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Abstract

With the proliferation of plant genomes being sequenced, assembled, and annotated,
duplicate gene loss from whole genome duplication events, also known in plants as frac-
tionation, has shown to have a different pattern from the classic gene duplication models
described by Ohno in 1970. Models proposed more recently, the Gene Balance and Gene
Dosage hypotheses, try to model this pattern. These models, however, disagree with
each other on the relative importance of gene function and gene expression. In this thesis
we explore the effects of gene function and gene expression on duplicate gene loss and

retention.

We use gene sequence similarity and gene order conservation to construct our gene fam-
ilies. We applied multiple whole genome comparison methods across various plants in
rosids, asterids, and Poaceae in looking for a general pattern. We found that there is
great consistency across different plant lineages. Genes categorized as metabolic genes
with low level of expression have relatively low fractionation resistance, losing duplicate
genes readily, while genes categorized as regulation and response genes with high level
of expression have relatively high fractionation resistance, retaining more duplicate gene

pairs or triples.

Though both gene function and gene expression have important effects on retention
pattern, we found that gene function has a bigger effect than gene expression. Our results
suggest that both the Gene Balance and Gene Dosage models account to some extent

for fractionation resistance.
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Préface

Avec la prolifération des génomes des plantes qui sont séquencés, assemblés, et annotés,
la perte de genes dupliqués a partir d’évenements de duplication du génome complet,
aussi connu comme fractionnement, a démontré différents patrons comparativement au
modele classique de duplication génique décrit par Ohno en 1970. Des modeles qui ont
été proposés plus récemment par les hypotheses équilibré de genes et de dosage génique
essaient de modeler ce patron. Par contre, ces modeles sont en désaccord en ce qui a trait
a 'importance relative de la fonction et de I'expression génique. Dans cette these nous
examinons les effets de la fonction et 'expression génique sur la perte et la rétention des

duplications géniques.

Nous utilisons la similarité génique et la conservation de ’ordre génique afin de construire
nos familles géniques. Nous avons appliqué des méthodes de comparaison au niveau du
génome complet chez diverses plantes des familles de rosids, asterids, and Poaceae pour
identifier des patrons généraux. Nous avons découvert qu’il existe une grande uniformité
entre les différentes lignées de plantes. Les génes catégorisés comme jouant un role dans le
métabolisme avec un faible niveau d’expression ont une résistance fractionnaire relative-
ment basse; perdant les genes dupliqués rapidement. Par contre les genes régulateurs et
responsables d'une réponse génique ayant un haut niveau d’expression ont généralement
une grande résistance de fractionnement; ils retiennent un plus grand nombre de paires

ou de triplets de genes dupliqués.

Meme si la fonction et 'expression génique ont des effets importants sur le patron de
rétention, nous avons découvert que la fonction génique a un plus gros impact que
I’expression génique. Nos résultats suggerent que les deux modeles; celui de I'hypothese
équilibrée génique et celui du dosage génique, sont en partie responsables de la résistance

au fractionnement.
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Chapter 1

General Introduction

1.1 Introduction

Novel genes are important for evolving adaptation to new circumstances. But how does
a species go about getting genes? While the precise processes and intricacies by which a
species gains new genes are still debated, a broad consensus has formed. This includes
the importance of gene duplications. In 1970 Ohno [1] proposed the process behind the
terms (coined by Force et al. [2]) neofunctionalization, subfunctionalization, and nonfunc-
tionalization (now called pseudogenization), in describing possible duplicate gene fates.
These models have held up remarkably well with the advent of increasingly sophisticated
molecular biology techniques and the rapid advances in whole genome sequencing. One

major addition to Ohno’s models is the Gene Dosage Model of Papp et al. [3] and the
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FiGURE 1.1: Whole genome duplication example. A diploid ancestor undergoes
tetraploidization to form a tetraploid ancestor. This intermediate ancestor then
undergoes fractionation (gene loss from whole genome duplication in plants) and
other genome rearrangements to become a present day diploid species.

