in one sequemedi@ved with little penalty
to the final score.

One heuristic an alignment algorithm can use to guide alignment is favoringradigis with
gaps marked by canonical splice site signatures. More generally,ismyapecific splice site
models can be constructed from known introns that often include a largéeruof bases up-
and downstream of splice sites to improve alignments further. PALMA [9]ktiMer [11]
are two examples of alignment programs that utilize sophisticated, organesifisgplice site

models to guide sequence alignment.

2.5 Computational AS Pipelines

Datasets used for AS analysis are typically made of DNA sequences tleabban sequenced
before they have been translated into a protein but after introns haxespleed out of them.
As the introns have already been spliced, the first step is to perform adplignment against a
reference genome to determine the sequence’s origin. Once alignmeatsdesvobtained, they
are often filtered and edited to ensure the highest quality results in the fhahalysis. Typical
filtering and editing steps are rejecting alignments that do not have suffsggoence identity,
and altering alignments to prevent spurious AS detection on account ofredigrartifacts. After
filtering, alignments are grouped together if their alignment coordinatetapwvarcorrespond to
a single gene, a process referred to here@sbering. The filtered, edited clusters of alignments
are ready for AS detection and analysis. Specific details of the pipeline iwdhisis described

in chapter 3.



2.6 Splice Graphs

Detecting alternative splicing requires determining where a set of alignmepiisé sites dis-
agree. One way to perform this analysis is to explicitly compare pairs of mtaod exons
between alignments for differences, but complicated splicing patterns makapgroach diffi-

cult and computation-intensive. An alternative representation of a sdigmiments is a graph
called asplice graph [17] where exons are nodes and introns are edges. Figure 2.5 iamuplex
of a splice graph constructed from a set of alignments.

E—

O IR (Exon)
== ES (Intron)
= IR (Intron)

Figure 2.5: A splice graph constructed from a number of distinct alignmémsit alignments
are in the top frame, the splice graph is in the bottom frame as labeled. Baked@es represent
exons and introns, respectively.

A splice graph is constructed by consolidating alignments with splice forms gina¢ doe-
tween alignments such that only non-redundant splicing information remaifggure 2.5, six
input alignments are collapsed into a graph with just four nodes, where thienhieb exons rep-
resent different splice patterns. Since only non-redundant informegimains in a splice graph,
AS event detection can be thought of simply as an analysis of the graptesmnd edges. The
splice graph representation of alignments also allows other analysessstiehedfect of AS on
the potential protein products of a gene as well as quantifying the compléxitgene’s splicing

patterns. Splice graphs are used for AS event detection and analysswotk.

2.7 Previous Studies

There have been several AS studies conductedabidopsis. lida et. al [18] aligned approxi-
mately 280,000 full length cDNA sequence againstAhabidopsis genome using BLAST [12]

and discovered IR as the most prevalent form of AS in a modest setaiftdd events. In 2006,
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Wanget. al [19] determined that approximately one fifth of all expressed genésabidopsis
demonstrate AS by using GENESEQER [10] to align the largest EST dataskttde at the
time of publication to théArabidopsis genome. More recently, Filichkiet. al [1] used high-
volume, next generation sequence datarabidopsis to suggest that approximately 42% of all
intron-containing genes show evidence of AS. These and other studieatanthat the more
data used in the analysis, the more AS events can still be discovered. Tyidistiners the ef-
fort of AS detection inArabidopsis by using a large dataset of ESTs combined with our chosen
methods for sequence alignment, filtering, and AS detection.

To date, little AS analysis has been conductedChramydomonas reinhardtii. This model
organism is particularly interesting because it is a single celled eukaryoexthibits properties
of both plants and animals [20]. A single celled alga, it has a chloroplastiadergoes pho-
tosynthesis in the presence of light but can survive in total darknees afternative nutrients
are available Chlamydomonas also has a light-sensitive spot and two flagella that allow move-
ment, attributes typically only found non-photosynthetic organisms. In awigus work [2],
we found thatChlamydomonas exhibits AS patterns similar to that of plants using the largest
available dataset of ESTs. The pipeline developed for this work is applitte tsame dataset

with the goal of extending this preliminary analysis and results.



Chapter 3

M ethods

Our pipeline is depicted in the schematic in Figure 3.1 and generally follows ttezpaf other
AS pipelines.

EST to Genome Alignment
STs > (GMAP)

1

Filter Alignments

l

Cluster and Annotate

l

Edit Alignments

l

Generate splice graphs

l

Detect AS Events

A

Figure 3.1: Steps in our AS pipeline.

The pipeline consists of first aligning each organism’s ESTs against itaggenT he result-
ing alignments are filtered based on quality and to isolate a single best aligroneach well-
aligned input EST. Next, the unique EST alignments are clustered baseglkarothin genes they
overlap or, if no gene is found for an alignment, whether alignments ovedap other. After
clustering, the alignments are edited to remove alignment artifacts and imprerag| @uality.

