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Zusammenfassung

Fines der Ziele dieser Dissertation ist es die Rolle zweier fundamentaler bio-
logischer Prozesse, die Genomduplikation und das alternative Spleifien, in
der Regulation der Genexpression zu verstehen. Die Genomduplikation und
das alternative Spleifien haben tiefgreifende Auswirkungen auf die Genregu-
lation, wie zum Beispiel dass die kontrollierte Expression duplizierter Gene
die Evolution von Genomen beeinflusst, wahrend das alternative Spleifien
regulatorischer Gene enorme Auswirkungen auf die Funktionalitdt nahezu
aller expressionierten Gene hat. Die Gesamtgenom-Duplikation (WGD) hat
die Entstehung neuer Spezies, die Formation von Genen mit neuen Funk-
tionen, oder auch die Modifizierung von Expressionsmustern beschleunigt

und Organismen eine Form genetischer Robustheit verliehen.

Wir haben die Langzeit-Evolution und das Zusammenspiel von 5’ ”up-
stream” regulatorischen Sequenzen (URSs), Protein-kodierenden Sequen-
zen (CDSs) und Expressionskorrelationen (EC) von duplizierten Gen-
Paaren im Modellorganismus Arabidopsis thaliana untersucht. Drei ver-
schiedene Methoden haben eine signifikante evolutiondre Konservierung
zwischen paralogen URSs verdeutlicht und waren mit Microarray-basierten
Expressions-korrelationen der betreffenden Gen-Paare hoch korreliert. Die
positionale Information von genauen zwischensequenzlichen Ubereinstim-
mungen hat den Beitrag mikro-chromosomaler Neuordnungen fiir die
Expressionsdivergenz demonstriert.  Eine Drei-Wege Ranganalyse der
URS-Similaritat, der CDS-Divergenz und der EC haben spezifische Gen-
funktionale Ver-zerrungen aufgezeigt. Transkriptionsfaktoraktivitat wurde
mit Gen-Paaren, die konservierte URSs und divergente CDSs aufweisen,
assoziiert, wahrend eine grofle Anzahl metabolischer Enzyme mit Gen-
Paaren, die sich durch divergente URSs und konservierte CDSs auszeich-
nen, in Verbindung gebracht werden konnten. Bemerkenswerterweise wird
die Mehrheit an duplizierten Genen in den verschiedenen Entwicklungssta-
dien von Arabidopsis thaliana unterschiedlich expressioniert, was darauf

hindeutet, dass oft eine der beiden Genkopien bevorzugt wird, und dass der



Mechansimus der Subfunktionalisierung fiir die Genregulierung eine Rolle

spielen konnte.

Zusammen mit der WGD ist das alternative Spleilen (AS) der pre-
mRNA ein fundamentaler molekularer Prozess, der genetische Diversitat
im Transkriptom und Proteom verursacht. Zahlreiche Komponenten, wie
Léange und Sequenz der Exons und Introns, Trans-Faktoren und Transkrip-
tionsraten, beeinflussen die Spleifireaktion. SR-Proteine, eine Familie von
Splei-Regulatoren mit einem oder zwei RNA-Erkennungsmotiven (RRMs)
am N-Terminus und einem ”arg/ser-rich” am C-Terminus, wirken sowohl

beim konstitutiven als auch beim alternativen Spleifien.

Wir haben Datenbanksuchen fiir SR-Proteine 27 eukaryotischer Spezies
durchgefiihrt, die die Taxone der Pflanzen, Tiere, Fungis und basalen
Eukaryonten, die auflerhalb dieser Abstammungslinien liegen, umfasst.
Mithilfe von RRMs als phylogenetische Marker haben wir mindestens 12
SR-Protein-Subfamilien feststellen kénnen, von denen vier in Pflanzen weit
verbreitet sind. Zudem befinden sich RRMs innerhalb der Subfamilien von
SR-Proteinen an hoch konservierten Positionen, jedoch sind ihre vorherge-
sagten RNA-Bindungsresiduen degeneriert. Damit einhergehend stellten
wir fest, dass die Mehrheit pflanzlicher SR Gene unter purifizierender Se-
lektion steht. Dariiberhinaus ist die Mehrheit an paralogen SR-Genen in
Arabidopsis und Reis in den diversen Entwicklungsstadien unterschiedlich
expressioniert, was mit unserer Beobachtung beziiglich duplizierter Gene
im Einklang steht. Wir haben das Ausmafl an SR-Gen betreffendes AS
unter der Verwendung von Spleifl-Graphen, die auf multiple ”alignments”
von ESTs/cDNAs und SR-genomischen Sequenzen beruhen, abgeschétzt.
Das AS von SR-Genen ist ein weit verbreitetes Phénomen iiber zahlreiche
Abstammungslinien und ein héufiges Merkmal unter Eukaryonten. Zu-
dem variiert die Art der Ausfiihrung des AS unter Organismen und SR-
Subfamilien. Abschlieend suggerieren wir einen Zusammenhang zwischen
der DNA-Methylation innerhalb kodierender Regionen von SR-Genen und

deren Spleifimuster.



Abstract

One of the goals of this dissertation is to understand how two fundamen-
tal biological processes, genome duplication and alternative splicing, factor
into the regulation of gene expression. Genome duplication and alternative
splicing have profound implications on gene regulation, as the controlled
expression of duplicated genes affects the evolution of genomes, whereas
alternative splicing of regulatory genes has enormous ramifications on the

functionality of nearly all expressed genes.

Whole genome duplication (WGD) has catalyzed the formation of new
species, genes with novel functions, altered expression patterns, complexi-
fied signaling pathways and has provided organisms a level of genetic ro-
bustness. We studied the long-term evolution and interrelationships of 5’
upstream regulatory sequences (URSs), protein coding sequences (CDSs)
and expression correlations (EC) of duplicated gene pairs in the model or-
ganism, Arabidopsis thaliana. Three distinct methods revealed significant
evolutionary conservation between paralogous URSs and were highly cor-
related with microarray-based expression correlation of the respective gene
pairs. Positional information on exact matches between sequences unveiled
the contribution of micro-chromosomal rearrangements on expression diver-
gence. A three-way rank analysis of URS similarity, CDS divergence and EC
uncovered specific gene functional biases. Transcription factor activity was
associated with gene pairs exhibiting conserved URSs and divergent CDSs,
whereas a broad array of metabolic enzymes was found to be associated
with gene pairs showing diverged URSs but conserved CDSs. Strikingly,
the majority of duplicate genes are differentially expressed in magnitude
throughout various developmental stages in Arabidopsis, suggesting that
often one of the two gene copies is preferred and may hint at a mechanism

of sub-functionalization acting at the gene regulatory level.

Along with WGD, alternative splicing (AS) of pre-mRNA is a funda-
mental molecular process that generates diversity in the transcriptome and
proteome of eukaryotic organisms. Multiple factors influence the splicing

reaction, such as the length and sequence of exons, introns, the presence and



levels of trans-factors and the rate of transcription. SR proteins, a family
of splicing regulators with one or two RNA recognition motifs (RRMs) at
the N-terminus and an arg/ser-rich at the C-terminus, function in both

constitutive and alternative splicing.

We performed database searches for SR proteins in 27 eukaryotic species,
which included taxa from plants, animals, fungi and basal eukaryotes that
lie outside of these lineages. Using RRMs as a phylogenetic marker, we ob-
served at least 12 SR protein sub-families, four of which are vastly expanded
in plants. Furthermore, RRMs are in highly conserved positions within SR
proteins within sub-families, yet their predicted RNA binding residues are
degenerate. In line with this finding is our observation that the majority
of plant SR genes are under purifying selection. Moreover, the majority of
paralogous SR genes in Arabidopsis and rice are divergently expressed in
different developmental stages, suggesting that these gene pairs have sub-
functionalized at the expression level, reminiscent of the patterns we ob-
served in our duplicated genes study. We assessed the extent of SR gene AS
by generating splice graphs based on multiple alignments of ESTs/cDNAs
to SR genomic sequences. AS of SR genes is a widespread phenomenon
throughout multiple lineages and is a common trait among eukaryotes. Fur-
thermore, the types of AS vary by organism and by SR sub-family. Lastly,
we suggest that there is a link between DNA methylation within coding
regions of SR genes and their AS patterns.
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Preface and Aims

1.1 Preface

This dissertation is comprised of two major independent but thematically linked anal-

yses as shown below in Fig

Project | Project Il
Paralog SR gene
Evolution evolution
\ 4 \ 4

1 organism ,
organisms

\ 4 \4

Gene tree
and AS

URS and

expression

analysis analysis

Figure 1.1: The two projects - Top-level organization of projects comprising this

thesis.



1: PREFACE AND AIMS

The two projects are further described:

1. the analysis of whole genome duplication (WGD) derived genes in Arabidopsis
thaliana with respect to upstream regulatory sequence (URS) and coding se-
quence (CDS) evolution within the context of paralogous expression correlation,

and

2. astudy of serine-arginine (SR) rich splicing factors, which focuses on their classifi-
cation into sub-families, lineage-specific abundance, conservation and alternative

splicing (AS) across 27 phylogenetically distinct eukaryotic genomes.

Consequently, the remainder of this thesis is partitioned accordingly and when
possible, attempts will be made to unify the two topics into a cohesive whole. For the
sake of clarity and ease, each of the projects will henceforth be referred to as ”Project
I” and ”Project II”. As each project was written in a modular format, the reader may

choose either to begin with.

1.2 The criticality of gene regulation

How organisms develop into morphologically distinct species and respond to ever chang-
ing environmental conditions can be thought of in terms of gene regulation, that is, the
timing at which particular genes are expressed, the quantity and quality of the re-
sultant transcripts as well as the cellular localization of those transcripts. Certainly,
there are many factors that influence gene regulation either before or after an mRNA
transcript has been produced, such as accessibility of genes and their promoters based
on chromatin states, competitive binding of transcription activators or repressors, dif-
ferential expression of transcription factors, mRNA editing, or regulated degradation
of nascent transcripts by RNA surveillance mechanisms (i.e., miRNA /siRNA induced
degradation). While this list is far from exhaustive, it nevertheless serves to illustrate
the importance of controlling the timing and location of gene expression in order for
an organism to develop and dynamically adapt to a variable environment.

However, from where do genes arise? While the question of how the first gene came
into being may be largely speculative, what is more certain is that new genes can arise
from pre-existing genes by means of tandem, segmental or whole genome duplication

events. These duplication events have consequences on gene regulation because an



1: PREFACE AND AIMS

organism must now deal with superfluous copies of genes. Too much or too little of
a given gene product could severely affect the viability of the organism, but extra
gene copies may also provide a pathway to adaptation through natural selection. The
variability conferred by gene or genome duplication and the consequent regulation of
these duplicated genes can lead to the formation of new species through reproductive
isolation at the molecular level due to technicalities during meiosis.

In addition to the fundamental biological process of gene/genome duplication, many
eukaryotic organisms have evolved another means to generate genetic variability: al-
ternative splicing. Instead of a single gene always producing the same transcript or
protein product, a single gene may give rise to multiple transcript isoforms or proteins
by virtue of differential combinations of exons and introns. The resultant combinations
may form a viable gene product, or result in subtle variations that confer different func-
tions onto the protein. Often times, alternative splicing of nascent mRNA molecules
results in truncated transcripts which are degraded by mRNA surveillance mechanisms
in the cell. This may at first sound wasteful, but it is an elegant way to fine tune
the quantity of available mRNA transcripts for translation into proteins, thus adding
a layer of complexity to post-transcriptional gene regulation. Gene/genome duplica-
tion and alternative splicing are not mutually exclusive events, but instead are critical
components of gene regulation, and thus, organismal complexity and development.

This thesis relies upon comparative genomics to understand how particular aspects
of gene/genome duplication and alternative splicing have affected gene regulation and

is primarily focused on photosynthetic eukaryotes.

1.2.1 Comparative genomics as a research tool

Comparative genomics has become one of the cornerstones of bioinformatic analyses in
the post-genomic era (I120). Comparative genomics is multifaceted and multi-layered.
Not only is it a foundation for basic genome annotation, it is also the window in which
we are able to observe the traces of evolution within and between species, which in
turn, permits new insights into the biology and natural history of life.

Given its power and soundness, comparative genomics methodology is used through-
out this dissertation from both an intra- and inter-species perspective. First, we exam-
ine 5’ upstream regulatory regions of paralogous genes in Arabidopsis thaliana (intra-

species comparative genomics in Project I) followed by an investigation of orthologous
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and paralogous genes from 27 pyhlogenetically distinct species (inter-species compara-

tive genomics in Project IT). Both are described in detail in the following sections.

1.3 Aims

1.3.1 Project I — Intra-species comparative genomics in Arabidopsis

The primary goal of this project was to ascertain the inter-relationships of different
gene components across a large group of paralogous gene pairs that arose from a single
polyploidy event millions of years in the past. We will conduct analyses to address
the evolution of 5’ upstream regulatory sequences (URSs) versus that of protein coding
sequences (CDSs). Furthermore, we will look at how each component (regulatory or
coding) dictates expression correlation between paralogs, as well as biological function

on a genome-wide scale.

1.3.2 Project II — Inter-species comparative genomics in 27 eukary-
otes

In contrast to the above project, here the focus is on the recovery, classification and
analysis of the ”full” SR gene repertoire in 27 different eukaryotic species, with emphasis
on 12 photosynthetic organisms and the extent of alternative splicing (AS) in the SR
genes. Analyses will be performed to answer questions relating to SR gene sub-family
expansions or losses in certain lineages, the extent of their AS, and characteristics of

their sequence evolution within the context of gene duplication and speciation.



Project I Introduction

2.1 Project I — Intra-species comparative genomics in Ara-

bidopsis

We begin by providing some background information on Arabidopsis and how it has

become the model organism of choice to study basic plant biology.

2.1.1 General background information on Arabidopsis thaliana

Arabidopsis has become the prominent flowering plant, or angiosperm model to study
plant morphogenesis, reproduction, evolution and molecular and cellular biology. Fig-
ure depicts a photograph of an Arabidopsis adult sporophyte.

Arabidopsis was the first plant genome to be sequenced (54); consequently, it pos-
sesses one of the most curated and well-annotated genomes available within the plant
kingdom. As with any model organism, Arabidopsis has many characteristics that

make it an ideal organism for study:

it has a short generation time (6 weeks)
e its genome is fully sequenced

e its genome is relatively small (5 chromosomes, 125 MB)

there is a substantial amount of microarray expression data, and
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Figure 2.1: Arabidopsis sporophyte - Wild-type, adult Arabidopsis photo taken
from |OpenWet Ware.

e the fundamental aspects of its genetic evolution and molecular biology can be

readily transferred to other, agronomically important crops.

The constantly refined sequence databases of Arabidopsis have permitted researchers
to not only employ reverse genetic strategies in their studies, but also allows for the
consideration of natural phenomena that have influenced the evolution of its genome.
One important evolutionary force that has played a role in many plant lineages is that

of whole genome duplication.

2.1.2 Whole genome duplication and Arabidopsis

Whole genome duplication (WGD) is a powerful force that has shaped the evolution
of many, if not all, eukaryotic genomes. WGD is especially prevalent in the flowering
plants, with duplications occurring multiple times throughout multiple lineages (27}
126) (Figure [2.2). WGD has had an important role in the origin and diversification
of flowering plants (27) and it is estimated that at least 70% of flowering plants have
polyploidy in their history (76]). Arabidopsis has experienced at least three WGD events
(106} 122]), with the most recent WGD event having occurred between 20-60 million
years ago (10} [14).


http://openwetware.org/images/3/39/Arabidopsis.jpg

2: PROJECT I INTRODUCTION

Sorghum
Sugarcane
Maize

Rice
Wheat
Barley
Tomato
Potato

_: Sunflower
Lettuce
.E.. Soybean
Medicago
Cotton
Arabidopsis

200 150 100 50 0
Time (Mya)

TRENDS in Genetics

Figure 2.2: Polyploidy in plants - Figure showing the prevalence of polyploidization

events (red circles) in selected flowering plants (70).

2.1.2.1 Prior research

Previous studies in Arabidopsis have focused primarily on how duplicated genes di-
verged in protein coding sequence (CDS) and expression divergence since the time of
duplication. Blanc and Wolfe (2004) showed that gene pairs are not lost randomly over
time, but lost according to gene functional biases, where transcription factors and sig-
nal transduction proteins were preferentially retained, whereas genes involved in DNA
repair were preferentially lost. Furthermore, they reported an asymmetric rate of se-
quence evolution in the CDSs of more than 20% of the analyzed pairs (I1)). Haberer
et al. (2004) reported that expression divergence occurs frequently between duplicated
gene pairs and may be the primary mechanism behind preserving redundant genes (40).
They also revealed a moderate but significant correlation between promoter sequence
similarity and expression divergence for polyploidy derived pairs. Ganko et al. (2007)
examined levels of expression divergence between duplicated genes in Arabidopsis and
reported that the strength of purifying selection acting on CDSs is coupled to the

corresponding pairs expression pattern (35)).