Gene Balance Hypothesis of Birchler et al. [4-7] to address the issue of whole genome

duplications.

These new models are increasingly important in study of plant genome evolution because
following a number of whole genome sequencing projects, whole genome duplication is

now considered to be a frequent process [8, 9].

This thesis focuses on exploring the finer details of these new models of duplicate gene
fate from whole genome duplication (Figure 1.1). First I will review the different modes of

duplication and the different models of duplicate gene fate following duplication events.
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FIGURE 1.2: Tandem duplication example. “Reg” stands for regulatory elements,
which may not be duplicated (red) in tandem duplications.

1.2 Modes of duplication

1.2.1 Tandem Duplications

Tandem duplications are local duplications where a single gene, or a few genes that are
physically next to each other, are duplicated. These duplications may not duplicate all
the regulatory elements controlling the gene as some regulatory elements maybe located
far from the regions that is being duplicated; such as trans-regulated-elements (Figure

1.2).

Unlike whole genome duplications, which occur on the scale of millions of years, tandem
duplications occur regularly in evolutionary history. Tandem duplications only introduces
a few new genes at a time, so changes introduced by one event are small compared to
other modes of duplication. Nevertheless such mutations may accumulate over time,

resulting in important phenotypic change.
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1.2.2 Whole genome duplication

Whole genome duplications can be subdivided into two types. The first type is the
autopolyploids, where chromosomes from the same species double. The second type is
the allopolyploids, where hybrid polyploids between species are formed. In both cases the
original regulatory elements in the genomes are doubled alongside the genes they regulate.
The primary difference in fractionation (extensive and rapid gene loss following whole
genome duplication in plants) for these two types of polyploids is the biased distribution
of gene loss in allopolyploids where one subgenome will dominate over other subgenomes

(Figure 1.3 [10, 11]).

In the context of duplicate gene retention in this thesis, we make no distinction between
the two types of whole genome duplications for two reasons. The first reason is because
the whole genome duplication events of the species that we analyze in this thesis are far
too ancient for us to conclusively to distinguish which type of whole genome duplication
it is. The second reason is because we will show how consistent the retention pattern is
across the various lineages that we analyze, which may or may not have experienced the
same types of whole genome duplication. For these reasons, we are confident our result
on the impact of functional categories and gene expression levels have on duplicate gene

retention does not distinguish between the two types of whole genome duplications.
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FI1GURE 1.3: Allopolyploidy versus autotetraploidy. A simple example of the differ-
ence between allopolyploidy and autotetraploidy and the consequence on genome
structure. Ancestor A and B hybridizes to form an intermediate allopolyploid ances-
tor, which then diploidized into a diploid present day genome. For the intermediate
allopolyploid ancestor, fractionation is predominately on one of the subgenomes; in
this example it is genome B. In contrast, the intermediate autotetraploidy ancestor
C1C5 of ancestor C, also diploidized into a diploid present day genome but the
parental chromosomes are virtually indistinguishable in the present day diploids.

Figure 1.4 show cases where only a chromosome is duplicated or a portion of a chromo-
some is duplicated, called segmental duplications [6]. These segmental duplications may
be similar to tandem duplication, at one extreme, or to whole genome duplications at the

other extreme. These genes are hard to identify, we do not dwell on them in this thesis.
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FIGURE 1.4: Segmental duplication. “Reg” stands for regulatory elements. Some-
times referred to as “segmental duplication” [6], this type of duplication can be
considered to be tandem duplication that covers a large segment. However, there is
no agreed standard on how large of the segment need to be to distinguish between
a tandem duplication and a segmental duplication.

1.3 Modes of duplicate gene fate

1.3.1 Classical Models

The classical model of duplicate gene fate includes: the gain of function (neofunctional-
ization), the loss of the gene, and the retention of both duplicates with divergent function
(subfunctionalization) [1, 2]. Force et al. [2] explains in great detail the rationale and ex-
amples of these models in their 1999 paper. I will briefly introduce the models and the

rationale behind the model.