The edited, clustered alignments are then analyzed for AS events usingfeetheelrsion of the

9



Sircah software package [21]. Each of these steps is now discusgetiih

3.1 Sequence Alignment and Alignment Filtering

Sequence alignment is the most important aspect of any AS analysis anid@lyyjhe first step
of AS detection pipelines. The alignment tool GMAP [15] was chosen t@parthe alignments
because it is particularly well suited for performing spliced alignments oe agasets. GMAP
is designed to find correct alignments for sequences that other poputathingughput align-
ment tools like blat [13] have trouble finding. Specifically, GMAP has a stighted intron and
consensus splice site model that favors aligning sequences to cargplicalsite junctions at
the possible expense of introducing mismatches or gaps into the alignmengisBehe fully

dynamic programming algorithm has high computational complexity, GMAP findopas a

coarse alignment of sequences using an efficient hashing scheme sirttilaradnich blat uses.
As a result of combining these strategies, GMAP very quickly and acdyiaigns very large

datasets. The datasets in this work were also aligned with blat so the effeébts different

alignment tools could be explicitly compared.

The dataset sequences were aligned against the TAI&®dopsis genome [22] and Chlre4
Chlamydomonas genome [23], respectively. Alignments were required to have 80% identity
using GMAP, and alignments were further filtered to require 90% identitydoh exon. Due
to gene duplication events, it is often the case that one RNA sequencewaétns more than
one location across the genome. To avoid ambiguous alignments, the singidid@sent by

percent identity was identified for every EST.

3.2 Clustering and Annotation Mapping

The filtered alignments were nesfiustered using the organisms’ respective genomes. Cluster-
ing in this pipeline refers to the process of determining which alignments overlgeniomic
coordinates and mapping the resulting sets of alignments to known genespdssible. A set

of overlapping alignments, calledctuster, maps to a known gene if any portion of the cluster
overlaps a gene’s genomic coordinates as specified in the genome ammoFEagjore 3.2 is a
cartoon illustration of the ways alignments are clustered.

In Figure 3.2 short horizontal lines represent alignments and the alignimeatch box

10



Cluster 1 ——
= i CIUStP;rZ_ i Cluster 4 ¢
I /\nnotated Gene = ' " Annotated Gene .S Y
< == ——— .  Annotated Gene pusseg
N e’ Cluster 5
i Cluster 3 i : ’

Figure 3.2: Examples of alignment clustering. Short horizontal black lireslggnments and
all alignments in a box are in the same cluster.

belong to the indicated clusters. Cluster 1 illustrates how the alignments th&peaesingle
annotated gene are grouped into a single cluster irrespective of theid.stClusters 2 and 3
overlap by genomic coordinate, but as they do not overlap an annoetedige alignments on
opposite strands remain on in separate clusters. There are instancstime#sabidopsis and
Chlamydomonas genomes that two genes overlap each other on opposite strands as itlustrate
the right side of Figure 3.2. Some of the alignments in this illustration overlap lentbsy some
on the top strand and some on the bottom. In these cases, the alignmentsibattoeth genes
are included in clusters corresponding to both genes. A later editing stepluk in section
3.3.5 will resolve which alignments should be associated with which gene in¢hess. The
most current gene annotations for TAIR9 and Chire4 genomes wedefarsArabidopsis and

Chlamydomonas, respectively [22, 23].

3.3 Alignment Editing

Even though the alignments produced by GMAP are generally good, ttesmme alignment
edits we can perform to further reduce the likelihood of detecting spuA&usvents. Each of

these edits is now discussed in detail.
3.3.1 Filtering Short Introns

The genomes of different ecotypes of the same species often contairirsidal(i.e. insertions
or deletions of nucleotides) unique to those ecotypes. Additionally, seopgeerrors can intro-
duce bases into EST sequences as an artifact of the sequencingspracghort deletion from
one query sequence when compared to a reference genome of ardiffeotype can result in an

apparent short intron where there is none. To address this issuasistrorter than 10 base pairs

11



were assumed to be the result of such deletions and therefore filteracaignments. Figure

3.3 is an illustration of this issue.

) Genome
I — I EST
'l — — Ld
3 bp >10 bp 1 bp

Before

| Genome
e — [ EST
>10 bp

After

Figure 3.3: Filtering short introns to eliminate spurious AS events.

3.3.2 Removing Short Initial and Terminal Exons

Short sequences are statistically more likely to align to a reference genarhatge than longer
sequences. A short portion of an EST that is aligned at the beginningdoofean alignment
may therefore be aligned incorrectly, potentially generating a spuriousaiitex splicing event.
Since ESTs often span multiple exons, it is beneficial to retain the portion afgmment that
has longer and more confidently aligned subsequences. This edit remave alignments of
< 10 base pairs at the beginning and end of alignments leaving the rest of thenafigimtact.
Figure 3.4 is an illustration of this edit.

) Genome

Before
g e e | EST
ht -
3 bp 1 bp
I Genome
After

[ S EST

Figure 3.4: Removing short initial and terminal exons from an alignment.