2.1.2.2 Limitations and extensions of prior research

Most studies thus far have focused primarily on the properties of coding sequence evolu-
tion after duplication, measured in terms of non-synonymous (K ), synonymous (K ),

or the ratio of non-synonymous to synonymous substitutions (K,/K ). However, the
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evolution of upstream regulatory sequences (URSs) of duplicated genes has received
less attention in Arabidopsis. This is partly due to the inherent difficulty of assessing
sequence similarity in non-coding DNA, where the number, order and spacing of shared
sequence elements may confound traditional, alignment-based approaches. Addition-
ally, the well-defined models for coding sequence substitution rates are not applicable
to URSs, which lack the discrete nature of codons. Moreover, the limited number of
known in conjunction with the vast number of computationally predicted transcription
factor binding sites (TFBSs) for Arabidopsis makes it difficult to recover a meaningful
signal from background noise. One of the major public sources for obtaining TFBSs,
PLACE (49), is no longer maintained and has not been updated since 2007 (only 409
motifs are readily available from PLACE ).

Previously, Haberer et al. (2004) looked at similarities/dissimilarities in duplicated
Arabidopsis promoters using a simple alignment-based approach (40)). Here, by using
the Shared Motif Method (21I)), DIALIGN-TX (an improved version of the algorithm
used in (21))) (113} 114) and an alignment-free measure of word repetitiveness, (known
as the IR (43} 45])) we were able to characterize aspects of Arabidopsis URS similarity in
paralogous genes at a more detailed level. Furthermore, the incorporation of positional
information on exact matches between paralogous URSs provided insights into URS
sequence evolution and expression divergence that raw similarity values simply cannot
provide. An evolutionary analysis of the protein coding sequences of the WGD-derived
paralogs revealed distinct functional classifications of the duplicates, dependent on
whether the URS or CDS is more conserved. Moreover, the joint consideration of URSs
and CDSs revealed that different components of a gene experience different selective

pressures following gene duplication.



Results — Project 1

3.1 Similarity profiles of Arabidopsis upstream regulatory
sequences (URSs)

After taking several steps to assemble a clean working data set of 815 paralogous URSs
(Figure and section , all of which are assumed to have arisen in a single WGD
event between 20-60 million years ago (10), we applied three distinct means to assess
similarity between each of the gene pairs: the Index of Repetitiveness (IR) (43} [45]),
Shared Motif Method (SMM) (2I) and DIALIGN-TX (DTX) (I13]).

First, we confirmed that the IR and SMM values for the real data (Figure and
, black boxes), as well as the measurements using DTX are significantly different
from the randomized data (Figure and , red boxes; DTX data not shown).

A noticeable property of the IR was that its level of variance depended more heavily
on the sequence lengths of analyzed URSs than the SMM. The inter-quartile range
(IQR) for the IR values for sequences of length 600 bp was only 20% of the IQR
for sequences of length 100 bp. For the SMM, the IQR was almost independent of
sequence length. Furthermore, there are many more outliers and extreme values in the
real data measured by IR (Figure [3.2]A, black boxes) than by the SMM (Figure [3.2B,
black boxes), whereas the converse is true for the random data (Figure and [3.2B,
red boxes). However, in general, median values of conservation for duplicated URSs
decrease as the size of the T'SS-anchored window increases.

Next, we tried to localize the regions within the URSs that harbor the highest
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Figure 3.1: Dataset construction - Brief summary of the steps taken to generate the

working data sets for Project 1. For

more details, the reader is referred to chapter
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conservation signals. We performed a sliding window analysis with the window size

fixed at 200 bp and moving away from the 5" TSS in 50 bp steps (Figure .
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Figure 3.3: Sliding window analysis - Observed and randomized data (black and
red box plots, respectively) for the IR (Panel A) and the SMM (Panel B).

Again, similar trends were observed with respect to the behavior of the two meth-
ods: all real data values were significantly different from random data (Wilcoxon Signed
Ranks test, p << 107°) and the pattern of outliers was reflective of what was observed
in Figure Furthermore, note that the variability pattern in the IR and SMM for
random data, exhibited fewer outliers for IR and a relatively constant level of variance
(Figure and , red boxes). Nevertheless, despite the qualitative differences in
both programs, a distinct pattern emerged with respect to the sliding window analy-
sis. Both programs showed a nearly monotonic decrease as distance from the 5 TSS
increased. Such a result suggests that most of the conservation signal (sequence simi-

larity) is within the first 300 bp upstream of the TSS.
3.2 Inter-relationships between URSs, CDSs and expres-
sion correlation

Haberer et al. (2004) found only a marginal correlation (r = 0.12, 0.01 < p < 0.05)
between URS similarity and expression correlation in their study of WGD-derived du-

plicate pairs in Arabidopsis (40). Therefore, we correlated the IR, SMM and DTX data
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compiled in the window analyses (Figures and with relative levels of gene ex-
pression between each gene pair (Table . We observed highly significant Spearman
rank correlations (p) between URS similarity and expression correlation (range of cor-
relation: 0.159 — 0.277, p << 0.01); in some cases, the correlation was more than twice
that previously reported. The IR yielded higher correlations than the SMM, except for
the first 100 bp TSS-anchored window. A peak in correlation was observed in the 300
bp window for IR (p = 0.277), whereas a bimodality was evident in the 100 bp and
200 bp windows of the SMM (p = 0.226). We also calculated the correlation between
all three programs. In agreement with our observation that most of the conservation
signal was found in the immediate upstream region of about 300 bp, we also observed

that the three methods were most highly correlated at smaller window sizes (last three

rows of Table .

Table 3.1: Spearman rank correlations in the anchored window

Anchored Window IR-EC SMM-EC DTX-EC IR-SMM IR-DTX SMM-DTX

600 0.222  0.159 0.158 0.451 0.251 0.391
500 0.228  0.169 0.153 0.471 0.273 0.401
400 0.247  0.192 0.191 0.510 0.269 0.437
300 0.277  0.207 0.175 0.525 0.295 0.388
200 0.252  0.226 0.178 0.582 0.313 0.412
100 0.214  0.226 0.097 0.619 0.292 0.380

Spearman rank correlations for the 815 pairs of URS regions, as well as inter-application
correlations. All values for the anchored window URS regions are significant at the 1%
level. A single asterisk denotes significance at the 0.05 level. IR, Index of Repetitiveness;
SMM, Shared Motif Method; DTX, DIALIGN-TX; EC, expression correlation.

Table 3.2: Spearman rank correlations in the sliding window

Sliding Window IR-EC SMM-EC DTX-EC IR-SMM IR-DTX SMM-DTX

400-600 0.059  0.059 0.021 0.287 0.016 0.188
350-550 0.049  0.074* 0.022 0.261 -0.016 0.225
300-500 0.064  0.042 0.034 0.308 -0.044 0.165
250-450 0.094 0.036 0.040 0.265 0.019 0.190
200-400 0.121 0.063 0.041 0.329 0.065 0.209
Continued. . .
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Sliding Window IR-EC SMM-EC DTX-EC IR-SMM IR-DTX SMM-DTX

150-350 0.190 0.085* 0.042 0.356 0.115 0.217
100-300 0.217 0.150 0.079 0.431 0.139 0.299
50-250 0.257 0.198 0.108 0.472 0.232 0.316
0-200 0.253 0.226 0.170 0.582 0.314 0.404

Spearman rank correlations for the 815 pairs of URS regions, as well as inter-application
correlations. Values in bold for the sliding window URS regions are significant at the 1%
level. A single asterisk denotes significance at the 0.05 level. IR, Index of Repetitiveness;
SMM, Shared Motif Method; DTX, DIALIGN-TX; EC, expression correlation.

We also correlated the data from the sliding window analysis with expression cor-
relation (Table [3.2). The pattern in correlation mirrors that of what was observed for
URS conservation in Figure that is, increasing distance from the 5 TSS translates
not only into a reduced level of sequence conservation but also into a reduced correla-
tion with expression. Considering only the windows that had correlations significant at
the 1% level (bold values in Table , all programs reported high correlations with EC
within the three sliding windows most proximal to the 5° TSS. The same pattern was
evident in terms of the inter-application correlations reported for the anchored window
analysis: the closer to the 5’ TSS, the more congruent the methods were.

Note that In both the anchored window and sliding window analyses, the IR and
the SMM yielded higher correlation values with EC than DTX. Additionally, the inter-
program correlation values were higher between the IR and the SMM than either was

with DTX.

3.2.1 Substitution rates of CDS and their relationship with EC

As our focus was not solely on the contribution of the URS to EC, we also measured
properties of the coding sequences, such as sequence identity, synonymous (K ) and
non-synonymous (K,) substitution rates and their ratio (K,/K,) (Table [3.3). Se-
quences were carefully aligned using the amino acid sequences of the respective gene
pairs as a backbone to aid in the construction of the DNA coding sequence alignment

(see chapter 8| for specifics).
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Table 3.3: Spearman rank correlations for coding sequences

Coding Seq. Property EC

Identity (protein) 0.157
K 0.032
K, -0.185
K./K, -0.213
Ti/Tv —0.132
A Length -0.150

Spearman rank correlations for coding sequence characteristics. Values in bold indicate
significance at the 0.01 level.

A marginal but significant positive correlation was observed between protein se-
quence identity and expression correlation (Table . In complete agreement with
this result, we also observed a significant negative correlation between expression cor-
relation and the rate of non-synonymous substitutions, K,. On the other hand, no
correlation was found between expression correlation and the rate of synonymous sub-
stitutions, K. Also, the transition to transversion ratio (Ti/Tv) and the difference
in length between duplicate pairs exhibited a significantly negative correlation. Taken
together, there is concomitant functional constraint on the protein and its expression
profile, as evidenced by the significantly negative correlation between expression cor-
relation and K,/K,. Markedly, no significant correlation was observed between any
of the URS windows and any evolutionary property of the coding sequences listed in
Table (data not shown).

3.3 Micro-chromosomal rearrangements of exact matches

Since similarity values alone do not encompass the entire range of sequence evolution,
we analyzed the 300 bp URSs using the positional information and lengths of exact
matches (7-19 bp) between these sequences. We analyzed the whole data set, gene
pairs in the upper 25% and lower 25% quantiles based on EC. We considered four
mutually exclusive arrangement classes for the type of exact matches that can occur:
proximal exact matches (pem), distal exact matches (dem), inverse proximal exact

matches (ipem) and inverse distal exact matches (idem) (Figure
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Figure 3.4: Distribution of exact match arrangement classes in all gene pairs
- The four mutually exclusive arrangement classes are indicated by color. The solid
black rectangle indicates the location of the exact match in the query. The large
black brackets indicate the boundaries that define what we consider in this work to
be "proximal”. Pem, proximal exact match; dem, distal exact match; ipem, inverse

proximal exact match; idem, inverse distal exact match.

Pem and ipem are defined as an exact match in the query sequence that is located
within the subject sequence constrained by £30 bp boundaries (blue and green boxes
in Figure , whereas dem and idem are exact matches that are located outside of
these boundaries (red and purple boxes in Figure .

We observed that as the length of the exact match increases, there is concordant
increase and decrease in the fraction of pem and idem (blue and purple lines, Figure
3.5l By contrast, the fraction of ipem and dem (red and green lines) remained relatively

constant as length increased.

All gene pairs

09
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

=&=pem
={=dem
ipem

—¥—idem

7 10 13 16 19

Length of exact match

Figure 3.5: Distribution of exact matches into the four arrangement classes
for all gene pairs - The four mutually exclusive arrangement classes are indicated
by color. Pem, proximal exact match; dem, distal exact match; ipem, inverse proximal

exact match; idem, inverse distal exact match.
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A similar pattern was reflected in the upper 25% EC quantile gene pairs (Figure

59).

Gene pairs EC upper 25%

0.8
0.8
0.7
0.6
05
0.4
03
0.2
0.1

=&=pem
=i=dem
ipem

=¥=idem

7 10 13 16 19
10.6k 1.27k 400 187 97
Length of exact match
Total number

Figure 3.6: Distribution of exact matches into the four arrangement classes
for gene pairs in the upper 25% EC quantile - The four mutually exclusive
arrangement classes are indicated by color. Pem, proximal exact match; dem, distal

exact match; ipem, inverse proximal exact match; idem, inverse distal exact match.

However, a distinctly different pattern emerged in the lower 25% EC quantile gene
pairs Figure[3.7] Here, as length increased, the fraction of pem and dem decreased and
increased, respectively. Also with increased length, the fraction of idem (purple line)

was higher for the first three length categories.

Gene pairs EC lower 25%

0.9
0.8
0.7
0.6

0.5 =&—pem
. =i=dem
0.3
0.2 ipem
0.1 “=idem
0
7 10 13 16 19
9.22k 601 84 16 6

Length of exact match
Total number

Figure 3.7: Distribution of exact matches into the four arrangement classes
for gene pairs in the lower 25% EC quantile - The four mutually exclusive
arrangement classes are indicated by color. Pem, proximal exact match; dem, distal

exact match; ipem, inverse proximal exact match; idem, inverse distal exact match.
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3.4 Three-way rank analysis

To understand what kind of gene functional biases result as a consequence of URS and
CDS evolution within the context of expression correlation, we performed a joint rank
analysis of three variables: the IR of the 300 bp anchored URS window, K, of the CDS
and the EC of the duplicate pairs. For each variable there were three equally populated

classes (n = 245): high conservation, middle conservation and low conservation (Table

5).

Table 3.4: Rank classifications

low middle high
IR  -0.014-0.004 0.004-0.012 0.012-0.123
K, 0.159-2.221 0.103-0.159 0.000-0.103
EC -0.578-0.273 0.273-0.499 0.500-0.958

A total of 735 gene pairs (after excluding pairs with K, > 1.5) were ranked for the IR, K,
and expression correlation values. For each variable, the ranks were split into three equal
classes (n = 245): low ranks, middle ranks and high ranks. The table presents the ranges

of raw values for each of the variables for each rank class.

Of the 27 possible combinations for each rank class, we focused on two specific
categories: those gene pairs that fell into high rank categories for IR and expression
correlation but had low K, ranks (26 pairs) and a second grouping that included high
rank categories for K, and expression correlation but low IR ranks (36 pairs). We
checked for overrepresented GO slim terms using the web interface at AmiGO (20) for
each of these data sets. The enriched molecular function terms for the gene pairs with
high ranked K, and expression correlation but low ranked IR values are reported in
Table B.5

Interestingly, about half of the genes in this rank grouping are associated with tran-
scription regulator activity (GO:0030528), transcription factor activity (GO:0003700)
or DNA binding (GO:0003677) (first three rows in Table [3.5]). In contrast, the rank
grouping with high ranked K, and expression correlation but low ranked IR values

have completely different functional biases (Table .
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Almost all cases were associated with enzymatic activity, such as various lyases,
ligases and hydrolases, etc., with 42% of the genes enriched for the term catalytic
activity (GO:0003824). There was not a single transcription factor term annotated
in this rank grouping. Furthermore, 13.5% of the genes were enriched for structural

molecule activity (GO:0005198).

3.5 Cluster analysis of gene expression magnitude during

Arabidopsis development

While we have established links between expression correlation, upstream regulatory
and coding sequence divergence in the evolution of paralogous gene pairs, our analyses
suffered from a lack of resolution regarding information on expression divergence. The
use of pearson correlation coefficients (r) as an index for co- or divergent expression
across multiple experiments between paralogs did not directly consider changes in ex-
pression across developmental stages or anatomical components. In order to address
this shortcoming, new expression data were acquired from the Genevestigator database
(L137).

Genevestigator is a functional genomics database that permits meta-analyses of gene
expression across ontologically distinct developmental stages and anatomical compo-
nents by providing the user with a friendly interface to query genes of interest. The
database is a conglomeration of thousands of microarray experiments that allows one
to observe normalized average intensity values of gene expression across samples that
share the same biological context (Figure [3.8).