Neofunctionalization

Under the neofunctionalization model, one of the duplicate genes acts as a buffer against

loss of function while the other duplicate gene evolves new functions. This allows one
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of the duplicate genes to accumulate more mutations or other changes before it poses a
significant fitness penalty to the species. Without duplicate genes, the only other sources
of novel genes would be the spontaneous formation of new genes in non-coding regions of
the genome or pseudogenes (remnants of a gene) or by introduction from another species

(xenologs).

Gene loss

Gene loss is by far the most prevalent outcome for duplicate genes with many current
genomes’ size being much smaller than it should be if the polyploid ancestor genome
lost no duplicate genes [12-14]. Duplicate genes can be lost in two ways. One way is by
inactivation, where duplicate genes will accumulate enough mutations that it becomes
a nonfunctional pseudogene before fully disappearing from the genome. Another way
is by DNA excision, where duplicate genes are simply deleted from the genome via

recombination. The actual mechanism of gene loss is not important in this thesis.

The specific type of gene loss process this thesis focus on is fractionation. This process,
while most visible during the diplodization of the species, is a continuous process so it
does not stop even after the species is rediploidized. There is also debate on whether
fractionation happens one gene at a time or this happens on blocks of genes at a time

[15-17].
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Subfunctionalization

Subfunctionalization is the most popular model for retention of tandem duplicate genes
6], it argues that the duplicate genes will each specialize during evolution such that
a function that used to take one gene now takes two genes. One of the benefits when
duplicate genes subfunctionalize is the increase in regulatory diversity [18]. An example
is the duplicated engrailed gene in zebrafish where one duplicate is expressed pectoral
appendage while the other is expressed in hindbrain/spinal cord [2]. The single copy

ortholog present in chicken and mouse are expressed in both organs [2].

Functional enrichment will be a result of some functional classes being more favourable
than other functional classes for specialization. As such, the functional enrichment does

not distinguish between tandem duplicates from whole genome duplication duplicates.

However, studies of duplicate genes from whole genome duplication present a different
pattern of gene retention [3, 19]. The difference is the contrasting patterns of functional
enrichment between retained duplicates of tandem duplication and whole genome du-
plication. Therefore, new models are necessary to explain this different pattern of gene

retention.

The subfunctionalization model is not sufficient to explain this difference because the
mechanism described by the subfunctionalization model does not distinguish tandem

duplicates from whole genome duplication duplicates.
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1.3.2 Gene Dosage and Gene Balance

While the dosage of genes has always been considered important in the context of gene du-
plication [20], how it impacts and influences duplicate gene retention post-whole genome
duplication events was first described by Papp et al. [3] in 2003. The difference in re-
tention pattern between whole genome duplication duplicates and tandem duplicates
has since been observed and described in many model organisms such as yeast [3, 21],
Paramecium [19, 22|, Arabidopsis [23], poplar [24], and more [20]. The two main mod-
els, Gene Dosage [3] and Gene Balance [7] can be reinterpreted as Relative Dosage and

Absolute Dosage [25] to illustrate the fundamental difference between the two models.

Relative Dosage argues that the need to maintain stoichiometry ratios of interacting genes
creates a selection pressure against losing copies of the duplicate genes post whole genome
duplication [7] (figure 1.5). This idea is similar to the classical view that aneuploidy has a
higher cost to fitness than polyploidy [7, 20]. The model predicts genes involved in multi-
unit complexes or otherwise involved in complex regulatory systems to be preferentially
retained after whole genome duplicate, such as the circadian clock genes in Brassica

rapa [26].

Absolute Dosage, on the other hand, argues that simply by being highly expressed the
gene will be more likely to be retained [27] or that higher copy number is selected for

with implied higher expression and higher number of gene products [20]. The model
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FIGURE 1.5: Relative dosage model. A blue and orange gene product is required
to form a functional product. So after whole genome duplication, a loss or gain of
any single blue or orange gene would create an imbalance in the stoichiometry of
the functional product [7].

explains that high gene expression is costly to the species, therefore these costly genes
must contribute in a significant way to the fitness of the species. It follows then, that
there is a harsher fitness cost to disrupt the dosage of these high expressing genes than
low expressing genes, because high expressing genes are implicit to be more important
than low expressing genes [20, 25]. The comprehensive study on expression and duplicate
gene retention on the model organism Paramecium by Gout et al. [27] provides a strong
case that expression level is the most important factor in determining duplicate gene fate

after whole genome duplication.