3.3.3 Shifting Intron Coordinates

Examining clusters revealed situations where an intron within an alignment isdshifsmall
number of base pairs to the left or right of a true splice site. Figure 3.5 is atrdtion of this

situation.
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...AGGTCC... ...CAAGCA...

...AGGTCC... ...CAAGCA...

EE— O
After mmms— s
N

Figure 3.5: Illustration of an intron that is shifted by a small number of bases

The figure represents an alignment artifact in the sense that if the intrdiiftesdsa small
number of bases to the right the intron boundaries fall on a canomniealdT/AG or GC/AG)
splice site and eliminate a spurious AS event. In this edit, all introns are ahedkether
they fall on a canonical splice site boundary. If not, a 20 base pair margimd the existing
alignment splice sites is examined for canonical splice site signatures thhear@me distance
apart as the length of the intron. If a set of canonical splice sites is fieidtron alignment is
adjusted to reflect these new splice sites. This edit may introduce mismatchiiatgnment,
but a canonical splice site junction is more likely to result in a correct alignthentsequence

identity and so is preferred over alignment identity.
3.3.4 Filtering Alignmentswith Short Exons

Similarly to that described in section 3.3.2, this filtering step is also related to théh&short
sequences have a high probability of alignment by chance. In some sigjatioralignment
favors a small exon in the middle of an existing intron rather than on the enflaflang exon
if the percent identity is higher. In most cases this is a spurious alignmenshaut therefore

be filtered. Figure 3.6 is an illustration of the problem.

I 0 {1 Spurious alignment

Figure 3.6: lllustration of filtering of short exon alignments. Potentially due tomaishes
between two sequences, a small portion of one end of an exon may bepsplitdualigned
spuriously within an intron, or even attached to the opposite exon.



While it would be possible to adjust such a spurious alignment to its true positamhad to
a flanking exon, there are many possible cases to consider in such a sithatioomplicate the
task. Therefore, alignments with complete exons shorter than 10 basemamesmoved from

the final dataset.
3.3.5 Adjusting Alignment Strands

The clustering protocol described in section 3.2 maps alignments to annotaiteslifthe align-
ments overlap the gene’s coordinates on either strand. Due to the wayaESpeepared and
sequenced, it is often the case that the bases of a sequenced E&Jesse complemented with
respect to the gene from which it originates. Since the alignments haveriaggred to a gene
whose strand is known, we can easily distinguish between alignments that thapatonotated
strand of the gene and those that map to the opposite strand. An alignmeist tbetrse-
complemented with respect to its originating gene may have had introns splitedl ibthat
correspond to true splicing events of the gene. It is therefore benédiclatermine whether an
alignment should be considered on the same strand as a gene when it isinwafieopposite
strand. Additionally, there are situations in #heabidopsis genome where two genes overlap on
opposite strands, so it is necessary to explicitly distinguish which alignmenitdimassigned
to which gene. This section describes two ways of accomplishing this assigofrerand for
alignments that have been mapped to annotated genes.

In the first edit, an alignment mapping to the opposite strand of a gene is tultieal set
of alignments used for AS detection if it has any intron whose coordinatesiraatmtron on
the annotated strand. The probability of true splice sites having the exaet@zordinate on
opposite strands is extremely small, so this strategy is not likely to introducesp#(sS events.
Figure 3.7 is an illustration of this edit.

In the second edit, alignment on the opposite that do not share any intuoildes with
those on the annotated strand have their splice site sequences examirgtbfdcal junctions.
If any intron’s splice site nucleotides match a canonical signature on ttegadad strand of the
gene that alignment’s strand is changed to match the mapped gene. Givedtréineedy high
prevalence of canonical splice site junctions, it is unlikely that a true sptie®@s the opposite

strand will have a canonical signature on the annotated strand. It igdteesdso unlikely that
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Figure 3.7: Adjusting alignment strands based on splice site coordinatesedSsalice sites
have the same genomic coordinates. By including alignments that exactlyistrars from

the opposite strand, legitimate AS events may be detected. In this example an 3l&yeft is
evident only when strands are adjusted.

this edit will introduce spurious AS events. Figure 3.8 is an illustration of tnemaal splice

site strand adjustment.

Gene

start /
+ strand f___GGCTAT__ ...CTGTCA... .. TTAGCA... ...GCACAT.. ..CTCACA... _ ..TTCCCA..

Before

- strand

+ strand ...GGCTAT... .. ..CTCACA... _ ..TTCCCA...

After

..CCGATA... ... . .AATCGT... - Strand

Figure 3.8: Splice site signature alignment strand adjustment. Canonical sf@are high-
lighted in red for each strand. The mapped gene is on the + strand. Thewfirs strand

alignments each have one intron that maps exactly to a canonical GT/AG s@id®gndary

and thus have their strands adjusted. The second two alignments haveone that map to a +
strand canonical splice site and so are unedited.