We queried our 815 gene pairs against the Genevestigator repository and recovered
unique probe sets for 807 gene pairs. Next, we calculated the logo signal intensity ra-
tios for each of the gene pairs across nine separate developmental stages (germinated
seed, seedling, young rosette, developed rosette, bolting, young flower, developed flower,
flowers and siliques and mature siliques). After scaling these values to allow for com-
parisons, hierarchical clustering based on a euclidean distance matrix of these values
was performed (Figure and six clusters were selected based on the within group
sum of squares as shown in Figure [3.10

After clustering these data, the means of each cluster were calculated for each

developmental stage and are shown with standard errors in Figure Note that
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Figure 3.8: Schematic representation of the meta-profile concept. - Expression

values from large number of arrays (top) are summarized into meta-profiles (bottom)

according to their annotations. (Taken directly from the Genevestigator website).
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Figure 3.9: Hierarchical clusters of the 807 paralogous genes. - The 807 gene

pairs grouped into six clusters that are indicated in red boxes.
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Figure 3.10: Pseudo-scree plot. - The number of clusters are plotted against the
sum of squares for each group, which is similar to a scree test in principal component

analysis.
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some of the clusters appear to be mirror images of each other (e.g., Cluster 3 and
Cluster 6). This simply reflects the nature of the ratio comparisons: in Cluster 3, the
first member of a gene pair was expressed at a level of 1.5 to 2 times higher than the
second member, whereas for Cluster 6, the converse was true. In all clusters and all
developmental stages, there were only two instances where cluster means approached
a logo ratio of zero, or in other words, where there was no fold-change in average
expression intensity between gene pairs (germinated seed and mature siliques, red line
in Figure [3.11} This is in stark contrast to the roughly 72% of the 807 paralogous gene

pairs that showed consistent and differential expression across all developmental stages.

H —" -— —4—Cluster 1, n=
0
- Cluster 2, n=:

Cluster 3, n=

== Cluster 4, n=;

log2(Gene1/Gene2)
| ;

N
®

—¥=Cluster 5, n=

Cluster 6, n=

Developed Flowers and Mature
Flower Siliques Siliques

Germinated
Seed

Developed

Seedling  Young Rosette "o o

Bolting Young Flower

Figure 3.11: Cluster means across 9 developmental stages. - The six clusters
with their mean fold-differences in expression intensities and standard errors. Sample

sizes of each cluster are indicated in the legend. See text for details.

3.5.1 GO term enrichment by cluster

In addition to investigating the extent of expression divergence, we searched for signif-
icantly enriched GO terms for each of the six clusters. Interesting patterns emerged
with respect to gene functional biases and involvement in biological processes based on
the average ratios of differential gene expression. Cluster 1 (n = 163 pairs) was en-
riched for transcription factor activity and transcription factor regulator activity and
contained gene pairs involved in the regulation of primary metabolic processes, such as

RNA, carbohydrate and nitrogen compound metabolic processes (Table .
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Note that gene pairs in this first cluster were on average moderately differentially
expressed, with one member of a gene pair expressed at about 1.2-1.4 fold difference.
Gene pairs in Cluster 2 (n = 229 pairs) were even relatively less differentially expressed
with fold differences hovering around 1.1. This perceived lack of differential expression
between these duplicates in Cluster 2 is reflected in their GO terms, as the most enriched

terms were related to enzymatic or catalytic activity in response to various stresses or

stimuli (Table [3.8)).
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Clusters 3 (n = 181 pairs ) and 6 (n = 152 pairs) exhibited a 1.4-2.1 fold difference
in expression for their gene pairs (green and orange lines in Figure Cluster 3 was
enriched for terms related to catalytic activity, binding and mainly processes linked to
response to endogenous stimuli such as hormones, abiotic stimuli such as temperature
and involved primarily in metabolic proceses (Table . Cluster 6, on the other hand,
had molecular functions centered around transcription factor or regulator activity and
contains differentially expressed gene pairs involved in organ and system development,

gene regulation and regulation of primary metabolic processes (Table [3.10)).
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The two clusters that exhibited the starkest fold differences in duplicate gene pair
expression were clusters 4 (n = 34 pairs) and 5 (n = 48 pairs). As just noted, these
clusters also have the fewest number of gene pairs in them, and this is probably due to
their 2.5-5 fold differences in expression (purple and blue lines in Figure . As a
result of their sample sizes, enriched GO terms were relatively limited when compared
to the other, more populated clusters. Nevertheless, Cluster 4 was enriched for terms
related to transcription factor activity and transcription regulator activity (Table,

whereas cluster 5 was enriched for terms dealing with kinase or transferase activity

(Table |3.12)).

37



3: REsuLTs — PROJECT 1

sdnoid [Aoe-ourwre
uey} JIoyjo sdnoid [Aoe Jurl

%9°0 %V €0-HCY6 -I0JsueI} ‘AJIAIOR dsRIdJSURI) A L¥LIT00:0D
%6°C %8Tl  €0-H8T'8 Ayangoe eseuny wejold A ¢L9Y000:0D
%9°0 %¥'9  €0-U8C'L £Y1ATYOR OSRIYSTRIIADR d - GI¥8000:0D
Ay
%0°0 %I'G  €0-HP6'Y -Aljoe osedxoqresep sururdre d - ¢648000:00
Aouonboig punoisspryg Aouonboiqg oduwreg  onjea-g uonpdross(]  9oadsy I, OY)
G I9)Sn[)) Ul $s0001d [ROISO[OIQ PUR UOIIOUNJ IR[NIJ[OW I0] JUSWPDLIUD WD) O)X) ZT'E Olqel,
spuoq I3
%0°0 %0°€  €0-HST'9 U0 Suroe ‘AYAIDR SSRIOIPAT] d - TO89T00:0D
A1am100
%00 %0°¢  €0-H90°C oseuId)sLoomoyAsouspe d - €107000:0D
Aranyoe
%00 %0°¢  €0-H90°¢ WNIUOJNSTAYRL1) d - ¢089T00:0D
Ay
%6°G %TTE VO-H90T  -ATI0R 10jenSer uordrmsuer) d 8¢E0€00:0D
%V'L %ELe VO-HLI'E Surpuiq VNQ A 229€000:00
%C'S %T Ve  GO-HOV'L  Ajanoe 1ojoey uondimsuery A 00L£000:0D
Aouonboig punoisspreyg Aouonboiqg ojduwreg  enjea-g uonydross(]  joadsy wI, O

¥ 103sn[)) ut sseoold [eOI130[0I( PUR UOIOUN] IRINIS[OUL I0] JUSTIPDLIUS ULID) ()F) :IT°E O[qel

38



Discussion — Project 1

4.1 Intra-species comparative genomics reveals insights

into paralogous gene evolution

It has been stated that expression divergence is the first step in the functional divergence
between duplicated genes and is a determinant of their evolutionary fates (17; 90).
Here, we have profiled the characteristics of upstream regulatory sequence conservation
between 815 duplicated gene pairs in Arabidopsis that originated in a single polyploidy
event 20-60 million years ago using three distinct methodologies in order to evaluate

the effects of URS and CDS evolution on expression correlation (see Figure [4.1)).

cilarity ( Mol. Function & > | Expression
URS similarity:
IR, SéI\S/IM, DT!)/( Evolution of CDS Correlation

TSS »
5 ____———TI0RS)| Gene A CDS T —"
——— 300 bp ——
I
5 ____——0RS Gene A'CDS | 3 4

——— 300 bp ——

Figure 4.1: Summary of our analyses. - Depicted here are two paralogous genes,
whereby each salient gene component is labeled according to the types of measurements
performed upon them. Reflective of what was revealed in this study, the URS is shown
as a diminishing gradient of 300 bp; darker at the transcription start site (TSS) and

fading away in the 5’ direction.
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4.2 'Traditional versus specialized methods for assessing
URS similarity

Previously, it was reported in Arabidopsis that borderline significant similarity persists
in URSs of WGD-derived duplicates and that this similarity was correlated to expres-
sion differences (40). However, the use of a simple alignment measure (DIALIGN2
(79)) likely underestimated the amount of conservation between duplicated URSs, and
consequently, the correlations reported for URS similarity and expression correlation
were probably also underestimated.

The outperformance of DTALIGN-TX (113; [114)) by specialized programs (IR (43}
45)) and SMM (21))) for measuring evolutionarily conserved regions in non-coding DNA
sequences is not surprising (Table . This is partly explained by the nature of these
specialized programs; both inherently check forward and reverse strands for similarity,
whereas DIALIGN-TX considers only the forward strand in its alignments. Addition-
ally, with the allowance for translocations and inversions of local regions of similarity,
the specialized methods will be more sensitive at detecting conserved regions. These
factors suggest that the failure to find stronger correlations in previous studies is due

to the inferiority of traditional alignment-based approaches in measuring similarity in

non-coding DNA.

4.2.1 Same sequences, different measures

Despite the high inter-program correlations observed between the SMM and the IR,
their values for any individual sequence pair can be drastically different. For example,
the sequence pair At3g49910 and At5g67510 (both code for 60S ribosomal protein)
scored very differently with respect to the two programs. The IR value was 0.019
(median 300 bp anchored window = 0.007) and the SMM score was 0 (median 300
bp anchored window = 0.25). The number of exact matches shared between the two
sequences reflects the difference in scores between the two programs. There are only 16
instances of exact matches of length greater than or equal to 8 bp, and no instances of
length greater than or equal to 12 bp shared between At3g49910 and At5g67510. As
mentioned in chapter [8, the SMM requires that an alignment score threshold be set
(L = 12 for the 300 bp anchored window); consequently, our chosen L value excluded all

alignments that did not have an exact match of at least 12 bp in these two sequences.
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This scenario is likely repeated for other sequence pairs, giving rise to the observed

differences in correlation values reported in Table

4.3 Delimitation of regions of high similarity within par-
alogous URSs

One of the more subjective and arbitrary notions regarding the analysis of URSs is
the definition what constitutes a biologically and statistically meaningful regulatory
sequence space. More specifically, how long does a putative URS have to be in order
to maximize the signal but minimize the amount of noise? What length is insufficient
to acquire this optimal balance between sensitivity and specificity?

Our analysis extended previous work by revealing the most relevant location of the
URS harboring the majority of shared sequence elements. Given our results for the
sliding window analysis and considering only congruent levels of significance between
the three programs and expression correlation (p << 0.0) (last three rows of Table
, the most relevant region in the URS which is most strongly associated with du-
plicate gene expression falls within the first 300 bp of the TSS. It is possible that basal
promoter elements will contribute to some of this signal; however, it is unlikely that
basal promoter elements, which typically reside within the first 100 bp of the TSS (78)
were solely responsible for the observed correlations, as significant correlations were
observed well outside of this sequence range (Table .

Therefore, based on the patterns of similarity (Figures and and in lieu of
the correlations reported in Table duplicated URSs in Arabidopsis have diverged
rapidly and have a very limited region of conservation restricted to the immediate vicin-
ity of the TSS. More specifically, the sequence window which maximizes a biologically

meaningful signal in Arabidopsis polyploidy derived duplicate URSs is about 300 bp.

4.4 Positional information on exact matches

We observed strong correlations between URSs and expression correlations in our data.
Although these correlations are relatively strong compared to previous studies (40),
they can only explain a minority of the shared variance between what occurs on the

sequence level in the URS and what is actualized at the expression level. This is
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to be expected since many factors can influence co- or divergent expression of dupli-
cate genes, such as trans factors (136]), possible stochastic epigenetic effects (125) and
micro-chromosomal rearrangements in URSs. Therefore, by studying positional infor-
mation on exact matches in paralogous URSs, we obtained a more comprehensive look
at sequence evolution that was not previously seen on a genome-wide scale . In-
terestingly, longer exact matches tend to occur in homologous positions between query
and subject sequences (Figures and , whereas translocations and inversions of
exact matches are more prominent in divergently expressed gene pairs (Figure .
Regardless of length, the least prominent type of exact match arrangement is always
”homologous inversion” or matches in homologous positions on opposite strands (green
lines in Figures and . This suggests that this type of evolutionary event is
unlikely to occur and may be unfavored as an adaptation for transcriptional regulation
of duplicate genes. Moreover, the pattern in the upper and lower 25% quantiles based
on EC (Figures and illustrates how micro-chromosomal rearrangements are an
important consideration in studying what contributes to the expression divergence of

duplicate genes.

4.5 Gene components appear to evolve independently

Intriguingly, while the evolution of CDSs is coupled to expression correlation, as is URS
evolution (Table and Table , neither of the two is themselves coupled. There is
no evidence in the data to suggest that one is the consequence of the other, or that the
order of events could be revealed. We hypothesize that this is because these regions face
distinctly different selective constraints; that is, proteins have functions that are more
constrained by form (implying function) and it is likely that they face heavier selective
pressures against mutations, since most changes would probably be deleterious. On
the other hand, URS regions are known to exhibit high plasticity, whereby due to
their modular nature they are evolutionarily flexible (63)). Furthermore, plant URSs
possess the facility to tolerate a variety of evolutionary changes, such as insertions,
rearrangements and other forms of mutation driven novelty that could therefore explain
the evolutionary decoupling between CDSs and URSs (127) (see above). Nevertheless,
these results suggest that different selective forces have acted on different components of

the genes throughout their post- duplication history, depending on the genes functions.
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Our GO analysis reveals that duplicates exhibiting conserved URSs and expression
correlation tend to be associated with transcription factor activity/regulation, whereas
those pairs with conserved CDS and EC tend to be involved in metabolic pathways or
are structural proteins or enzymes. The incongruence between our results and those
reported in (IT10) can be attributed to our data set being more diverse, e.g., we did
not only consider gene pairs involved in oxidative stress response. With respect to
the lack of correlation between K4 and EC (Table , it is evident that many of the
duplicated genes have evolved at different rates, as evidenced by the large range of Ks
and Ka values — a result in line with previous reports (35; 40).

Though the evolution of URSs and CDSs is uncoupled, both are intimately tied
to the expression correlation of the paralogs. A three-way joint rank analysis on the
IR, K, and expression correlations revealed biases in molecular function for certain
gene pair categories (Tables and . The preponderance of terms associated with
transcription factor activity for those gene pairs with relatively conserved URSs but
diverged CDSs are in accord with previous reports on mammalian promoter sequences
(565 [73). In contrast to this, the multitude of terms associated with enzymatic activity
(Table and primary metabolic processes (data not shown) for those gene pairs with
non-conserved URSs but conserved CDSs, agrees with a report on mammalian house-
keeping genes (32)). This makes sense, because genes involved in primary metabolic
processes are likely to be ubiquitously expressed in many tissues and consequently
would not require the tight regulation of expression experienced by transcription factors.
Taken together, the molecular functions of duplicate genes in Arabidopsis depend on

the relative conservation profiles of either the URS or the CDS.

4.6 Arabidopsis paralogs are divergently expressed

While pearson correlation coefficients (r) can be used a measure of duplicate gene pair
expression divergence, it is rather limited in scope and dimensionality. As a means to
delve further into the relationships between URSs, CDSs and paralogous gene expres-
sion, we opted to construct a new data set based on expression information gathered
from the Genevestigator database (137)). These data allowed for the analysis of differ-
ential gene expression both in magnitude and developmental stages between Arabidop-

sis paralogs. The large number of differentially expressed paralogs (roughly 72%) is
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striking and introduces new questions about the evolutionary forces acting to preserve
duplicated genes in the dimension of gene expression. On relative terms, the least di-
vergently expressed clusters (red and blue lines in Figure ?7?) are enriched for primary
biological processes, such as regulation of transcription, biosynthesis of macromolecules
and response to stress. If these processes are considered as fundamental or ”house keep-
ing” processes, then it would make sense that drastic up- or down-regulation of one
of the genes in a pair would be of minor consequence throughout the various develop-
mental stages. However, one can not discount the possibility that averaged ratios of
gene intensity between paralogs may nevertheless still be insufficient for capturing the
subtleties involved in regulated gene expression. In contrast to these aforementioned
clusters, the remaining four clusters contain gene pairs which exhibit an average fold
difference 1.4-4.5 times in gene expression. This means that one copy of the gene pair is
preferentially expressed over the other and that there is little overlap in their expression
magnitudes. However, there are cases of decreased logo ratios, most clearly evident in
the developed flower (Figure ??7). Four of the six clusters display a sharp reduction
in their ratios during this developmental stage, which might suggest that many gene
pairs become more coordinately expressed in the developed flower, but are relatively
divergently expressed in the other flowering stages. Furthermore, these four clusters
tend to be associated with more complex biological processes, such as organ and system
development (Cluster 6) or involved in hormonal responses (Cluster 3). In contrast to
the "house keeping” clusters, the greater differential expression of gene pairs in these
clusters may have been favored by natural selection and could possibly point to sub-
functionalization within the domain of gene expression as a means of duplicate gene

retention.

Not surprisingly, there is little correlation between our one-dimensional measure-
ments of various sequence properties (i.e., IR, SMM, EC, K, K, and K,/K) and
the expression ratios in each cluster throughout Arabidopsis development. In fact, the
averages of these diagnostics are nearly uniform, even with their varied sample sizes in

each cluster (Table [4.1)).
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Table 4.1: Cluster means for various sequence diagnostics

Clusters mean IR mean SMM EC K K, K./Ks

1 -0.016 0.274 0.374 0.954 0.160 0.171
2 0.009 0.255 0.357 1.042 0.170 0.169
3 0.012 0.291 0.399 0.969 0.150 0.171
4 0.008 0.224 0.385 1.009 0.141 0.148
) 0.009 0.282 0.362 0.974 0.141 0.154
6 0.012 0.298 0.402 1.011 0.165 0.166

Averages of the 300 bp window for the IR and SMM are shown, in addition to EC (pearson
expression correlation) and measures of coding sequence substitution rates. Cluster sample
sizes can be found in Figure 77.