In the end, as summarized in the review by Conant et al. [20], the two models are not
mutually exclusive and it is likely that both models account to some extent for duplicate

gene retention after whole genome duplication.
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1.4 Objective of the thesis

Research on duplicate gene retention has been focused [3, 24-28] on single specific model
organisms. This is both due to the limitation of high quality genome assemblies and the
need to demonstrate the specific genes or gene networks to support proposed models. The
objective of this thesis is to extend the analysis beyond traditional model organisms and
to measure if the retention patterns identified in the carefully studied model organisms
persist across a wider variety of plant genomes. In particular, the emphasis is on exploring
the role of functional categories and gene expression on duplicate gene retention post-

whole genome duplication events.

1.4.1 Data

Our genomic data consist of three sets, providing different insights into duplicate gene
retention post-whole genome duplication. They are the rosid dataset, the asterid dataset,
and the Poaceae dataset. The rosid dataset contains the Vitis vinifera [12], Prunus per-
sica [29], and Theobroma cacao genomes. These rosids separate out early in the evolu-
tionary history from a hexaploid core eudicot ancestor and do not have additional rounds
of whole genome duplication. In contrast, the asterid dataset, which consists of Utricu-
laria gibba [14], Solanum lycopersicum [30], and Mimulus guttatus [31], have additional

rounds of whole genome duplication. Lastly, the Poaceae dataset, consists of Sorghum
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bicolour [32], Oryza sativa [33], Setaria italica [34], and Brachypodium distachyon [35].
These Poaceae species are part of another evolutionary lineage (monocots) so we can

verify the generality of the results across a broad spectrum of plant species.

Based on the genomic datasets in CoGe [36] we use sequence similarity, gene order
conservation, and the “Orthologs for Multiple Genomes” program [37, 38] to produce gene
families. We use Gene Ontology [39] for describing gene functions and we use Blast2GO
[40] to obtain the functional annotations. The expression dataset is limited to just Vitis
vinifera [41] for the rosids and Solanum lycopersicum [30] for the asterids due to limited
high quality RNA-seq data. However, the RNA-seq data that we use covers multiple

organs. This provides a fair snapshot of the gene expression profiles of the species.

1.4.2 Overview of the chapters

This thesis is based on three published manuscripts and one in-preparation manuscript.
I am the lead author in three of the manuscripts. In the case of multi-author papers the
contribution of each author is detailed at the end of the chapter in section title “Authors’
contributions”. The manuscripts are organized by date and reflect the progression of the

research for this thesis.

Chapter 1 covers the general background of the subject matter. Chapter 2 describes,
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in greater detail, the method for identifying gene families related by whole genome du-
plication events. This is also the starting point of this thesis project where we start to
investigate the effect of functional categories on duplicate gene retention. Chapter 2 was

a collaborative effoer; my contribution was mainly section 2.5 on functional analysis.

In Chapter 3 we utilize the method developed in Chapter 2 to do an in depth analysis of
functional categories on duplicate gene retention. We also investigate whether functional
bias is present only in gene families that are part of highly conserved syntenic blocks or

if the pattern can be found in the gene families that are more loosely defined.

The effect of expression on duplicate gene retention is explored in Chapter 4. This is a
preliminary demonstration of the simultaneous effects of expression and functional class.
Chapter 5 is a more quantitative assessment of the relative effect of functional category
and gene expression on the retention. Finally, in Chapter 6 we summarize our findings

and give the concluding statements.