3.3.6 Filtering Insertionsin EST Sequences

Insertions in EST sequences are the result of either sequencing errgenetic differences
between the reference genome and the genome where the EST origirgthdr of which

should result in the detection of AS events. Because AS events can odbtdaed against a
single reference genome and not between genomes that differ, anyoinsén EST sequences

must be removed from consideration when conducting AS analysis. foherenly the portions
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of EST sequences that align to the reference genome are used foité&kSale and alignment

regions associated with insertions in EST sequences are removed froesuifteng alignments.

3.4 Alternative Splicing Detection

The filtered, clustered, and edited alignments were analyzed for altersaticing using a mod-
ified version of the software package Sircah [21]. The original saiweas modified for our
pipeline because it counted AS events differently than we do in this analydisare statis-
tics needed to be extracted from splice graphs than were in the available impé¢iore The
software constructs a splice graph from the alignment information in a clastedetects dis-
crepancies in the splice patterns. Figure 3.9 is an example splice graphArhtiidopsis gene

AT1G74650.

J

——— ]

Legend

@ Exons O IR (Exon)
Alternative 3' Exons == ES (Intron)

B Alternative 5' Exons = IR (Intron)
Alternative 3' and 5' Exons

Ul ES (Exon)

Figure 3.9: Example of a Sircah splice graph for a real cluster

In the example splice graph there are three distinct AS events: one Al&’|Ryrand one
Alt3’. Counting AS events in this simple example is elementary, but how to cowarmtgvn
a more complicated splice graph is a little less clear. Since there are some ansbéyeot
counting cases, the rationale for counting AS events is now discussed.

Counting AS events in this analysis is linked to counting the number of distinctdidalo
events that result in different splicing patterns. AS events are alsdexbfnom the perspective
of the introns involved in the alternative splicing, rather than the exonsré-d0 contains an
example illustrating the approach.

In Figure 3.10, the intron is retained with respect to two exons and therefay result

in three distinct biological events - one with respect to the shorter exanwaith respect to



EST_match

=

Legend

@ Exons O IR (Exon)
Alternative 3' Exons == ES (Intron)

B Alternative 5' Exons = IR (Intron)
Alternative 3' and 5' Exons

U} ES (Exon)

Figure 3.10: Counting AS events in terms of the number of resulting proteitupte. This gene
is considered to have two IR events, one Alt5’ event, and one Alt3’ event.

the longer exon, and one with the intron totally retained - and therefore tiv® $prms are
considered alternative. When considering the terminal Alt3’ AS event, wvdyspliceforms

result as a consequence of this AS and thus only one event is observed

3.5 Implementation Details

The above pipeline was developed using theython programming language.
GMAP was compiled from source and run using the command line options
--findcanonical --trinexonpct=0.8 --batch=2 -S --sumary -f 1

- - maxi nt ron=<| engt h>. The- - maxi nt r on parameter was given as 6,000 and 2,000
for Arabidopsis and Chlamydomonas, respectively, as determined from each organism’s gene
annotations. Our modified Sircah software produced the splice graphsmaageprovided all

AS statistics.



Chapter 4

Results and Discussion

4.1 Datasets

All available Arabidopsis EST sequences were downloaded from NCBI's dbEST database [24]
which at the time contained 1,527,299 sequences. AdditionallyAthkidopsis EST dataset
used by Wanget al [19] included 71,806 sequences not found in dbEST and thus were also
included, raising the total number Afabidopsis sequences to 1,599,105. T@klamydomonas

EST database available [25] contained 252,484 ESTSs, all of which vgerkin the analysis.

4.2 Pipeline Comparison

A fundamental problem in spliced alignment is that, in general, we cannotifgetisat any
given alignment is biologically correct. Every biological sequence aligitoeh makes some
assumptions about the biology underlying the data, and it is not alwaysvdiedher those as-
sumptions are appropriate or what biases they introduce. Since it issfjgra@cepted that most
known legitimate splice site junctions are canonical, we may be reasonablyamrifidche AS
events we detect if we require that all alignments contributing to detection dgratacanoni-
cal junctions. However, recent studies suggest that there may be rgitimdte non-canonical
splite site junctions than previously thought [1], so enforcing this strictraviteof all-canonical
splice site junctions may miss legitimate events. Thus, four versions of the pipadneerun on
each organism’s dataset. The first version aligned the entire datasgiGMdiAP without filter-
ing based on canonical splice sites. The second version also did noofil@anonical splice
sites but used blat as the alignment too. The third version also aligned tlsetdatth GMAP

but filtered alignments based on the criterion that all introns in an alignment mnesthnonical
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splice site junctions. The fourth version aligned the dataset using blat @fsonly alignments
with all canonical introns. By comparing the AS statistics of the three pipelireores to each
other and to previous studies, we can make a judgment on which versicaptdine is likely
to give us the most reliable results. Table 4.1 contains AS event and gants ¢or the three

pipelines run on both organisms.