The lack of stark differences in the above diagnostics reflects the immense diffi-
culty in ascribing clearly delineated sequence properties that govern differential gene
expression between paralogs and instead suggests that a new perspective that includes
sequence elements but also goes beyond them is warranted.

Nevertheless, taken all together, our results introduce new questions about the evo-
lutionary forces acting to preserve duplicated genes in the dimension of gene expression.

What is the underlying reason for preferring the expression of one duplicate over
the other in various developmental stages? What types of duplicates are co-expressed
at similar or different levels throughout development? What factors contribute to the
observed differential expression patterns seen in Figure 777 How much of the differential
expression pattern can be explained by changes in DNA sequence?

Such questions and their answers promise new insights into not only the regulation
of gene expression between paralogs, but also the larger evolutionary forces acting to

preserve them.
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Whereas the previous project concerned itself with an intra-species comparative ge-
nomics analysis, we now move onto an inter-species comparative analysis that spans 28

eukaryotic organisms.

5.1 Background

Pre-messenger RNA (pre-mRNA) splicing is a complex and critical molecular process
that generates functional mRNA molecules via the precise removal of introns and lig-
ation of exons and is an important gene regulatory step in eukaryotic gene expression
(50t 99). Pre-mRNA splicing is carried out via a macromolecular protein complex
known as the spliceosome, which contains five small nuclear ribonucleoprotein parti-
cles (snRNPs; Ul, U2, U4/U6, and U5) and an immense number of auxiliary proteins
[around 150 in animals (8} 28)] that act co-ordinately to catalyze the splicing reaction
(23). Following the discovery that genes were comprised of coding exons and non-coding
introns (24)), it became evident that a single gene could give rise to multiple alternative
mRNA transcript isoforms (37).

Alternative splicing (AS) of pre-mRNA is arguably one of the most important bio-
logical processes for expanding the eukaryotic proteome and might mitigate the appar-
ent paradox between gene content and organismal complexity (39; 85). AS engenders
more than one spliced mRNA isoform from a single gene by regulated selection of alter-
native splice sites (107)), which typically give rise to four types of AS events: alternative

5’ splice site choice, alternative 3’ splice site choice, cassette-exon inclusion or skipping,

47



5: INTRODUCTION — PROJECT II

and intron retention (85). AS not only contributes to an increase in proteomic ex-
pansion (39), but also alters protein functionality (gain, loss or reduction in function),
localization and may introduce premature termination codons leading to nonsense me-
diated decay (NMD) degradation of AS isoforms (107) (and references therein). Recent
estimates based on high-throughput studies suggest that 95-100% of all human multi-
exon genes undergo AS (94; [124), in contrast to the approximate 35% of multi-exon
genes experiencing AS in plants (19; 123} [130]).

Given the widespread prevalence of AS in eukaryotic lineages (61), what compo-
nents contribute to its regulation? One pivotal family of splicing factors has stood out
ever since their discovery in the 1990s: the serine/arginine-rich (SR) proteins (64; [132)).
The SR proteins were classified as a family based on their ability to restore splicing
activity to splicing factor deficient cell extracts, their conservation across vertebrates
and invertebrates (I32)) and their recognition by monoclonal antibody mAb104 (103).
All SR proteins have a modular structure consisting of at least one N-terminal RNA
recognition motif (RRM) and a variable length C-terminal domain rich in serine and
arginine residues (the RS domain) (105). The RRM domains can recognize and bind
to an array of mRNA cis-regulatory elements, albeit with specific yet degenerate RNA-
binding specificities (105)). The RS domain is required for essential SR protein function,
but is highly intrinsically disordered, meaning that this domain exists in an ensemble
of conformations in physiological conditions (46]). However, by virtue of this disorder,
RS domains are able to function as splicing activation domains by contacting the pre-
mRNA directly to promote spliceosome assembly (47; 96} [104]), foster protein-protein
interactions (38), undergo heavy phosphorylation and dephosphorylation (thereby mod-
ulating interactions with other proteins or RNA) (I12]), and contain signals for nuclear
localization and nucleocytoplasmic shuttling (I8; 22]).

Human SF2/ASF was the first SR protein identified (64]), which was followed by the
identification of the other classical SR proteins [SC35, SRp20, SRp75, SRp40, SRp55
and 9g8 (reviewed in (7I)))]. SF2/ASF (and the other SRs listed above) function in
constitutive and alternative splicing (71)). SF2/ASF facilitates 5’ splice site recognition
by promoting the recruitment of UlsnRNP to the 5’ splice site via interactions with Ul-
70K (38). SF2/ASF and both interact with Ul-70K and U2AF35 to promote 3’ splice
site recognition via recruitment of U2AF65 to the 3’ splice site (129). Engagement of the
tri-snRNP complex U4/U6/U5 in addition to other proteins, including SRs, promotes
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spliceosome assembly and permits the splicing reaction to occur (7)) (and references
therein). Besides their roles in constitutive and alternative splicing, SR proteins have
also been implicated in mRNA export, RNA stability, nonsense mediated decay (NMD)
and translation (7)) (and references therein).

SR proteins have been found in all metazoans (I32), in lower eukaryotes such as
Schizosaccharomyces pombe (L18)) and Trypanosoma cruzi (98)), and in plants such as
Arabidopsis (74)), rice (55) and maize (36). To date, plants possess the most SR proteins
of any organism studied, with Arabidopsis encoding at least 19 SRs and rice encoding
24 (7). In addition to acting as regulators of AS, SR genes are also alternatively spliced.
Recent studies in Arabidopsis indicated a six-fold increase in the SR gene transcriptome
(15 SR genes giving rise to 95 distinct AS isoforms) in response to hormones and
stresses (92)), and extensive coupling of AS isoforms with NMD (93). Since SR genes
are subjected to regulated AS in response to developmental or stress cues, they are most
likely targets of multiple signalling pathways and may function as key components in
the response to developmental and environmental signals (7).

As SR proteins are prominent players involved in spliceosome assembly, constitu-
tive and alternative splicing of pre-mRNA transcripts, undergo AS themselves and are
essential for proper gene expression, studying these master regulators within a compar-
ative genomics context would allow for generalized inferences about SR gene evolution
across multiple eukaryotic species. Much of the research focus has been on metazoan SR
gene evolution and function, with ample studies conducted in human, drosophila and
roundworm (c.f. (71)). However, in the plant kingdom the study of SR proteins and
their AS events have either been restricted to a subset of plants e.g., Arabidopsis, rice
and moss (53)), and maize, pine and Chlamydomonas (60), or a subset of SR proteins,
e.g., members of the plant specific RS subfamily or the RS2Z subfamily (60). Therefore,
a comprehensive analysis which takes advantage of newly sequenced genomes of pho-
tosynthetic and non-photosynthetic eukaryotes to assess the inventory of SR proteins
and updated expression data to measure the extent of their AS would contribute to
our understanding of the evolution of SR proteins and their importance in generating
transcriptome diversity.

By using existing and novel genome sequence data for phylogenetically diverse eu-
karyotes, we can address a series of questions about plant SR gene content and evolu-

tion. Specifically: i) do plants have a higher number of SR genes than other eukary-
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otes? ii) how many SR gene families are truly plant specific? iii) is AS in plant SRs
as widespread as in Arabidopsis? iv) what selective forces are acting upon SR genes?
v) are SR genes alternatively spliced in all sampled organisms? vi) what are the most
prevalent AS event types in SR genes? Vii) how do AS event types vary across SR
sub-families? Viii) how is DNA methylation associated with AS?

To begin addressing these questions, we have mined SR genomic sequences, amino
acid sequences and EST /cDNA sequences for 12 photosynthetic eukaryotes and 15 non-
photosynthetic eukaryotes from publicly available databases. Tentative SR gene inven-
tories for 10 of the 12 photosynthetic eukaryotes and 12 of the 15 non-photosynthetic
eukaryotes were determined in this study. We show that the SR gene complement from
these organisms falls into approximately 12 sub-families. Furthermore, it appears that
it is a general characteristic of photosynthetic organisms to possess on average a larger
inventory of SR genes than non-photosynthetic organisms. We go on to show that most
SR genes in photosynthetic eukaryotes are under purifying selection, that paralogous
SR genes in some photosynthetic organisms are divergently expressed throughout de-
velopment and that alternative splicing of SR genes is a common phenomenon shared

by the majority of eukaryotes analyzed here.
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6.1 SR genes comprise at least 12 sub-families

We undertook extensive database searches to acquire SR genomic, EST/cDNA and
amino acid sequences for 27 different eukaryotic species that span a diverse array of
lineages (Figure and Table [6.1)). We were able to retrieve the above sequences for
272 SR genes and using the amino acid sequences of the RRM regions, we carefully
constructed a multiple alignment for use in gene-tree reconstruction (see section .
The aim here was to consolidate the inventory of SR genes into robust sub-family

classifications that have thus far never been shown at a multi-genomic scale.

Table 6.1: Organisms and databases used

Organism #SRs Reference Database
Glycine max 26%+ AH (89)
Populus trichocarpa 20 AH (R9))
Arabidopsis thaliana 19%*+  (59) @7)
Vitis vinifera 9 AH (89)
Zea mays 22 AH 67)
Sorghum bicolor 20%+ AH (R9)
Oryza sativa 244+ (53) (91])
Selaginella moellendorffi 5*++ AH (89))
Physcomitrella patens 13+++ AH (R9))
Chlamydomonas reinhardtiic 5 AH (89)
Chlorella vulgaris 3* AH (R9))
Cyanidioschyzon merolae 2 AH (186l)
Continued. ..
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Organism #SRs Reference Database
Homo sapiens 11 (66]) (510)

Mus musculus 10 AH 51
Gallus gallus 10 AH 51
Xenopus tropicalis 11 AH 51
Danio rerio 14 AH 51

Branchiostoma floridae 1 AH
Ciona intestinalis AH
Drosophila melanogaster (8T])

1
8
7
Anopeheles gambiae 6 AH
6
7
2

— =

Aedes aegypti AH
Caenorhabditis elegans (72)

AAAAAAAAAAAAA
)
T 2 T O O

Schizosaccharomyces pombe (118)) 48
Dictyostelium discoidum 3+ AH 34
Plasmodium falciparum 3 AH 0)

Phytophthora sojae 3 AH (58)

Organisms are listed according to their groupings in Figure **SR45a (I16) was ex-
cluded; *these organisms may have more SRs than listed due to the exclusion of sequences
that did not begin with methionine residues; +, number of SR45 genes included in these

counts from preliminary gene-tree analyses; AH, analyzed here.

Using two maximum likelihood methods and one parsimony method, we inferred
that there are at least 12 SR gene sub-families, with the 12 photosynthetic eukaryotes
contributing to roughly 62% of the major groupings observed (green clades in Figures
and Additional File 1).

About 2% of the SR genes were unresolved in the gene tree analyses, which in-
cluded taxa from the single celled eukaryotes C. reinhardtii, S. pombe, P. sojae and two
multicellular eukaryotes, C. elegans and B. floridae. Sub-families were labelled accord-
ing to pre-existing family nomenclature (SC35 (SFRS2), SCL, RS, RS2Z, 9g8/SRp20
(SFRS7/SFRS3), SF2 (SFRS1/SFRS9)), or by prominent SR genes populating a clade
(SRp38 (SFRS13), SRp40 (SFRS5), SRp55/75 (SFRS6/SFRS4), RSZ, SF2(p), SRp54
(SFRS11). It should be noted that the clades RSZ and SF2(p) (consisting of only pho-
tosynthetic eukaryotes) have been considered as orthologous to the 9g8 and SF2/ASF
sub-families, respectively (7). In the interest of highlighting expansions of SR genes
in photosynthetic eukaryotes, we chose to designate these sister groupings separately.

The parenthetical (p) is appended to the plant-enriched SF2(p) sub-family so as to
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Chordata

Euteleostomi

Tetrapoda

Euarchontoglires Mus musculus
Homo sapiens
Gallus gallus

Xenopus (Silurana) tropicalis

Amniota

Danio rerio

Branchiostoma floridae

Ciona intestinalis

Culicidae — Anopheles gambiae
[: Aedes aegypti

Drosophila melanogaster

Caenorhabditis elegans

Schizosaccharomyces pombe

Fabids C Glycine max
Populus trichocarpa

Vitis vinifera
Arabidopsis thaliana

Andropogoneae Zea mays
Poaceae E Sorghum bicolor
Oryza sativa

Selaginella moellendorffii

Physcomitrella patens
— Chlorella vulgaris

— Chlamydomonas reinhardltii

Coelomata
Bilateria Diptera
Fungi/Metazoa group
Rosids
Magnoliophyta
Tracheophyta
Eukaryota Embryophyta
Viridiplantae
Chlorophyta
Rhodophyta
Alveolata
Stramenopiles
Amoebozoa

Cyanidioschyzon merolae
Plasmodium falciparum

Phytophthora sojae

Figure 6.1: Phylogeny of the 27 sampled organisms - Phylogenetic positions were
determined by using the NCBI taxonomy browser (9). Although the NCBI taxonomy
browser is not an authoritative source for phylogenetics, for the purposes of illustrating

the diversity inherent to the organisms sampled in this study, it readily describes the

broad evolutionary relationships among them.

53

Dictyostelium discoideum



6: REsuLTs — PrROJECT 11

Xt.
H Ggr
s s
Droog (SRSF:
HsSRy Gg9427 (SHSH
P40 (Smsks) - & 90560 (NSC20) G
odegsio S e

X221 (SRS )
Di27791 Fo) D 8s05670 (Pt
0'298‘8((353»5555! P 21070 (PISCL312)

The SR Gene Family Ost1gH7E0 }??.ﬁfé‘m
Zm: (ZmSCL30)

- - Ost (0sSCL30)
L Bri1:

CeC33H5 12 1
AEAFAELOmass((EeRSW’

X797 SFSFS)
Ci12370 = Cidg;

Figure 6.2: Condensed SR gene family tree - Schematic representation of the sub-
family relationships among SR genes from the organisms sampled in this study. Green
clades represent plant-enriched or plant-specific sub-families, whereas blue clades rep-
resent non-photosynthetic organisms. Taxa grouped into plant-enriched families that
are non-photosynthetic are indicated in red. Species prefixes are as follows: Gm,
Glycine max; Pt, Populus trichocarpa; At, Arabidopsis thaliana; Vv, Vitis vinifera;
Zm, Zea mays; Sb, Sorgum bicolour; Os, Oryza sativa; Sm, Selaginella moellendorfii;
Pp, Physchomitrella patens; Cr, Chlamydomonas reinhardtii; Cv, Chlorella vulgaris;
Cm, Cyanidioschyzon merolae; Hs, Homo sapiens; Mm, Mus musculus; Gg, Gallus
gallus; Xt, Xenopus tropicalis; Dr, Danio rerio; Br, Branchiostoma floridae; Ci, Ciona
intestinalis; Dm, Drosophila melanogaster; Ag, Anopheles gambiae; Aa, Aedes aegyp-
tit; Ce, Caenorhabditis elegans; Sp, Schizosaccharomyces pombe; Dd, Dictyostelium

discoideum; Pf, Plasmodium falciparum; Ps, Phytopthora sojae; UG, ungrouped.
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highlight the large number of photosynthetic eukaryotes populating this clade. In later
sections, anytime a sub-family designation is followed by a parenthetical (p), only the

photosynthetic members of the sub-family are under consideration.

6.2 No particular SR sub-family is broadly conserved

across eukaryotes

If one follows our sub-family designations, there are ostensibly no SR sub-families shared
across all of the sampled species (Figure . In photosynthetic organisms, with the
exclusion of the red algae, C. merolae and the grapevine, V. vinifera, the only SR genes
conserved are the one-zinc knuckle family, RSZ, and the SF2/ASF orthologous family,
SF2(p) (Figure [6.3). However, if one excludes the algae from consideration (except for
C. reinhardtii), all higher plants have sub-families RS, SF2(p), and RSZ in common.
Further exclusion of the ancient lycophyte, Selaginella, results in the inclusion of SCL

as one of the conserved sub-families among higher plant lineages.
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6.3 SC35 (SFRS2) is likely an ancient SR gene

Though not shared across all eukaryotes, SC35 is present within eight of the photo-
synthetic organisms and all of the bilateral metazoans, but conspicuously absent from
fungi and lower eukaryotes (Figures and , except for C. merolae, the ancient
red algae believed to have originated prior to the last common ancestor among plants,
animals and fungi (I1I)). The lack of SC35 in the fungi, lower eukaryotes and some of
the multi-cellular plants is surprising, because SC35 is one of the core SR proteins that
participates in 5 and 3 splice site recognition and interacts with U170-K and U2AF35
(129). However, in the photosynthetic eukaryotes it is likely that other SR proteins

perform similar functions to SC35 thereby mitigating its loss in these genomes.