Chapter 2

Ancient eudicot hexaploidy meets

ancestral eurosid gene order

CHUNFANG ZHENG, Eric C.H. CHEN, VICTOR A. ALBERT, ERIC
LYONS, AND DAVID SANKOFF

Published: 2013 - BMC genomics 14 (Suppl 7), S3

2.1 Abstract:

Background: A hexaploidation event over 125 Mya underlies the evolutionary lineage
of the majority of flowering plants, including very many species of agricultural impor-
tance. Half of these belong to the rosid subgrouping, containing several whose genome
sequences have been published. Although most duplicate and triplicate genes have been

lost in all descendants, clear traces of the original chromosome triples can be discerned,

14
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their internal contiguity highly conserved in some genomes and very fragmented in oth-
ers. To understand the particular evolutionary patterns of plant genomes, there is a need
to systematically survey the fate of the subgenomes of polyploids, including the reten-
tion of a small proportion of the duplicate and triplicate genes and the reconstruction of
putative ancestral intermediates between the original hexaploid and modern species, in

this case the ancestor of the eurosid clade.

Results: We quantitatively trace the fate of gene triples originating in the hexaploidy
across seven core eudicot flowering plants, and fit this to a two-stage model, pre- and post-
radiation. We also measure the simultaneous dynamics of duplicate orthologous gene loss
in three rosids, as influenced by biological functional class. We propose a new protocol
for reconstructing ancestral gene order using only gene adjacency data from pairwise
genomic analyses, based on repeating MAXIMUM WEIGHT MATCHING at two levels of
resolution, an approach designed to transcend limitations on reconstructed contig size,
while still avoiding the ambiguities of a multiplicity of solutions. Applied to three high-
quality rosid genomes without subsequent polyploidy events, our automated procedure

reconstructs the ancestor of the eurosid clade.

Conclusions: The gene loss analysis and the ancestor reconstruction present comple-
mentary assessments of post-hexaploidization evolution, the first at the level of individual

gene families within and across sister genomes and the second at the chromosome level.
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Despite the loss of more than 95% of gene duplicates and triplicates, and despite ma-
jor structural rearrangement, our reconstructed eurosid ancestor clearly identifies the
three regions corresponding to each of the seven original chromosomes of the earlier pre-
hexaploid ancestor. Functional analysis confirmed trends reported for more recent plant
polyploidy events: genes involved with regulation and responses were retained in multiple

copies, while genes involved with metabolic processes were lost.

2.2 Introduction

The publication of the grapevine genome sequence by Jaillon et al. in 2007 [12] included
the discovery of an ancient hexaploidization event, which also showed clear traces in all
the other eudicot genomes sequenced up to that time, but which was absent from the
monocot genome of rice. Since then, this event has been confirmed [42] and characterized
in most detail with the publication of the cacao genome sequence [43] and in other work
of Salse and colleagues [44]. It also has been dated to occur before the radiation of
the core eudicots, but after their divergence from more basal eudicots [45]. The original
basis for all this work was the observation of seven triples of homeologous regions in
each genome. The ancient hexaploid would have combined three identical or closely
related subgenomes, each made up of seven chromosomes. In the modern species, each

of the three regions (fragmented by post-hexaploid genome rearrangements in some of
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the genomes), reflecting the three equivalent chromosomes in the original subgenomes,
contains some genes paralogous to genes in one, or occasionally both, of the other two
homeologous regions. Meticulous work identified the boundaries of these regions and
suggested a credible history of chromosome fusions and other major rearrangements

leading to the modern genomes from an ancestral N = 3x 7 = 21-chromosome hexaploid.

There is a growing literature on gene order reconstruction in the context of flowering
plant phylogeny [46-48], although the extensive paralogy induced by hexaploidization,
and the subsequent gene order scrambling due to fractionation, i.e., the loss of duplicate
genes from one or two of the three homeologous regions, more or less randomly, cause

difficulty for the inference of ancestral gene order.

In this paper we follow two separate lines of investigation, the first into the dynamics
of fractionation in seven descendants of the hexaploidization and functional constraints
on which genes have lost copies, and the second into the reconstruction of an early
descendant of the hexaploid, namely the common ancestor of the eurosids. Merging the
two approaches combine both an intensional measure — detailed rates of gene loss —
and an extensional characterization — changes to chromosomal structure — of the early

evolution of the core eudicots.