Arabidopsis
Event | GMAP w/o CSS | blat w/o CSS | GMAP w/ CSS | blat w/ CSS
IR 3,580 (36.0) 5,767 (18.0) | 2,506 (44.0) | 2,373 (44.6)

ES 1,159 (11.7) 2,068 (6.4) 635 (11.7) 491 (9.2)
Alt3’ 2,974 (29.9) | 10,141 (31.7)| 1,683(29.6) | 1,592 (29.9)
Alt5’ 1,772 (17.9) 9,277 (28.9) 815 (14.6) 765 (14.3)
AltB 422 (4.4) 4,750 (14.8) 84 (1.7) 99 (1.8)
Total 9,928 32,003 5,723 5,221
Chlamydomonas
Event | GMAP w/o CSS | blat w/o CSS | GMAP w/ CSS | blat w/ CSS

IR 429 (34.0) 843 (16.2) 262 (45.5) | 246 (43.2)
ES 158 (12.5) 327 (6.2) 83 (14.4) 63 (11.0)
Alt3’ 299 (23.7) | 1572(30.2)| 140(24.3) | 154 (27.0)
Alt5’ 271(21.5) | 1,520(29.2)| 83 (14.4) 90 (15.8)
AltB 102 (8.1) 939 (18.0) 8 (1.4) 16 (2.8)

Total 1,259 5,201 576 569

Table 4.1: AS event count comparison for different alignment tools éedifig. CSS stands for
Canonical Splice Sites. Canonical SS experiments were conducted withlmmynents where
every intron exhibits canonical splice site boundaries.

From Table 4.1, we first notice that the numbers of events for the GMABlatdlignment
pipelines without strictly canonical splice sites are much higher than those mlitrcanonical
junctions for either alignment tool. This is not surprising, considering #watiringall introns in
an alignment to be canonical likely eliminates many canonical introns in alignmextsaihitain
only one non-canonical intron. It is certainly the case, however, traegortion of the events
detected in the datasets with non-canonical splice sites are spurious. walsapte that the
proportion of IR events with the all-canonical pipelines is significantly highan the pipeline
that does not require canonical splice sites, while the proportion andeTruhiAltS’ drops. It
may be the case that some legitimate Alt5’ events have non-canonical splicenstiens, but
the fact that the number of detected Alt5’ events decreases by more thdeineeen datasets

makes it seem unlikely that the differences are all true AS events. Ititgylys the propor-
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tion of Alt3’ events stays relatively constant across all experiments, @n@lrébidopsis those
proportions are significantly higher than reported in previous studigsytfich found~20%.

This suggests that the proportion of Alt3’ events is legitimately higher thanqugly thought.
The version using blat and not filtering on canonical splice sites has vhadyent proportions
of events than the other pipeline results. This is consistent with previoesvaltiens of blat's
performance, particularly concerning how blat often poorly aligns sgliegunctions.

The GMAP alignments with all canonical splice site junctions were used firduanalysis
because we felt the most confident in the AS events detected with that cdimibinEhe event
proportions from this version of the pipeline most closely match previoudbighed work,
which is discussed in more detail in the sections 4.3 and 4.4. We also havtergreafidence
in the alignments GMAP produces over blat. Since blat does not use aomristcated splice
site model during alignment, there are often many spurious alignments arpliceljanctions
when there are indels in query sequences. GMAP, on the other hasdjes&ned to favor
canonical splice sites, resulting in much higher splice site alignment precisf@remainder

of the analysis in the section uses the results of this version of the pipeline.

4.3 Pipeline Statistics

A total of 76.1% and 65.1% of ESTs were unambiguously aligned againseti@es ofAra-
bidopsis and Chlamydomonas, respectively, using GMAP after alignments had been filtered for
canonical splice sites. The sequences that could not be unambigubgisdavere either short,
had unacceptably low sequence identity, or aligned to the chloroplast orrmiitdical genomic
sequences.

For Arabidopsis, 1,218,069 ESTs were mapped to 28,251 annotated genes, pseudogenes
transposable element genes in the TAIR9 genome annotation [22] and 4 3ihigue clusters
that did not map to known annotated genes. The majority of these unmappaikrlay in
close proximity to known genes, but some clearly indicate previously utateaktranscriptional
activity. A more detailed analysis of these clusters is later in this section. Altienirfg and
editing, a total of 903,061 alignments were used to conduct alternative gpdinalysis.

For Chlamydomonas, 164,433 ESTs were unambiguously aligned to 9,454 known genes

and 4,497 unannotated regions. As wittebidopsis, many of the clusters are associated with
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known genes. However, as tkéhlamydomonas draft genome annotation is much less mature
than that ofArabidopsis at the time of this writing, there is a significant number of unannotated
alignments that likely correspond to undiscovered genes. Table 4.2 comtaimmary statistics

for the Arabidopsis andChlamydomonas pipelines.

Pipeline Step Arabidopsis | Chlamydomonas

Initial ESTs 1,599,105 252,484

Initial Alignments 1,824,113 244,329

Filtered by % ID 1,309,119 182,417

Unique EST Alignments | 1,218,069 164,433

Edited Alignments 1,235,590 157,808

Strand-Adjusted Alignments 903,061 114,023
Gene Clusters 28,251 9,454
Unannotated Clusters 37,344 4,497

All Clusters 65,824 13,951

Table 4.2: Pipeline statistics férabidopsisandChlamydomonas pipelines. The strand-adjusted
alignments figures are the alignments used in the final AS analysis.