6.4 Five sub-families are vastly expanded in plants, with

three of them plant-specific

Five particular sub-families contributed to the generally larger number of SR genes
found in photosynthetic eukaryotes: RS, SF2(p), RSZ, RS2Z and SCL (with RS, RS2Z
and SCL being plant specific; Figure. The RS sub-family (31 members) is unique to
photosynthetic eukaryotes, except for a single SR protein from D. discoideum that also
grouped into this family (Figure [6.5). Though this D. discoideumn sequence possesses
two RRMs, which is characteristic of RS family members, its relatively long branch
(0.93, and indicated in red in Figure [6.5)), long full-length sequence (737 aa) and mod-
est bootstrap support values (36% RAxML, 23% Garli) call its grouping with the RS
sub-family into question. Nevertheless, the hypothesis that this protein is indeed a dis-
tant member of the RS sub-family cannot be unequivocally disregarded. Bearing this
in mind as a singular exception, the members of the RS sub-family are only present
in the embryophyta and absent in the algal species, except for C. reinhardtii. Among
the dicotyledenous plants, P. trichocarpa possesses the most RS sub-family members
(six), whereas V. vinifera possesses the fewest (two) Figure[6.3). Interestingly, the low
number of RS members in rice was not a characteristic feature among monocots (c.f. Z.
mays, Figure [6.3). The moderately supported sister grouping of the SRp54 (SFRS11)
clade (36% RAxML; Figure suggests that the plant specific RS sub-family is or-
thologous to SRp54 (SFRS11) and therefore could be considered as plant-enriched
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Figure 6.4: Expansion of SCL, SC35 (SFRS2) and SRp38 (SFRS13) sub-
families - The SCL and photosynthetic members of SC35 are shown in green, SRp38
(SFRS13) members are shown in blue. Plotted onto the branches are bootstrap support
values from RAxXML (top left), GARLI (top right) and maximum parisomony (bottom).
The - symbols denote a lack of support for a particular grouping, which were typically
from the parsimony analysis. If a sequence is followed by equality, it represents one
or more other sequences that had exactly identical RRM(s) in the multiple alignment
and were not included in the gene tree inference. Red branches indicate branch lengths
greater than 0.75. The P. patens sequence is underlined because it contains a Zinc
knuckle, whereas the remaining sequences do not (see text). Taxon labels use the same

species prefixes as described in Figure [6.2
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rather than plant-specific, similar to RSZ and 9g8/SRp20 (SFRS7/3) or SF2(p) and

SF2 (SFRS1/SFRS9) (Figure [6.2)).
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Figure 6.5: Expansion of RS and SRp54 (SFRS11) sub-families - RS (green)
and SRp54 (blue) are shown in expanded form. Labeling conventions are as described

in previous figures.

Another expanded plant-specific sub-family is the single RRM, two-zinc knuckle
family, RS2Z (25 members) (Figures and [6.6). In contrast to the RS sub-
family, RS2Z family members are restricted to the monocot and dicot lineages. In
dicots, G. maz has the most members (four) compared to Arabidopsis, P. trichocarpa
and V. wvinifera, which only have two members each. Each of the monocotyledonous
organisms has four members (one member from S. bicolor was not officially counted
because it did not pass our selection criteria; see section . Notably, one of the RS2Z
members from G. mar, GmRSZ33-4 (underlined in Figure 6), does not possess the dual
zinc finger motifs characteristic of this sub-family and could therefore be grounds for

exclusion from this sub-family. This could be an error in genome annotation, but it
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should be noted that GmRSZ33-4 is relatively well supported by all three tree-searching
methods (64% RAxML, 62% Garli, 60% parsimony).

Interestingly, two non-photosynthetic SR genes (one from D. discoideum and one
from B. flordiae) grouped into the RS2Z sub-family with moderately weak support
values and relatively long branches (DdB0233308 0.93 and Br125053 0.67; bootstrap
support: 13% RAxML, 10% Garli, 27% parsimony). Notwithstanding the questionable
support values, it should be noted that the D. discoideum sequence indeed possesses two
zinc fingers and the B. floridae sequence possesses one zinc finger. When considering
these additional features, it could very well be the case that the RS2Z sub-family is not
a plant specific family, but rather, it is another ancient SR gene family that was lost in
the Euteleostomi.

The largest plant-specific sub-family is the SCL family (containing a single RRM
domain) with 37 members (Figures and . The family is present within the
dicots, monocots and P. patens and the green algae, but absent from the remaining
photosynthetic eukaryotes. G. maz possesses the most SCL proteins (seven) among
dicots, whereas rice possesses the most among the monocots (six). Interestingly, the
bilateral metazoan conserved SRp39 (SFRS13) sub-family was a close sister group to
the SCL sub-family (bottom clade in Figure This similarity was previously ac-
knowledged (7)) as SRp38 members are splicing repressors. However, whether or not
SCL proteins function as splicing repressors is an unanswered question. Strikingly,
three sequences from P. sojae, a plant-attacking stramenopile also group into the SCL
sub-family, albeit with long branches, poor bootstrap support or both (red taxa in Fig-
ure . Not only does this grouping of stramenopile sequences hint at the possibility
of the SCL sub-family not being truly plant-specific, but also raises speculation into
whether or not this evolutionary similarity is coupled to pathogenicity.

The remaining two sub-families, SF2(p) (33 members, Figure and RSZ (23
members, Figure are not plant-specific per se, but are orthologous to SF2/ASF
(SFRS1/9) (Figure and 9g8/SRp20 (SFRS7/3) (Figure [6.8)), respectively. Orthol-
ogy notwithstanding, these two families are greatly enriched in plants. P. trichocarpa
contains six members of the SF2(p) sub-family, the most of any photosynthetic or-
ganism (Figure [6.3)). As mentioned previously, SF2(p) is present in all photosynthetic
lineages except for C. merolae, suggesting that this family was probably derived after

the divergence of the red algae from plants and animals, but prior to the split of plants

60



6: REsuLTs — PrROJECT II

97 0.89 — HsSRp55 (SFRS6)

Mm16921 (SFRS6)

Gg990 (SFRS6)

Dr13729 (SFRS6A)

Dr16783 (SFRS6B)

Xt25503 (SFRS6)

Xt14380 (SFRS4)

HsSRp75 (SFRS4) = MmSFRS4
Gg118101604 (SFRS4)

Dr9287 (SFRS4)

HsSRp40 (SFRS5) = MmSFRS5
Gg9421 (SFRS5)

Xt2211 (SFRS5)

Dr27734 (SFRS5B)

Gg9484 SRp40 (SFRS5), SRp55/75 (SFRS6/4)

044 Ci12370 = Ci4873
40 0.19 AeAAEL012621
9 088 [ 011 AgAGAP004592
7075 | 0t DmFBgn0004587 (DmB52)
8 o4 03 AeAAEL000769
Br122551
91 086 —Br121636
E Br114372
%0 - — CeW02B12 2p (CeRSp-2)
098 L CeW02B12 3a (CeRSp-1)
SpAC16.02¢ (SpSRp2)
Sb09g001910 (SbRSZ37-1)
Zm2G099317 (ZmMRSZ37-1)
Zm2G175330 (ZmRSZ37-2)
0s03g17710 (OsRSZ37b)
0505902880 (OsRSZ36)
Sb09g001920 (SbRSZ36)
Zm2G159539 (ZmRSZ36)
At3g53500 (AtRSZ32)
At2g37340 (AtRSZ33)
Pt0016508250 (PtRSZ32)
Pt0006523170 (PtRSZ33)

70 03 —GmM19935990 (GMRSZ33-1)
64 0.62 028 EGm0393327O (GmRSZ33-2) RS2z
06 67 UGEGm19935980 (GMRSZ33-3)
052 \—Gm08g07940 (GMRSZ33-4)
63 054 —Zm2G083975 (ZMRSZ39)
2 025 E0505907000 (OsRSZ39)
0% - Sb03g005500 (SbRSZ37-3)
- |

0s01g06290 (OsRSZ37a)
Vv23097001 (VVRSZ33-1)
Vv29498001 (VVRSZ33-2)

0.2

100 0.89 — PpRSZ37
09 _PpRSZ38

22 021 —DdB0233308
037 —Br125053

Figure 6.6: Expansion of SRp40 (SFRS5), SRp55/75 (SFRS6/4) and RS2Z
sub-families - SRp55/75 (SFRS6/4) (top blue clade) and SRp40 (SFRS5) (middle and
bottom blue clades) are shown in expanded form. The RS2Z plant-specific sub-family is
shown in expanded form. A G. maz sequence is underlined because it does not possess
the canonical double Zinc knuckle domains characteristic of this sub-family (see text).

Labeling conventions are as described in previous figures.
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from animals. A similar situation is observed with respect to the RSZ sub-family: it is
present in all photosynthetic eukaryotes (orthologous 9g8/SRp20 is present in all bilat-
eral metazoans, as well), but absent in C. merolae, fungi and the other basal eukaryotes

(dashed black lines in Figure [6.3)).

6.5 Five SR sub-familes are conserved across bilateral meta-

zoans

Sub-families SRp54 (SFRS11), SF2/ASF (SFRS1/9), 9¢8/SRp20 (SFRS7/3) SRp40
(SFRS5) and SC35 (SFRS2) are broadly conserved across the bilateral metazoans,
whereas the remaining two families, SRp55/75 (SFRS6/4) (top blue clade in Figure
and SRp38 (SFRS13) (bottom blue clade in Figure are only observed in the
Euteleostomi (D. rerio, X. tropicalis, G. gallus, M. musculus and H. sapiens) [Figure
. Interestingly, C. merolae has a single member of the SRp54 sub-family that has
moderate ML bootstrap support (29% RAxML) and branch length (0.73) (Figure[6.5).
Therefore, a likely scenario is that SRp54 evolved prior to the divergence of plants
from animals, but underwent several losses in multiple lineages. The 9g8/SRp20 sub-
family also appears to have an early derivation given the sister grouping of a SR protein
from P. sojae (Figure as well as the zinc finger domain being shared between the
plant-enriched RSZ sub-family.

6.6 Basal eukaryotes have the fewest SR sub-families

The lowest number of SRs was found in the basal eukaryotes (P. sojae, P. falciparum,
D. discoideum), the algal species and the fission yeast, S. pombe (Figure and Table
. Each of these organisms, except for C. merolae and D. discoideum contained at
least one SR protein that was not resolved in our gene tree analyses (Figures
and Additional File 1). The low number of SR genes is likely a reflection of organismal
complexity (single versus multi-cellularity) as well as the degree of multi-intron con-
taining genes within a genome (e.g., only 43% of genes in S. pombe contain introns, of

those only 25% have more than one intron, (128)).
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Figure 6.7: Expansion of SF2(p) and SF2 (SFRS1/9) sub-families - SF2(p)
(green) and SF2 (blue) clades are shown in expanded form. Labelling conventions are

as previously described.
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Figure 6.8: Expansion of RSZ and 9g8/SRp20 (SFRS7/3) sub-families - RSZ
(green) and 9g8/SRp20 (SFRS7/3) (blue) are shown in expanded form. The two algal

species are underlined because they do not possess the canonical Zinc knuckle domain

that characterizes this sub-family. Labeling conventions are as described in previous

figures.
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6.7 RRM domains are highly collinear within sub-families

and across species

Remarkably, the majority of SR proteins harbor RRM domains with identical start
and end positions within the entire amino acid sequence (Additional File 2). Figure
distribution of N-terminal RRM start sites per SR sub-family. Only the conserved
locations of the first RRM of the SR amino acid sequences are reported in Figure
even if there was more than one RRM in a particular sequence, whereas Additional
File 2 shows the raw coordinates for all domains predicted by Interproscan (52} [82]).
Ten of the 13 groupings in Figure are composed of SR proteins that have little to
no inter quartile ranges in their RRM positions, with the most variance in the SCL,
SF2 (SFRS1/9) and SRp54 (SFRS11) sub-families. However, the observed lack of vari-
ance in the remaining sub-families indicates that SR proteins are probably subjected to
purifying selection to maintain domain organization, reflective of potential structural
constraints necessary for splicing regulation (to be addressed in later sections). Further
support for this idea was the occurrence of 17 RRM domains that were exactly identi-
cal in the multiple alignment within and across species (see the taxon annotations in
Additional File 1). One particular example is the case of SR protein SRp20 (SFRS3) in
H. sapiens, M. musculus, G. gallus and X. tropicalis (Figure. The identical nature
of this RRM domain across four divergent taxa emphasizes the selective constraint on

the molecular evolution of certain components of the SR protein.

6.8 Intron number is conserved within sub-families

To get an idea of how the number of introns varied within and across SR gene sub-
families, we plotted the intron count of each gene using the longest transcript sequence
as a reference from each organisms respective database (Figure . Intron number
varied from a minimum of 0 (CeRSp-4, DdB0233749, AeEL000769 and Br122551) to
a maximum of 16 (OsSRp20). The family with the highest median intron number
(12) was that of SF2(p), whereas the two sub-families with the lowest median intron
number (2) were the non-photosynthetic SC35 (SFRS2) members and SF2 (SFRS1/9).

In general, sub-families enriched by photosynthetic eukaryotes had lower variability in
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Distribution of start sites for N terminal RRMs by sub-family
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Figure 6.9: Distribution of N-terminal RRM starting positions by SR gene

sub-family - N-terminal RRM start positions within the full amino acid sequence for

each SR protein were organized by sub-family and plotted. The left half of the graph

denotes the photosynthetic-enriched sub-families (green shaded area), whereas the right

half denotes the non-photosynthetic organisms (blue shaded area). The three dashed

horizontal lines from low to high demarcate positions 5, 10 and 15 respectively. Above

the x-axis are the sub-family sizes comprising each box plot.
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intron number. A striking example can be seen in the RS2Z sub-family, which has 24

members where 19 have an identical intron number of 6 (Figure [6.10)).

Distribution of intron number by sub-family
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Figure 6.10: Distribution of intron number by sub-family - For each of the SR

genes in each sub-family, the number of introns in the longest transcripts were assessed
and plotted in a similar fashion to that of Figure

6.9 RNA binding motifs are variable within RRM regions

In order to ascertain which residues within the highly conserved RRM regions of SR

genes are involved in binding to mRNA molecules, we used the PiRanhA machine-

learning web server to predict potential RNA binding residues (83} [108). Ten randomly
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selected RRM sequences from each plant-enriched sub-family (RS, RSZ, RS2Z, SF2(p),
SC35(p) and SCL) were submitted to the PiRanhA webserver for analysis. Boxes
indicate potential amino acid residues implicated in RNA binding and motif regions
are underlined in Figure Interestingly, the majority of binding regions include
highly variable positions within the RRM. Often, putative RNA binding residues are
variable yet surrounded by a few highly conserved amino acid positions (Figure .
In all sub-families, the first nine to 13 amino acids of the RRM are implicated in RNA
binding and in the case of the RS and SF2(p) sub-families, the second RRM region is
enriched for RNA binding regions.

6.10 SR genes in photosynthetic eukaryotes are mostly

under purifying selection

As genome duplication has played a pivotal role in plant evolution (see Project I),
we decided to investigate the impact of whole genome duplication on SR genes in the
flowering plant lineages we sampled. Using the plant genome duplication database
(http://chibba.agtec.uga.edu/duplication/)) and following previously described
methods (117)), orthologous SR genes from Arabidopsis, G. max, rice, poplar, S. bicolor
and V. vinefera were evaluated for their substitution rates, specifically, the ratio of
the rate of non-synonymous to synonymous substitutions (K,/Ks). Of the 132 or-
thologs analyzed from these species, only six genes (SbSRp33a, OsSRp33a; SbSRp33a,
ZmSRp33a; SbSC35a, 0sSC35a; SbSC35a, ZmSC35a) showed K,/K s ratios greater
than 0.9 (red crosses in Figure . These results are in line with the high conser-
vation of RRM start positions that were reported in section and suggest that new

substitutions in SR genes are most likely deleterious and selected against.