There is a number of clusters that do not map to any known annotation tfoobganisms.
The majority of these unannotated clusters lie within 1000 base pairs of ateéeuhgene. How-
ever, there are a number of clusters that are very far from any kaowotation with significant
alignment support. Fo€hlamydomonas, there were a total of 107 unannotated clusters with
more than ten high quality EST alignments where 76 and 31 were less thaneatdrghan
1000 bases away from the nearest gene, respectivelyArabrdopsis, a total of 414 clusters
with more than ten EST alignments and without a gene mapping were founcs 29&and 119
were less than and greater than 1000 bases away from the neastagpectively. It is likely
that the clusters greater than 1000 bases away from any known geaseast previously undis-
covered genes or untranslated RNAs that have some other cellular funtéible 4.3 contains

statistics on the unannotated clusters.

4.4 Alternative Splicing Analysis

Like in previous studies idrabidopsis andChlamydomonas, IR emerges as the most prevalent
type of AS, followed by Alt3’, Alt5’, ES, and lastly AltB. Imrabidopsis, the proportions of

AS events generally agree with Wang'’s analysis but deviate in threectesgerst, while IR
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Organism < 1000 bp (Genes) | > 1000 bp (Genes) | Total (Genes)
Arabidopsis 295 (285) 119 (115) 414 (399)
Chlamydomonas 76 (71) 31 (26) 107 (97)

Table 4.3: Statistics on clusters with more than 10 ESTs that could not be mapgedwn
genes. Clusters are split into those nearer than 1000 base pairs froeettest gene and those
farther. In parentheses we indicate the distinct number of genes theslastenearest, as some
clusters are nearest to the same gene.

Arabidopsis Chlamydomonas
AS type | Events (%) | Genes (All) | Events (%)| Genes (All)
IR 2,506 (43.7)| 1748 (1757)| 262 (45.5)| 231 (231)
ES 635 (11.1) | 358(358) | 83(14.4) 56 (56)
Alt3’ 1,683 (29.4)| 1526 (1527)| 140 (24.3)| 133 (135)
Alt5’ 815 (14.2) | 769 (771) | 83(14.4) 80 (81)
AltB 84 (1.5) 82 (82) 8(1.4) 8 (8)
Total 5,723 3428 (3430) 576 445 (448)

Table 4.4. Alternative Splicing Statistics. In parentheses of the Events cslanenthe pro-
portions of the event type. In parentheses of Genes columns are thauothker of clusters
where the AS events were found, including unannotated clusters. S@erds is less than
Total figures because some genes have more than one AS type.

is the most prevalent form of AS, the numer of events and proportion¥g4ade significantly
smaller in this analysis compared to Wang who reported 4,635 events compfisit®g IR. An
explanation for this might be the short intron filtering step this pipeline un@ésrgehereby some
EST deletions may have been previously detected as IR events. Also, diledrialignments
with any non-canonical splice site junctions also will have an effect on tlupgstion. This
is because it is often the case that the IR splice form of a gene is the leaatgmt form of
an intron. Of the 9,21%rabidopsis transcripts involved in IR, 6,588 (71.4%) of the transcripts
had the retained intron as the non-prevalent form. Since the retained intaved in IR is
usually non-prevalent, and given that there are several ways amaligrcan be filtered out of
the analysis in our pipeline, it is possible that alignments containing retainedsrdre filtered
before AS detection. This pipeline is generally more conservative thaig8the sense that
an entire EST alignment may be eliminated if only part of the alignment fails a fdggrghort
exon filtering edit, existence of a non-canonical splice site, etc.). Th@opions of Alt3’ and
Alt5’ events in this study, 29.6% and 14.6%, are both elevated when comjmatied previous
study of 21.9% and 10.5%. However, the number of Alt3’ and Alt5’ eventedded in this
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pipeline are nearly identical to the 1,810 and 845, respectively, repbyt&tlang. Thus, the
relative proportions for these types of events are increased onlysedthere were fewer IR
events detected.

This analysis finds only 72% of the number of genes that exhibit AS repbyt&/ang. From
Table 4.4, there are 3,428 annotated genes that exhibit evidence ob3his analysis. Wang
reports 4,704 annotated genes exhibit AS. However, the genes foutine wo analyses are
different as shown in Figure 4.1. Between the two analyses, a total 3 §&tes are found to

5,809 AS Genes [ ] Our pipeline
I Brendel

Figure 4.1: Comparison of numbers of AS genes found between this anahds\Wanget al.

exhibit AS, constituting 20.2% of the 28,691 knowrabidopsis genes according to the TAIR9
annotation. This is slightly lower than the proportion of 21.8% reported bygWan

In Chlamydomonas, the AS event proportions follow that of the results in our previous study.
As with Arabidopsisand other land plants, IR is the most prevalent form of AS followed by Alt3’,
Alt5’, ES, and lastly AltB. The numbers of genes found to exhibit AS as wsetha numbers
of events are also similar, which is not surprising considering the samestiatasmuch of the
same software pipeline was used. The only notable differences wevelaer reduced event
counts for IR and Alt3’. Our previous work found 305 IR and 158 Aldfifferences of 50 and
18 events, respectively. This pipeline has additional filtering steps impleth@gefiltering of
short exon alignments) that might easily explain this disparity.

The distance, ooffset, between alternative splice sites in an Alt3’ or Alt5’ event can help to
determine the effect an AS event might have on a resultant protein. Smeesctbnsecutive bases
of mMRNA code for an amino acid, an addition of bases due to an AS everisthat divisible

by three often drastically changes the codon sequence encoded byN#é mélecule. These
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changes in an mRNA's codon sequence, call&dmeshift, occur frequently in conjunction with
AS events inArabidopsis and other organisms [26]. There is evidence that a high proportion of
MRNAs affected by AS are degraded even before translation into pra@rinacur on account

of frameshifts [1, 27]. Figure 4.2 contains offset distributions for AltBd&Alt5’ AS events in

both organisms.

Arabidopsis

Alt5" AS Offsets <= 50 bp Alt3' AS Offsets <= 50 bp

123 10 20 30 40 50
Offset Offset

Chlamydomonas

Alt5' AS Offsets <= 50 bp Alt3' AS Offsets <= 50 bp

Proportion of Events
Proportion of Events

Offset Offset

Figure 4.2: Offset distributions for Alt3’ and Alt5’ AS events for both angans. Only offsets
less than 50 base pairs are shown. There were no offsets smaller thars3dmd only a small
number larger than 50.

The clear peaks in both organisms for Alt5’ AS is an offset of 5 base .pdinss is con-
sistent with the findings of previous studies [26] and suggests that arlargber of Alt5’ AS
events result in a frameshift. For Alt3’, the clear peak for both organisras wfset of 4 base
pairs, which also supports the result that many Alt3’ events alter the cedpresce encoded by

MRNA.
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45 Splice Site Strength

The cellular machinery responsible for splicing introns out of RNA dodsys@cognizing sig-
nals in the nucleotide sequence of a gene. This signal most commonly hantiréoal dinu-
cleotide pairs of GT/AG or GC/AG at the beginning and end of introns. Tkes$aurrounding
these canonical dinucleotides are less conserved but are still of impet@the splicing mech-
anism. By quanitfying the level of conservation of splice site sequence®ld/e strength
of different types of splice sites can be compared. As shown in ouiqugwork onChlamy-
domonas, splice sites involved in AS are weaker than those that are not alternaspidted.
It may therefore be possible to use splice site strength as a feature wddiatipg whether a
putative splice junction may exhibit AS.

Sequences corresponding to AS events identified by the pipeline wéyeeahtor splice site
strength following the protocol in [28]. Splice sites for each type of AR, Alt3’, Alt5’,
ES) as well as splice sites where we found no evidence of AS were usmEhs$truct motifs
using the TAMO package [29]. Splice sites were considered to be 3 basasnic sequence
and 10 bases of intronic sequence, resulting in motifs of length 13. Splicesisémces were

scored according to:

N pm(s(]) ])
score = ;log <pbg(s(j),j)> , (4.1)

whereN is the length of the motifs () is the nucleotide at positiof) p,,, (4, 7) is the probability
of seeing nucleotidé at position; of the motif, andpy, (i, j) is the background distribution for
nucleotide; at position; of the background motif. To construct the background motif we used
a background based on exon sequences for the exonic part of theandtd background based
on intronic sequences for the intronic part of the motif. Two sets of motif ics&were scored
using Eqn. (4.1), and the significance of the difference between thesseas determined using
the Wilcoxon Rank Sum test:-scores were calculated using the normal approximation of the
test and converted tevalues.

The splice site analysis protocol described above was conductedtfoAtabidopsis and
Chlamydomonas. As reported for other organisms, the splice sites involved in AS are weake
than those associated with constitutive splicing with high statistical significdiatée 4.5 con-

tains splice site strength statistics.
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Arabidopsis Chlamydomonas
5 dte 3 dte 5 dte 3 dte
Event Score| p-value | Score| p-value | Score| p-value | Score| p-value
IR 5.38 | 4.57e-318| 5.27 | 1.06e-227|| 7.58 | 2.46e-55| 7.37 | 5.41e-9
ES 6.58 | 8.40e-6 | 6.05 | 2.45e-32| 8.94 | 2.25e-5| 8.03 | 6.09e-13
Alt3’ 6.24 | 1.26e-11| 4.81 0 8.89 | 0.0073 | 6.47 | 1.30e-67
Alt5’ 441 0 5.24 | 1.29e-108|| 6.67 | 1.80e-68| 7.27 | 4.60e-5
Constitutive| 6.72 NA 6.40 NA 9.26 NA 8.10 NA

Table 4.5: Splice site strength statistics

The prevalent and non-prevalent splice site strengths for 3’ and ABsévents were identi-

fied and tested against constitutive splice sites. The prevalent formAS awent is the one sup-

ported with the largest number of EST alignments. For Botbidopsis and Chlamydomonas

the non-prevalent splice sites are weaker than the prevalent form#)@pdevalent splice sites

are weaker than constitutive forms. Table 4.6 and Figure 4.3 contain the sjikicstrength

statistics and WebLogo images [30], respectively, for this analysis.