6.11 SR paralogs in photosynthetic eukaryotes are ex-

pressed at different magnitudes

To further investigate the influence of gene duplication in the SR gene family, we
analyzed expression data for paralogous pairs in Arabidopsis, rice, maize and S. bicolor.
For Arabidopsis, paralogous SR genes were determined by their groupings in Figure|6.2

and by referring to (I1]), whereas paralogy for the remaining plant species was based
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Figure 6.11: RRM domain web logos for plant-enriched sub-families - Web
logos were created for each of the plant-enriched sub-families and putative RNA binding
residues are indicated by boxes and underlined. Web logos were created by using the
web logo server (26]) and binding residues were predicted using the PiRanhA webserver
(83; [108). In the cases of the RS and SF2(p) sub-families, the demarcation of RRMs is

indicated by a vertical bar with circular endpoints.
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Figure 6.12: Orthologous pairwise K,/ K ¢ ratios for plant sub-families - Pair-
wise comparisons of orthologous SR genes are shown. Ratios less than or equal to 0.1
are indicated by blue crosses, ratios in between 0.1 and 0.9 are shown as yellow crosses

and ratios greater than or equal to 0.9 are depicted as red crosses.
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solely on their groupings in Figure . Expression data for various developmental
stages was extracted by using Genevestigator (137)) and plots were generated for the
paralogs.

In Arabidopsis, there are presumably six SR gene pairs and in every case in each de-
velopmental stage, none of the paralogs were expressed at the same levels (Figure .
On average the fold difference in gene expression was around 1.5-2 times greater for one
of the two genes in a pair, and sometimes as large as 7-12 times (see AtSRp34-AtSRp34b
and AtRSp31-AtRSp3la in Figure . By contrast, the remaining Arabidopsis SR
genes that do not exist as gene pairs and have overlapping expression patterns are
depicted in Figure [6.14]

The pattern observed for the six Arabidopsis paralogs was also evident in rice,
maize and soybean (Figures and . There were only two cases of overlapping
expression magnitudes, one during the stem elongation stage in maize for ZmSC35a and
ZmSC35b and another case of overlap in the flowering stage in rice for Os01g72890 and
0s05g01540 (members of the SR45 sub-family, which are only tentatively considered
as bona-fide SR proteins).

6.12 Alternative splicing of SR genes is widespread

The next major component to our analysis of SR genes in eukaryotes was to assess
the extent of alternative splicing (AS) among the organisms with sufficient EST /cDNA
data. Of the 27 eukaryotes that were included in our phylogenetic analysis, 20 had
enough expression information to be analyzed in our AS pipeline (Table and see
section [§ and online material: http://combi.cs.colostate.edu/as/gmap/SRgenes/
for a description of the pipeline and resultant splice graphs). An example splice graph
from our AS pipeline can be seen in Figure While there were 20 organisms
with sufficient expression information, the raw number of ESTs/cDNAs was highly
variable between species (median EST /cDNAs per organism are shown in Figure[6.18)).
Therefore, we imposed a normalization procedure for measuring the extent of AS so
that organisms would be comparable, similar to that of (61)). We executed 100 resam-
pling trials in triplicate of our AS pipeline requiring any given gene to have at least

15 ESTs/cDNAs. This procedure limited our dataset substantially, but conferred the
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Figure 6.13: Differential expression of Arabidopsis SR gene pairs - Gene expres-
sion data for various developmental stages were taken from the Genevestigator database
(I37) and plotted for each of the six pairs of paralogous SR genes. The numbers below
the x-axis indicate the number of microarray experiments that underlie the average

intensity value plotted on the y-axis.
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Figure 6.14: Differential expression of non-paralogous Arabidopsis SR genes
- Gene expression data for various developmental stages were taken from the Geneves-
tigator database (137) and plotted for each of the remaining SR genes. The numbers
below the x-axis indicate the number of microarray experiments that underlie the av-

erage intensity value plotted on the y-axis.
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Figure 6.15: Differential expression of paralogous rice SR genes - Gene expres-
sion data for various developmental stages were taken from the Genevestigator database
(I37) and plotted for each of the pairs of SR genes. In some cases (fourth and fifth
panels), there were three paralogs included. The numbers below the x-axis indicate the

number of microarray experiments that underlie the average intensity value plotted on
the y-axis.
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Figure 6.16: Differential expression of paralogous soybean and maize SR genes
- Gene expression data for various developmental stages were taken from the Genevesti-
gator database (137)) and plotted for each of the pairs of SR genes. The numbers below
the x-axis indicate the number of microarray experiments that underlie the average

intensity value plotted on the y-axis.
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Figure 6.17: Example splice graph for AtSRp34b - Shown here is a typical splice
graph from which AS event counts are taken.
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Figure 6.18: Log Median ESTs/cDNAs per organism - Log Median ESTs/cDNAs
per organism.
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ability to make comparisons across species. The non-normalized AS graphs are accessi-
ble from the website listed above and the non-normalized fraction of genes undergoing
AS is presented in Table [6.2] Normalized fractions of AS for the three independent

replicates are depicted in Figure|6.19

Table 6.2: Alternatively spliced SR genes

Organism Genes with AS  Total genes Fraction
Glycine mazx 17 26 0.65
Populus trichocarpa 8 20 0.40
Arabidopsis thaliana 16 19 0.84
Vitis vinifera 6 9 0.66
Zea mays 21 22 0.95
Sorghum bicolor 11 20 0.55
Oryza sativa 20 24 0.83
Physcomitrella patens 8 13 0.61
Chlamydomonas reinhardtii 2 7 0.29
Danio rerio 12 14 0.85
Xenopus tropicalis 9 11 0.81
Gallus gallus 7 10 0.70
Mus musculus 10 11 0.91
Homo sapiens 11 12 0.91
Ciona intestinalis 7 8 0.87
Branchiostoma floridae 9 11 0.81
Caenorhabditis elegans 6 7 0.85
Anopeheles gambiae 5 6 0.83
Drosophila melanogaster 3 7 0.42
Aedes aegypti 1 6 0.16

Organisms are listed according to their groupings in Figure and this table contains the
non-normalized data from our AS pipeline. Though members of the SR45 sub-family were

not included in our final gene-tree analyses, we nevertheless analyzed these genes for AS.

We observed negligible variance across each of the runs for most of the species,
but it should be noted that some species have low sample sizes between 1-5 SR genes
(due to the requirement that a gene have at least 15 ESTs/cDNAs for consideration).
Bearing this in mind, the 100% AS of the single P. trichocarpa SR gene should not

be considered reflective of the amount of AS in this organisms SR genes. Excluding
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Viridiplantae Others Euteleostomi

B %ASR1 H %ASR2 O %ASR3

Figure 6.19: EST /cDNA normalized %AS - As detailed in the methods, we ran 100
trials in triplicate in order to compare alternative splicing evidence between SR genes
from different organisms. The organisms are arranged from the Viridiplantae (green
shaded area), to other eukaryotes (grey shaded area) and finally to the Euteleostomi
(blue shaded area). Numbers below the taxon names indicate the number of SR genes

that had at least 15 ESTs/cDNAs necessary for the normalization procedure.

those organisms that had only a single SR gene with at least 15 ESTs/cDNAs, all
photosynthetic organisms (green shaded box in Figure had greater than 50%
of their SR genes undergoing AS, in contrast to the Euteleostomi (blue shaded box in
Figure that had AS percentages ranging from 30%-48%, while the other organisms
had a much more variable range of %AS (grey shaded box in Figure .

We also measured the normalized average type of AS event, among five AS event
types (IR, intron retention; SE, skipped exon; Alt 3, alternative 3 AS; Alt 5, alternative
5 AS; and Alt B, both 3 and 5 AS) per gene (Figure . Again, gene sample
sizes should be taken into consideration when any comparisons are made and special
attention given to those organisms that have extremely low sizes (i.e., P. trichocarpa,
C. reinhardtii, A. aegyptii). Beginning with the Viridiplantae, Arabidopsis and maize
had the highest incidence of intron retention events, with an average ranging from 0.84-
1.94 events per SR gene (green shaded box in Figure . V. wvinifera, Rice and G.
max had the next highest incidence of IR, with P. patens having zero IR events but
the highest average number of skipped exons (2.74 per SR gene) among all sampled
organisms. Based on the available data, IR is not unilaterally the most prevalent AS
type among the Viridiplantae. Instead, Alt 3, Alt 5 and SE events appeared to be just
as prevalent or in some cases more prevalent (G. maz, V. vinifera, S. bicolor, O. sativa,

P. patens) than IR events.
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Regarding the Eutelostomi (blue shaded box in Figure , Alt 3 AS events were
generally the most prevalent followed by SE events and then Alt 5 or IR AS events.
However, average IR events were the highest in D. rerio. This pattern is similar to what
was observed in the Viridiplantae in the sense that there was no clearly preferable
and broadly shared AS event type. Considering the final group of organisms (grey
shaded box in Figure , the pattern of AS is reminiscent of the Viridiplantae and
Euteleostomi, with considerable variance in average AS event types. Some organisms
had a higher number of IR events (e.g., C. intestinalis), whereas others had a higher
number of SE events (i.e., C. elegans [0.64] and especially B. floridae [1.69]).

Finally, we observed that in most organisms, Alt 3 AS (orange bars in Figure
was more prevalent than Alt 5 AS (purple bars in Figure and that the
simultaneous splicing of the 3 and 5 ends of introns was the least prominent AS event
type (yellow bars in Figure . However, despite the differences in AS event type
prevalence among these 20 organisms, AS of SR genes appeared to be a broadly shared

characteristic among multiple eukaryotic lineages.

6.13 AS event types vary by sub-family

We next investigated how the percentage of AS and AS event type differed across the
various SR sub-families. Using the classifications obtained from our gene tree analyses,
the normalized measurements of family-wise %AS were calculated (Figure [6.21]A). All
photosynthetic sub-families (green shaded box in Figure ) were observed to have
between 57%-88% of their SR genes experiencing some type of AS, in contrast to the
non-photosynthetic sub-families (blue shaded box in Figure ) where the range
was between 40%-54%.

For each sub-family, we also calculated the normalized AS event types (Figure
??7Figure20B). As was previously mentioned above, the occurrence of both Alt 3 and
Alt 5 (Alt B) splicing of an intron was the least prevalent type of AS event and was
also evident in the family-wise comparisons (yellow line in Figure ) The highest
average number of Alt B events was observed in the RSZ sub-family (0.17 events per
SR gene), followed by 9g8/SRp20 (SFRS7/3) and SRp54 (SFRS11) (0.09 events per
SR gene, respectively). The sub-family with the highest amount of IR events was the
plant-specific RS group (0.83 events per SR gene), whereas the family with the lowest
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Figure 6.21: Family-wise AS comparisons - Panel A depicts the normalized propor-
tion of genes undergoing AS per sub-family by averaging the values across the 100 trials

in triplicate. Shading conventions are as previously described. Panel B shows the mean

AS event type per gene experiencing AS in the normalization procedure but according

to sub-family rather than organism (c.f. Figure |6.20). The Viridiplantae sub-families
are shaded in green whereas the others are shaded in blue. The numbers below the

sub-families designate the number of genes with AS in that particular sub-family.
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amount of IR was SRp38 (SFRS13) (0.08 events per SR gene). Note that as the graph
transitions into non-plant enriched sub-families (blue shaded area in Figure ),
there was a tendency for the incidence of IR to decrease while SE events increased. The
plant-specific SCL, RS and plant-enriched SF2(p) sub-families had SE events ranging
from 0.46 to 0.69 events per SR gene, whereas the other plant-enriched sub-familes had
much less SE events. Additionally, as previously stated, in nearly all sub-families, the

incidence of Alt 3 AS was more frequent than Alt 5 AS.

6.14 DNA methylation is linked to alternatively spliced

regions in Arabidopsis SR genes

Due to the observed differences in expression levels between paralogous SR genes in
Arabidopsis, we checked to see whether Arabidopsis SR genes might be influenced by
DNA methylation. We used the methylation data obtained from (134) (the first DNA
methylation map of an entire genome) and cross-referenced the Arabidopsis SR genes
against their database. Interestingly, 11 of the 19 SR genes are methylated in their
coding sequences in wild type plants (Methylome track in Figure . Furthermore,
paralogous SR genes tended to be methylated in different regions of their coding se-
quences (e.g., AtSRp34 and AtSRp34b, Figure or one of the two paralogs was
methylated and the other wasnt (e.g., AtSCL30a and AtSCL33, Figure . Even
more striking was the localization of methylation as it relates to alternative splicing. It

was readily apparent that methylated regions coincide with alternative spliced regions

(Figure [6.23).
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Figure 6.22: DNA methylation in Arabidopsis SR genes - SR genes were queried
against the Arabidopsis methylome database (http://signal.salk.edu/cgi-bin/
methylome) for methylation patterns. Strikingly, 11 of the 19 genes harbored methy-
lation in their coding sequences. Paralogous SR genes are arranged adjacent to each
other and labeled in bold.
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Figure 6.23: DINA methylation in Arabidopsis SR34b - The splice graph for
AtSR34b is shown in the upper portion of the figure and below the graph, areas of
DNA methylation are depicted. Note that the extensive alternative splicing in the 3
region of the splice graph coincides directly with areas of DNA methylation.
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The large-scale search and recovery of SR genes across 27 diverse eukaryotic species
and the gene-tree analyses performed to classify them is the first of its kind. The work
presented here provides a multi-genomic perspective on the similarities and differences
in these key splicing regulators in terms of their gene number and their assortment into

sub-families allowing for specific questions on SR, gene evolution to be addressed.

7.1 The SR gene family is large and diverse

In order to understand the underlying evolutionary relationships between SR genes
among a diverse set of eukaryotes, one must begin with phylogenetic or gene-tree anal-
yses. Only by performing such a rigorous analysis is it possible to address the funda-
mental questions of how many sub-families comprise the greater SR gene family, and
whether these sub-families are populated by diverse species from multiple domains of
life or if they are instead restricted to lineage-specific groupings.

There are at least 12 SR gene sub-families, five of which are highly enriched by pho-
tosynthetic eukaryotes (RS, RSZ, RS2Z, SCL and SF2(p), six highly enriched by meta-
zoan organisms (9g8/SRp20 (SFRS7/3), SRp38 (SFRS13), SRp40 (SFRS5), SRp55/75
(SFRS6/4), SF2 (SFRS1/9) and SRp54 (SFRS11), a single sub-family populated by
both metazoans and plants (SC35/SFRS2), and a few ungrouped sequences (see Fig-
ure . Interestingly, the ungrouped organisms are primarily from the unicellular
eukaryotes and their failure to fall into specific sub-families may be a reflection of their

unique life histories. For example, putative SR proteins from the fission yeast, S. pombe
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and the stramenopile, P. sojae fall into questionable sister groupings either adjacent to
SRp38 (SFRS13) or sister to the 9g8/SRp20 (SFRS7/3) sub-family, respectively, with
either long branches (in the case of SpSRpl) or lack of additional characteristic sub-
family domains, such as the zinc finger domain (in the case of Ps136493). However, in
a previous study, the two yeast proteins, SRpl (UG) and SRp2 [SRp55/75 (SFRS6/4)]
were shown to interact with each other and that their interactions were regulated by
phosphorylation, hinting at a possible role in regulation of splicing in the mere 25% of
multi-intronic genes of this organism (I18). Unfortunately, in the previously mentioned
study, there were no experiments conducted on alternative splicing. Furthermore, to
date, there have not been any reports of alternative splicing in S. pombe (5). Therefore,
it is plausible to consider that SR genes in basal unicellular eukaryotes perform rudi-
mentary functions in regulated constitutive splicing. However, if we consider a recent
report on the oomycete plant parasite, P. sojae, of which two of its three SR genes
were resolved into the plant-specific SCL sub-family in the gene-tree analyses (Figure
, there have been reported incidences of alternative intron processing in family 5
endoglucanase transcripts (25)). It is tempting to speculate that perhaps these SCL-like
SR genes could possibly be involved in pathogenic splicing regulation of endogenous
plant mRNAs. This notwithstanding, it seems that alternative splicing in these organ-
isms is a rare occurrence (neither of these organisms had EST/cDNA data to support
AS in their SR genes), and instead, these SR genes might represent ancient prototypical
SR genes that were either lost in higher lineages or adapted for new functionality.
Although we found no evidence for any broadly conserved sub-families, there was
a single SR sub-family shared between members of the Viridiplantae, a red alga and
the bilateral metazoans: SC35 (SFRS2). The sharing of this sub-family across so many
diverse organisms might be due to its function not only in splicing (5 and 3 splice site
recognition and interacting with U170-K and U2AF35) (129) but also because of its
facilitation of transcription elongation of nascent transcripts (69). Presumably, this
integration of transcription and splicing could very well be a fundamental biological
process that has been conserved throughout multiple eukaryotic lineages.
Furthermore, our results support the idea that there are three plant-specific families:
RS, RS2Z and SCL. Previously, it was thought that an additional sub-family (SR45)
might be plant-specific, but our preliminary results (data not shown) suggest that SR45

did not appear later in evolution as previously thought (3), but is instead an ancient
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SR-related gene found in monocots, dicots, mosses, fungi and slime molds (data not
shown). Additionally, there are reports that human RNPS1 is homologous to plant
SR45 (135), further lending credence to the idea that this is not a plant-specific SR
sub-family.

Previous studies have often been limited in their phylogenetic scope, that is, often
only a small subset of organisms and their SR gene repertoires are studied, such as
human, drosophila, roundworm, fission yeast and Arabidopsis (L05)), or simply Ara-
bidopsis, rice and moss (53)). By including multiple species from divergent lineages, we
were able to categorize SR genes into sub-families that will not only help in answering
questions related to lineage-specific sub-family expansion (see below) and experimen-
tal design for gene knockout studies, but the classification performed here will aid in
developing a standardized nomenclature for the SR genes (75)).

It should be taken into account that the familial organization of the SR genes devised
in this study are subject to change as genomes become more refined and annotations
improve. Additionally, the use of the RNA recognition motif (RRM) domain as a
phylogenetic marker may have certain pitfalls. By excluding other domains within the
SR protein, such as the zinc knuckle domains, and simply by virtue of the shorter
sequence length of RRMs, some phylogenetic signal may be lost (e.g., two SRs may
be grouped into the same sub-family erroneously). However, the tradeoff between a
slightly reduced signal versus a larger and more gap-filled alignment that increases the

running time of our three tree searching methods was a factor we had to consider.

7.2 SR sub-family expansion in plants, structural con-

straints and selective pressures

Based on work done in Arabidopsis and rice, it was assumed that plants had the largest
inventory of SR genes of any eukaryotes (7). The work presented here, with the inclusion
of 27 different eukaryotic organisms, confirms this general trend (Figure . However,
this trend is not universally seen in all plant species sampled. For example, V. vinifera,
has the fewest SR genes of all the higher plants (Magnoliophyta). If one considers
the influence of whole genome duplication events in the histories of flowering plants,
this reduced number of SR genes in V. vinifera makes sense, since this genome has not

undergone a recent duplication event, and instead experienced a paleo-hexaploidization

87



7: DiscussioN — ProJECT 11

event after the divergence from the monocots but before the separation of the Eurosids
B7).

The large number of SR genes in flowering plants can be attributed to whole genome
duplication events, as previously mentioned. As whole genome duplication appears to
be the rule rather than the exception within flowering plants, it is not surprising that
these organisms would have a larger inventory of SR genes than organisms such as the
metazoa. Glycine maz, which has the most SRs of any organism we studied, is estimated
to have undergone a recent genome duplication event, between 3-5 million years ago
(2). Even the moss, P. patens is estimated to have a recent genome duplication in
its past, occurring between 30-60 million years ago (100]), around the same time that
Arabidopsis experienced its most recent duplication event (10).

While there are bountiful SR genes in plants, what remains to be understood is why
there is such a need for so many splicing regulators. Given our analysis using microarray
expression data for Arabidopsis, rice, soybean and maize, it appears that expression
levels between the members of a duplicate pair are tightly regulated, with very few
instances of overlapping expression magnitudes within the same developmental stages
(Figures . The high conservation of RRM location and intron number within
SR sub-families combined with the overwhelming majority of SR homologs experiencing
purifying selection all point to a post-duplication scenario of maintaining SR gene
structure, form and function, albeit while reducing genetic redundancy via regulated
gene expression. Such a situation might arise in evolution when there is a need for
genetic robustness against potential null mutations and clear limits on gene dosage.
However, an interesting case for novel function over redundancy is visible with respect
to the SC3ba gene in maize. ZmSC35a was one of the six genes with evidence to
suggest that it is evolving under positive selection (see section and Figure [6.12]).
Considering its expression profile against that of its paralog (last panel in Figure ,
it clearly overlaps in expression magnitude across 57 different arrays with ZmSC35b
during the developmental stage of stem elongation. While most of the pairs may be
experiencing purifying selection and may have redundant or sub-functions, ZmSC35a
may be one of the salient examples of a neo-functionalized gene.

In addition to the highly conserved location of RRM regions within SR amino acid
sequences, our analysis of RNA binding motifs within the plant-enriched sub-families

is further indication that many residues within SR proteins are highly conserved and
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under purifying selection. However, if many of the residues within RRM regions in a
sub-family are conserved, how might binding specificity be achieved among sub-family
members from a single species? Firstly, for each sub-family, there are multiple RNA
binding motifs (underlined regions in Figure . Although many residues may be
conserved within a sub-family in a particular binding region, the types of residues be-
tween binding regions are uniquely conserved. Moreover, in every predicted binding
region there are at least three highly variable positions bordered by highly constant
positions (except for the third binding motif in SC35, sSRGFAFVR). Nevertheless, con-
served and variable residues within binding regions are only partial players in RNA
binding specificity. Other factors may influence specific binding or even be required
to activate binding, such as phosphorylation of RS domains (I15)), even if RS domains

may be interchangeable (121)).

7.3 Alternative splicing of SR genes is a common charac-

teristic among eukaryotes

There is a large interest in the SR gene family because they are important regulators
in both constitutive and alternative splicing and are extensively alternative spliced
themselves (71). Thus far, the investigation of AS of SR genes has been limited to
a subset of model organisms, particularly mouse and human (66), drosophila (81,
roundworm (72)), Arabidopsis and rice (7). Though AS of SR genes has been shown
to be a common occurrence in these organisms, what has not been addressed is the
whether AS of SR genes is a common eukaryotic trait. While our data set is by no
means comprehensive, consolidation of expression information for 27 organisms and
their SR gene repertoires allows perspective into the extent of AS across organisms, the
preferred types of AS events and how these events can vary by organism or specific SR
sub-family.

We observed AS in SR genes across 20 organisms with sufficient EST/cDNA data
(see Table . Mouse and human were the only two organisms to have AS events
in each of their SR genes, which is probably reflective of their large EST/cDNA col-
lections. Four of the original 27 organisms (S. moellendorffi, C. vulgaris, C. merolae
and S. pombe) lacked sufficient ESTs, whereas no AS was found in the remaining three

organisms with sufficient ESTs (D. discoideum, P. falciparum and P. sojae). It has
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not escaped our attention that many of these organisms can be considered ”basal” eu-
karyotes, with a highly reduced number of SR genes in their genomes relative to the
remaining 20 organisms (see Figure [6.3)). Their reduced number of SR genes is most
likely indicative of their genomes having a relative low number of introns (31)), and
the lack of AS found in D. discoideum, P. falciparum and P. sojae SR genes further
supports this idea. These organisms notwithstanding, the overwhelming occurrence of
AS in SR genes is readily observable in Table and Figures and is highly
suggestive of AS having a critical role in the regulation of SR genes in the Viridiplantae

and Euteleostomi.

7.4 Not all AS event types are created equal

One of the advantages of performing a large comparative analysis of SR genes across
species is the ability to discern which alternative splicing event types are predominant.
Across the 20 organisms we sampled, alternative 3 splicing is the most common AS
event type among SR genes (134 genes), followed by intron retention (111 genes),
alternative 5 splicing (109 genes), skipped exons (106 genes) and finally alternative
3 and 5 events (29 genes). As we saw earlier, intron retention was not a universally
abundant AS event type in the Viridiplantae and was only the most prevalent AS type
in two of the nine photosynthetic eukaryotes (normalized averages in Figure . This
suggests that different plant species might have specific preferences towards generating
alternative splice forms of their SR genes or that the varying proportions of AS event
types in Figure remains biased by an uneven EST/cDNA distribution because we
did not control for various tissue sources that ESTs/cDNAs may have been derived
from. In contrast to the Viridiplantae, the Euteleostomi generally display a preference
for exon skipping over intron retention, which agrees with previous genome-wide studies
of alternative splicing in metazoans (61). The number of viable transcripts leading to
functional SR proteins as a consequence of these five types of AS events was something
beyond the scope of this study. However, it is interesting to consider the possibility
that the majority of these alternative transcripts might lead to non-functional proteins
and is instead a means for regulating levels of SR gene transcript abundance (62)).
Interestingly, different SR sub-families show different levels of AS and preferences

for AS event types. In general, there is a higher incidence of alternatively spliced SR
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genes in plant-enriched sub-families as well as a higher number of IR and Alt 3 events
per SR gene (green shaded boxes in Figure , whereas there is a lower number of
alternatively spliced SR genes in non-photosynthetic sub-families and a lower incidence
of IR events (blue shaded boxes in Figure and higher number of skipped exons
over the other types of events. These results suggest that specific sub-families rely on
different types of AS to either generate novel protein forms with altered RRM binding
domains (92)), altered RS domains which may have implications on nuclear localization
of the SR protein (105), or to affect the number of transcripts subjected to nonsense
mediated decay ((66]).

After comparing methylated regions of the Arabidopsis genome to Arabidopsis SR
genes, it became evident that there is a correlation between coding sequence methy-
lation and alternative splicing. Given that 11 of the 19 SR genes in Arabidopsis are
methylated in their coding regions and that these regions tend to overlap with areas
of alternative splicing, it is highly likely that chromatin states can not be disregarded
when considering factors and signals that influence patterns of alternative splicing and

promises to be an exciting area for further research.

7.5 Summary and Outlook

In this work, we provided a large-scale comparative investigation into one of the most
critical gene families involved in a fundamental biological process across multiple eu-
karyotic organisms. The SR gene family of splicing factors is pervasive throughout
multiple lineages, is both conserved in sequence and domain organization yet differs
in number and sub-family distribution across lineages and types of alternative splicing
experienced. The work here has implications on the general evolution of homologous
genes, for biological experimentation, differential regulation of SR gene expression by
variable types of alternative splicing and hints at the importance of epigenetics to be
incorporated into a code that can help to explain the regulation of alternative splicing
not only in SR genes, but all the genes that these master regulators also have dominion
over. However, there are many questions that remain to be addressed. One major
issue that should be addressed is the level of divergence or conservation in alternative
splicing events within paralogous and orthologous genes. A way to facilitate such an

analysis on a large comparative genomics scale would be to implement a splice graph
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alignment methodology, where a user could input their genes of interest and have the
ability to automatically compare splicing patterns between their genes. Moreover, con-
struction of a vast database of alternative splicing graphs in conjunction with DNA
methylation data would go a long way to understanding the subtleties that underlie
the complexities of alternative splicing. The further addition of a means for predicting
the resultant amino acid sequence by following weighted paths through a splice graph
(based on EST/cDNA preponderance) would aid in understanding the consequences of

alternative splicing at a more functional level.
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Materials & Methods

8.1 Project I — Intra-species comparative genomics in Ara-

bidopsis
8.1.1 Arabidopsis duplicate gene pair sequences

A list of accession numbers for whole genome derived duplicate genes was obtained
from (11I)). Genes were considered tandem duplicates and were excluded from this anal-
ysis if their protein alignments had a blast E-value < 1x107!'% and the corresponding
sequences resided less than 15 genes apart on the same chromosome. Essentially, we
employed the same criteria as that of (I0). The TAIR accession numbers were used to
obtain the 5" upstream regulatory sequences (URSs) and corresponding protein coding
sequences (CDSs) for 2,584 gene pairs assumed to originate from the most recent whole
genome duplication event in Arabidopsis (20-60 mya) (11)).

Promoter annotation is dynamic and ever changing. The possibility for alterna-
tive 5’ transcription start sites (TSS) increases as the amount of mRNA expression
data increases. Therefore, to reduce the ambiguity regarding 5’ TSS annotation, we
maintained only those sequences that had annotated 5 untranslated regions (UTRs)
supported by ¢cDNA evidence from TAIR (101)). We ensured that URSs were at least
600 bp long and did not interrupt other upstream, annotated genes. We discarded any
pairs showing evidence for alternative 5’ TSSs according to blastn searches against a

database of Arabidopsis ESTs dowloaded from GenBank.
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8.1.2 Arabidopsis expression information

Gene pairs that met the above criteria were then queried for Pearson (r) correlation
coefficients of co-expression (EC). EC values were obtained from a database (87) that
incorporates robust multi-array normalized (RMA) intensity values for 22,263 genes
spanning 1,388 samples taken from the AtGenExpress project at TAIR. These samples
are comprised of a variety of experimental conditions: i.e., different developmental

stages, biotic, abiotic, nutrient, hormone and chemical treatments.

8.1.3 Working data set

The final list of usable duplicate gene pairs derived from the initial 2,584 was reduced
to 815 through the above criteria. These 815 gene pairs (1,630 genes) are assumed to
be polyploidy derived, unobtrusive to other genetic elements, clearly demarcated with
a single 5’ T'SS, replete with expression information and have available protein coding

sequences.

8.1.4 Upstream regulatory sequence anaylsis

Two data sets were constructed based on the URSs of the 815 Arabidopsis duplicate
pairs. One URS data set consisted of six fixed-length sequence intervals, all anchored

at the 5 TSS Rl

| 600 bp URS

Figure 8.1: Anchored window scheme - Each URS fragment (blue arrow) increases

by 100 bp until the maximum of 600 bp is reached.
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The second URS data set consisted of nine sliding window intervals, each with a

window size of 200 bp, and step size of 50 bp

—>

| 600 bp URS

————— (0 bp
— ]
—
-- slide 50 bp

slide 50 bp

Figure 8.2: Sliding window scheme - Each URS fragment (blue arrow) slides by 50
bp until the maximum of 600 bp is reached.

For each data set and for each window interval, URS conservation was measured

using three distinct applications:
1. the Shared Motif Method (SMM) (21))
2. the Index of Repetitiveness (IR) (43} [45)

3. DIALIGN-TX (DTX) (I13; [[14)

Each of the applications is explained in further detail below.

8.1.4.1 Shared Motif Method

The Shared Motif Method (SMM) was previously used in ab initio sequence divergence
analysis of cis-regulatory DNA (21)), or in other words, upstream regulatory/promoter
sequences. The SMM was shown to be especially useful for measuring promoter di-
vergence between homologous genes of organisms with poorly annotated transcription
factor binding sites (TFBSs), such as C. elegans. It is essentially an alignment-based
measure of similarity/divergence; however, what makes it unique is that it performs
a series of recursive aligments after masking off high scoring segments during each
iteration ((21), Supplementary information).

Prior to performing any alignments with the SMM, it is important to derive the
alignment sensitivity (L) parameter. This is largely an empirical process of trial and
error until the parameters are tuned in order to achieve an optimal signal to noise

ratio. Following the recommendations of (2I)), L was determined by iterating through
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progressively more stringent values until a level of ”sequence divergence” of at least
90% was observable for each window size in each analysis.

As the SMM outputs a score (dgy) reflective of the percentage of two sequences that
do not share similar fragments, we report 1-dgy so that the values would be reflective
of similarity/conservation and would be comparable to programs that output values in
terms of similarity.

See figure for a pictorial representation of how the (dgy) is calculated.

CDS

<P [ —
20 bp 150 bp

Figure 8.3: The Shared Motif Method - Illustration of the shared motif method
(SMM). The SMM discovers regions of local similarity between DNA sequences without
respect to their order, orientation, or spacing. In this example, two 500 bp noncoding
sequences, upstream from homologous coding sequences (CDS), are compared. After
iterative local alignment in both their native and inverted sequence orientations, two
regions of significant local similarity between the sequences were discovered. One region
is 150 bp long but has been inverted in one of the sequences. The other is 20 bp long
but has been translocated. The fraction of shared motifs between these sequences is
simply (20 4 150)/500, or 0.34. We define shared motif divergence (dgy) as one minus
this fraction, or 1 —0.34 = 0.66. Shared motif divergence is thus the fraction of the two
sequences that does not contain a region of significant local alignment without respect

to order, orientation, or spacing.Taken directly from (21).

8.1.4.2 The Index of Repetitiveness

The index of repetitiveness (IR) was first introduced and used to measure the repetitive
nature of DNA on a genome- and organism-wide scale; more specifically, it was applied
to a total of 336 genomes from all domains of life (45). Figure describes how the
IR is calculated for a single genome.

In this work, a modified version of the IR was utilized that makes a distinction

between a query and a subject sequence, rather than computing the IR for a single
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genome (43)). The IR in this sense can then be thought of as an approximation for
similarity or "repetitiveness” between two different DNA sequences. The algorithm for
calculating this query/subject IR essentially determines for each position in the query
the longest exact match in the subject. The resulting values are summed and the sum
is divided by its expectation, assuming unrelatedness of query and subject. Finally, the
logarithm of this ratio is taken to yield the IR (45]). Therefore, the IR may take values

between -oo and +1, with an expectation of 0 for unrelated sequences.
3221

5'—— CGGT — 3!
3'e— GCCA——5'

2321

Figure 8.4: The Index of repetitiveness - Shortest unique substring lengths for
the DNA sequence CGGT and its complement. Starting from, say, the first nucleotide,
three steps in the 3’ direction are necessary to generate a unique substring. The numbers

in bold correspond to suffix length plus one. Taken directly from (45)).