Arabidopsis

Event Non-Prevalent p-value Prevalent p-value Constitutive
Alt3’ 4.96 1.492e-35 5.74 9.48e-53 6.40

Alt5’ 4.62 2.42e-34 5.81 2.34e-22 6.72

Chlamydomonas

Event| Non-Prevalent Score p-value | Prevalent Score p-value | Constitutive Score
Alt3’ 6.09 3.24e-10 7.82 0.06 8.10

Alt5’ 6.31 8.10e-09 8.38 0.25 9.26

Table 4.6: Prevalent vs. Non-Prevalent vs. Constitutive splice site mdigftgta. Scores are the
average of all individual splice site instance scores computed againsatkground described

above. The firsp-value column is the significance of testing the Non-Prevalent motif against
the Prevalent motif. The secomevalue column is the significance between the Prevalent and

Constitutive motifs.

From Table 4.6, we notice that the non-prevalent motif scores are lowebtith the preva-

lent and constitutive scores for both organisms. This makes biologicsé sethat a splice site

with a weaker signal is less likely to be spliced than one with a stronger sigimgdpging the

evidence that these sites are non-prevalent.
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Figure 4.3: WebLogo images [30] of prevalent, non-prevalent, anstitotive splice sites.

4.6 Conclusonsand Future Work

In this work we presented an computational pipeline for AS analysis. Wkedphe pipeline
to the largest available EST datasets of the model orgamsaisdopsis and Chlamydomonas.

The results generally confirm previous work on both of these organisis, significantly that
IR is the most prevalent form of AS and splice sites involved in AS are wdhka those of con-
stitutive splicing. A significant number of potentially undiscovered geneg akso identified
in both organisms. The pipeline used to conduct this analysis includesedtitiely techniques
for improving our confidence in the detected AS events. Our approaictenfifying only dis-

tinct biological events from a splice graph ensures the number of ASskias clear biological
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relevance.

A large set of AS events were discovered in this work. These eventa@arbe used to
construct datasets that will allow further analysis of AS. The geneticese®gs up- and down-
stream of AS events can be extracted and analyzed for signals implicate&l itha& splice site
strength analysis can also be used as one of a set of features to disgt@atere AS sites along
the genome.

The pipeline described here has also been applied to a cross-orgaBiamalysis of serine-
rich (SR) genes in collaboration with Dale Richardson of the DepartmenibaifBrmatics and

Population Genetics, University of Cologne for his PhD thesis.
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Glossary

alternative splicing
amino acids

base complementarity
bases

canonical splice site

codon

exon
Expressed Sequence Tag (EST)

gene

indel

intron

messenger RNA
MRNA

nucleotide

percent identity
pre-mRNA
precursor messenger RNA

the phenomenon where a gene has more than one
splice form, 3

the 22 molecules that are the building blocks of
proteins, 3

the matching of A= T and C«< G in DNA, 2
seenucleotide, 2

a splice site marked by the first two and last two
intronic bases having GT/AG or GC/AG, 3

three consecutive mMRNA bases that are translated
into an amino acid, 3

the coding portions of a gene that are translated
into protein, 3
a sequence originating from an expressed gene, 3

region of a genome encodes information about
how a cell functions, 2

any insertion, deletion, or mutation of a base in a
sequence, 11

a non-coding sequence of a gene spliced out of
pre-mRNA before protein translation, 3

RNA that has had introns spliced out of it, 3
shorthand for messenger RNA, 3

one of four DNA molecules adenine (A), cytosine
(C), guanine (G), or thymine (T), 2

synonym for sequence identity, 6

shorthand for precursor messenger RNA, 2

RNA that has been transcribed from a gene but
still contains introns, 2
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segquence alignment
sequence identity

spliceform
splice graph

splicejunction
splicesite

spliced alignment

splicing

transcription

translation

the task of finding the most compatible subse-
guence between two sequences of characters, 6
the proportion of bases in an alignment that match
between two sequences out of all paired bases, 6
a pattern of exons and introns of a gene, 3

graph constructed out of a set of alignments that
compactly represents splicing information, 7
synonym for splice site, 3

location within a gene defining the boundary be-
tween an exon and an intron, 3

sequence alignment strategy that allows long con-
secutive gaps in one of the sequences, 6

the process of excising introns from pre-mRNA,
3

the process of copying a gene’s nucleotides to

pre-mRNA, 2
the process of creating a protein out of mMRNA, 3
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