For each Arabidopsis duplicate pair, we calculated the IR as the arhmetic mean
between the two IR values for the two posible query/subject configurations as shown in
figure Generally, sequence fragments that are identical between subject and query,
and are longer than expected by chance (see (44) for the derivation of the aggregate
shortest unique substring expectation), contribute to positive values of IR and have an
upper bound of 1; however, random shuffles of the input sequences yield IR values close

to 0.
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5' QUERY == 3'
5' —SUB JECT ee—- 3'

5' QUERY - 3'
5' SUBJECT el 3'

Figure 8.5: Query/subject IR - The IR values used in this work were calculated by

taking the arithmetic mean for the two possible query/subject configurations (minus
strands not shown). The black and blue lines represent the role reversal of query and

subject.

8.1.4.3 DIALIGN-TX

DIALIGN-TX (DTX) (I13; 114) is a greedy segment based alignment approach to
measuring similarities between DNA and amino acid sequences. Three previous versions
of DIALIGN have been in wide circulation throughout the scientific community (79;
80; [114]). However, the latest version of DTX improves upon previous versions by
including a progressive alignment approach as well as a vertex-cover approximation on
a conflict graph in order to reduce susceptibility to spurious random similarities(113]).
For a detailed explanation of the algorithm used in DTX, the reader should consult the
original publication (113).

In order to calculate an alignment similarity score for the 815 gene pairs used in
this study, we used the raw counts of the number of alignable bases (see figure in
the URSs divided by the total number of bases of the URSs, as was done in (40).

AT3G05590 —-—-=-———- AC ACCATCCTAA TTATATAAAC AGACAGIGAT TAgta-----
AT5G27850 atggataaAC ATCATCCATA TCTTATGGAT AGAGATGAAT GAtggataat

alignment similarity score = 34/50 = 0.68

Figure 8.6: DIALIGN-TX example alignment - Alignment similarity was calcu-
lated by taking the number of alignable bases (boldface letters) and dividing by the
length of the sequences considered. In this example, the number of alignable bases

(mismatches considered as ”alignable”) is 34 bp and the total length is 50 bp.
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8.1.5 Coding sequence analyses

For each of the 815 duplicate gene pairs, the synonymous (K ), non-synonymous (K )
and the ratio of non-synonymous to synonymous substitution rates (K, /K s) were calcu-
lated using a Python wrapper known as MutationsHunter (77). The MutationsHunter

package integrates three different commonly used software packages:

e InParanoid (88§)),

e FASTA (95) and

o PAML (I31).

MutationsHunter greatly facilitates the laborious process of conducting an evolu-
tionary analysis (i.e., estimating substitution rates) on a large set of protein coding

genes. There are essentially four steps to this process:

1. construct a list of homologous protein coding gene pairs (orthologs or paralogs)

using the InParanoid launcher script, or by some other means.

2. perform a global alignment of the two corresponding protein coding sequences to

detect gaps and mismatches (using FASTA).

3. convert the protein alignment into a DNA alignment

4. calculate the substitution rates between the two sequences using PAML.

Step 1 in this project, as described in [8.1.1] was performed by consulting literature,
rather than using the InParanoid database. Steps 2—-4 were fully conducted within the

framework of MutationsHunter.
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8.2 Project 1I - Inter-species comparative genomics in 28

eukaryotes

8.2.1 Species selection

We employed fundamental practical criteria to determine which organisms would be

sampled in our study. These included:
1. Completeness and availability of genomic sequence
2. Availability and bulk of cDNA or EST data
3. Phylogeny

The major element influencing the selection of species was that of expression in-
formation, since this was the limiting factor. We used NCBI's dbEST (I2)) in order
to glean information on the abundance of available transcripts per organism contained

within the NCBI genome databases (see Table for a sample).

Table 8.1: Subsample of NCBI’'s dbEST

Organism ESTs

Homo sapiens (human) 8,296,280
Mus musculus + domesticus (mouse) 4,852,144
Zea mays (maize) 2,018,798
Bos taurus (cattle) 1,558,492
Sus scrofa (pig) 1,538,441
Arabidopsis thaliana (thale cress) 1,527,298
Danio rerio (zebrafish) 1,481,930
Glycine maz (soybean) 1,422,604
Xenopus (Silurana) tropicalis (western clawed frog) 1,271,375
Oryza sativa (rice) 1,249,110
Ciona intestinalis 1,205,674
Triticum aestivum (wheat) 1,067,291

The top 12 organisms with more than 1 million ESTs in GenBank’s dbEST division as of
December 11, 2009. Five of the 12 organisms listed above are plants.
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Based on the EST counts per organism and their phylogenetic nature, 27 species
were selected and included in the alternative splicing analysis. Details of the data

mining procedure are described below.

8.2.2 Organism sampling and SR sequence acquisition

To begin the assessment of the genomic inventory of SR genes in eukaryotes, we se-
lected taxa based on completeness of genome sequencing efforts and their phyloge-
netic diversity as inferred by NCBIs taxonomy browser (http://www.ncbi.nlm.nih.
gov/Taxonomy/CommonTree/wwwemt . cgi; Figure [6.1). We sampled a total of 27 or-
ganisms with fully sequenced genomes that ranged from plants, animals and fungi
(Opisthokonts) to Amoebozoa, Stramenopiles and the Alveolata (102). Once the or-
ganisms were chosen, SR amino acid sequences were obtained through either literature
searches (Homo sapiens (66), Caenorhabditis elegans (72)), Drosophila melanogaster
(81), Schizosaccharomyces pombe (118), Arabidopsis thaliana (59)and Oryza sativa
(53)) or via hidden markov model (HMM) searches using HMMER3 (30) (see Table
of downloaded protein databases.

We used a combination of HMM (30) and BLASTP (4) searches to find and then
verify that putative sequences were SR gene homologs. We constructed three separate
HMMs: one for the Viridiplantae (vHMM), one for the Fungi/Metazoa (fmHMM) and
one for the Amoebozoa, Stramenopiles and Alveolata (asaHMM). The vHMM was com-
posed of globally aligned (I119) SR proteins of Arabidopsis thaliana, Oryza sativa, pre-
liminary BLASTP candidate sequences from Populus trichocarpa and Chlamydomonas
reinhardtii. Using this vHMM, we then searched downloaded protein databases of
Glycine maz, Vitis vinifera, Zea mays, Sorghum bicolor, Selaginella moellendorfii,
Physcomitrella patens, Chlorella vulgaris and Cyanidioschyzon merolae (database ref-
erences in Table . After re-searching downloaded databases of Chalmydomonas
reinhardtii and Populus trichocarpa with this HMM, we then used the full sequence E-
value from the HMMERS3 output to exclude hits with an E-value greater than 1210793
to generate a set of candidate SR proteins. Next, we blasted each of the candidate
SR proteins against the nr protein database at NCBI to cross-validate which of the
candidate sequences could be further excluded based on sequence similarity to known

non-SR proteins. All remaining candidates were then manually examined for the oc-
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currence of at least three SR dipeptides and then submitted to Interproscan for domain
searches to elucidate positions of their RNA recognition motifs (RRMs) (82} [133]).

A similar process was performed with the fmHMM and the asaHMM. The only
differences being the underlying sequences used in the construction of the respective
HMMs. The fmHMM was composed of known SRs from Homo sapiens, Caenorhab-
ditis elegans, Drosophila melanogaster and Schizosaccharomyces pombe, whereas the
asaHMM was comprised of SRs from Homo sapiens, Ciona intestinalis, Drosophila
melanogaster, Neurospora crassa, Arabidopsis thaliana and Chlamydomonas reinhardtii.
Using the fmHMM, we searched downloaded protein sequence databases of Mus mus-
culus, Gallus gallus, Xenpus tropicalis, Danio rerio, Branchiostoma floridae, Ciona
intestinalis, Anopheles gambiae, Aedes aegypti and Neurospora crassa (references in
Table . The asaHMM was used to search downloaded databases of Plasmodium fal-
ciparum, Phytopthora sojae and Dictyostelium discoidum. As with the vHMM search
process, the same data filtering steps were taken to derive putative SR gene homologs
within the Fungi/Metazoa and other eukaryotes.

Additionally, any sequences that did not begin with methionine residues were dis-
carded from further consideration. Therefore, the numbers of SR genes per organism
reported in Table are likely to change as annotation efforts improve. The fol-
lowing sequences were removed: Chlv31017 (Chlorella vulgaris), Sb0514s002010 and
Sb09g004685 (Sorghum bicolor), and Smo36388 (Selaginella moellendorfii). All ac-
cession numbers for all SR proteins used in these analyses are available online at

http://combi.cs.colostate.edu/as/gmap_SRgenes/.

8.2.3 Alignment procedure

The resulting 272 SR proteins from the searches described above were initially aligned
using DTALIGN-TX (113} [114]) with default parameters. The RNA recognition motifs
(RRMs) were extracted from the full-length amino acid sequences of the SR proteins
based on their SMART (68) prediction coordinates from Interproscan searches (82} 133)).
First, all RRMs were aligned aggregately to ensure that sequences harbouring multiple
RRMs were collinear. Imagine two SR proteins (Seql, Seq2) with two RRMs, one
located proximal to the N-terminus (RRM1) and the other located closer to the C-
terminus (RRM2). In order to be certain that the N-terminal RRM of Seql aligned
with the N-terminal RRM of Seq2, it was necessary to align all RRMs independently. A
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preliminary UPGMA tree was constructed to evaluate the aligned RRMs. In all cases,
there were no instances of a criss-crossed matching of RRM1 with RRM2. However,
there was a single SR protein from Branchiostoma floridae (Br126246) that contained
three RRM domains. Accordingly, we evaluated whether the three RRMs all had as
their top BLASTP hit a SR protein with a single RRM. As this was the case, and
because the three RRMs appeared to be tandem duplications of a single RRM, or a
possible annotation error, we selected the most N-terminal RRM of Br126246 to be
used in our gene tree inferences.

After the above determinations, all N-terminal RRMs were aligned separately from
those sequences harbouring a C-terminal RRM, which were also aligned separately.
Here, we used FSA (I5)) for the alignment of the RRMs because of its explicit con-
sideration of insertions that should not align, which would otherwise confound our
gene tree analyses by over-estimating the substitution rates. The disjoint alignments
of sequences with two RRMs were then concatenated and any columns that would be
considered gap-only if a single sequence did not cause an unalignable insertion to exist
were removed. For those sequences with identical RRMs (17 sequences), only one rep-
resentative was selected for use in gene tree construction, reducing the data matrix to
255 taxa. Twenty-eight columns of the 353 total characters in the alignment were con-
stant, 267 were parsimony-informative and 58 were uninformative variable characters.

This alignment file was then used for a series of gene tree searches as described below.

8.2.4 Gene tree inferences

The alignment described above was input into PROTTEST version 2.4 (I]) and assessed
for the best fitting model of amino acid substitution. The best scoring model with the
fewest number of parameters was the LG model with a gamma shape distribution
for rate heterogeneity (LG+G, Inl: -24515.47). Next, two maximum likelihood (ML)
methods and a parsimony method were used to construct gene trees of the 255 SR
proteins. We used the parallel threads implementation of RAxML version 7.2.6 (84} 109)
to perform 2000 rapid bootstraps and search for the best known tree under the LG+G
model (Inl: -23016.56). We used Garli version 1.0 as the second ML tree search method
to conduct ML analyses on another 1000 bootstrap replicates (138)). One thousand
parsimony bootstrap replicate searches were conducted in Phylip version 3.69 using

the protpars program and randomized input order of sequences (10 jumbles) (33).
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Bootstrap support values from all three analyses were then mapped onto the best

scoring ML tree from the RAxML analysis.

8.2.5 Genomic and cDNA/EST sequences for Alternative Splicing
(AS) analysis

In addition to acquiring amino acid sequences of the SR genes, we also obtained full-
length genomic sequences from the corresponding databases in Table Next, we
performed a series of MEGABLAST searches against NCBIs dbEST using each of the
genomic sequences for each of the organisms in order to collect expression data to
be used in the analysis of alternative splicing (AS) for the organisms under study.
MEGABLAST searches were also conducted against the nr nucleotide database to
acquire any full-length cDNAs that were available.

8.2.6 Alternative splicing analysis

Of the 27 eukaryotic organisms sampled in this study, 25 had expression data obtained
from the MEGABLAST searches described above, except for (Selaginella moellendorfii,
Chlorella vulgaris and Cyanidioschyzon merolae). The genomic sequences and tran-
script sequences were then fed into an in-house generated pipeline to assess the extent
of AS among the SR genes in these 25 organisms.

We used Sircah (41)) to detect possible AS events from a set of aligned transcripts.
Sircah is an application written in Python that detects AS events and provides visual-
izations in the form of splice graphs. On the program’s website (I3]), the authors have
outlined the heuristics Sircah uses to detect AS events. The algorithm correctly de-
tects most events, but we found cases in a previous study in which it identified spurious
events. Thus, for our analysis we used a version of Sircah that we revised to correct
these errors (see (65)).

To provide meaningful counts for alternative splicing events, we established rules
for each event type. As the number of alternative splicing events increases in a gene,
the number of combinations representing potential splice forms increases exponentially,
but all splice forms are not equally probable. For our analysis we counted the number

of events supported by EST transcripts. As a simple example, consider the transcripts
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given in Figure B.7]A. Although there are two retained introns, the transcripts sup-
port just one intron retention event in which both introns are retained simultaneously.

Consequently, for this graph we count a single intron retention event.

EST_match

‘

EST_match

Figure 8.7: Splice graph examples - Generic splice graphs generated for illustration
purposes. A. counting of intron retention events. B. alternate donor, acceptor and
intron retention events. C. counting of Alt B events (simultaneous alternative splicing
at 3’ and 5’ sites).

A more complicated example is shown in Figure B.7B. The graph has two retained
introns for which three combinations are supported by EST transcripts. In addition,
there are two alternate 5’ events supported by transcripts as well as an alternate 3’
event. In this case, we count three intron retention events, two alternate 5" events and
a single alternate 3’ event.

The rules for cassette exons are analogous to those for intron retention: when there
is evidence of multiple skipped exons in a gene, we count number of distinct EST
transcripts that support each combination. For alternative 3’ and 5’ splice sites, we

use the most prevalent splice site (the one supported by a plurality of EST transcripts

~—
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and simply count the number of alternatives. When we cannot determine a prevalent
form, we use the splice site that yields the longest intron.

We distinguish between alternate 3’ sites (Alt 3’), alternate 5’ sites (Alt 5’) and
simultaneous 3’/5" events (Alt B). We count Alt B events whenever an alternative 5’
site is paired with the same alternate 3’ site in all transcripts. For example, in Figure
the alternate 3’ and 5’ splice sites are paired, so this will be counted as a single
Alt B event.

We incorporated our counting rules into our modified version of Sircah and gener-
ated statistics for each kind of AS event. For each type of event we counted the total
number of events detected; the overall proportion of genes having each event, and the
A-T composition of introns and exons involved in each event. In addition, for skipped
exons we tracked the exon length, and for retained introns, we tracked the intron length
as well as the lengths of its flanking exons.

Much of the evidence for AS in the SR genes is complex and complicates analysis
even with the compact form of a splice graph. However, the splice graph format provides
a way to assess this complexity. For each node in a gene’s splice graph we counted
the number of incoming and outgoing intron edges to establish the node’s branching
factor. We could thus measure a graph’s complexity using the maximum branching
factor for any node. For example, the graph in Figure is relatively simple, with
a maximum branching factor of 2, in contrast to Figure [8.7B, which is more complex,

with a maximum branching factor of 4.

8.2.7 Normalization of Alternative splicing measurements

To compare alternative splicing evidence between SR genes from different organisms,
we applied an approach similar to that used in (L6} [61). We ran 100 trials in which
we randomly selected a fixed number of 15 ESTs for each SR gene in each organism.
Genes that had fewer than the required 15 EST alignments were omitted from our
analysis. We ran a modified version of Sircah (41} 65) on the randomly selected ESTs
to generate statistics on the number of alternative splicing events. In each trial and for
each organism we counted the number of genes used in the trial, the number of genes
that exhibited alternative splicing and the number of alternative splicing events: intron
retention, skipped exon, alternative 5’ site, alternative 3’ site and simultaneous 3’/5’
(altB).
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To establish our threshold of 15 ESTs per gene, we examined the distribution of
aligned ESTs across our SR gene data (see [Additional File 5] online). Raising the
number of ESTs required in each trial improved the method’s sensitivity, but reduced
the number of genes available for comparison. S. pombe, provided only a single gene
each and did not generate useful statistics. A third organism, C. reinhardtii, had just
one gene with more than 10 aligned ESTs. The remaining species had enough genes and
EST alignments to make meaningful comparisons. We selected a threshold of 15 ESTs
to provide enough sensitivity to illuminate differences between species while permitting

analysis on all but the three poorly represented species.
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