The seven rosid genomes we analyze include six that have experienced no further poly-
ploidization since their common origin (~110 Mya): Vitis vinifera (grapevine) [12, 49],

Carica papaya (papaya) [50], Ricinus communis (castor bean) [51], Theobroma cacao
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(cacao) [43] and Fragaria vesca (strawberry) [52], Prunus persica (peach) [48] as well as
one that has undergone a tetraploidization (~70 Mya) since its lineage diverged from
the others: Populus trichocarpa (poplar) [53]. Figure 2.1 summarizes the phylogenetic
relationships among these species in the context of the core-eudicot clade. We also label
four ancestral genomes, the hypothetical 21-chromosome hexaploid ancestor, the rosid
ancestor, the eurosid ancestor and the 9-chromosome Rosaceae ancestor reconstructed

in [48] and, schematically, in [44].

hexaploid ancestor

core L eudicots

rosid ancestor

eurosid ancestor

fabids

Rosaceae ancestor

strawberry peach poplar castor papaya cacao grapevine asterids
bean

FIGURE 2.1: Lineages of the rosids within the core eudicots. Eurosid ancestor
to be reconstructed on the basis of grapevine, cacao and peach, all in red. Only
poplar among the genomes shown has had a recent whole genome duplication. All
of the published asterid genome sequences and almost all other sequenced rosids
not included in this study have undergone one or more polyploidy events since the
core eudicot radiation.

For the reconstruction of the eurosid ancestor, we use the grapevine genome, member

of the earliest branching rosid order, Vitales, as an outgroup, as well as the two least
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rearranged eurosid genomes, cacao and peach. Our entirely automated method for the

reconstruction of ancestral gene order

e starts from complete sets of orthologs inferred for pairs of genomes by SYNMAP in

the COGE platform [36, 54, 55],

e harmonizes them into triples of orthologs across the three genomes by the oMG!

technique [37],

e optimally infers ancestral contigs using MAXIMUM WEIGHT MATCHING (MWM) [56]
on oriented (same or different DNA strand) gene adjacencies, and then discards any

matches not supported by at least two of the genomes,

e replaces all the genes on the genomes by oriented symbols representing the new

contigs,

e does another round of MWM on the adjacencies of the new symbols, to form chro-

mosomal fragments,
e merges adjacent fragments if they are not separated by more than a preset number

of genes on at least two genomes.

In contrast to genome halving [57] or genome aliquoting [58] methods, we do not attempt

to reconstruct the ancestor at the moment of polyploidization. Rather we reconstruct a
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presumably rediploidized, partially fractionated, and somewhat rearranged descendant

of that polyploid, in an effort to infer recent common ancestor of the extant genomes.

Before this reconstruction of the ancestral genome, which makes no reference whatso-
ever to hexaploidy or its remnants, we quantitatively analyze the internal paralogies,
or homeologies, of the seven genomes, documenting the pervasive pattern of triples of
syntenic blocks that are the signature of hexaploidization. We also develop a model for
the fractionation process to account for the proportion of gene triples, gene pairs, and
single copy genes within each genome. We attribute some of the deviation between model
predictions and observations to rate dependence on gene functional class, and undertake
to quantify this rate diversity based on known gene ontology in Arabidopsis of triplets,

duplicates and single-copy of homologous rosid genes.

In the final sections of this paper, we apply the knowledge we have generated about the
remnants, in the grapevine, cacao and peach genomes, of the 21 regions produced by
the hexaploidization, to try to identify these regions in the ancestral eurosid genome we
reconstructed, and find striking coherence between the reconstructed chromosomes and
what would be expected from a gross comparison of the genomes at the level of entire

regions.
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2.3 Gene triplicates resulting from the hexaploidiza-

tion event

Using SYNMAP to locate all synteny blocks of minimum size 5 in a self-comparison of
each of the seven genomes revealed thousands of syntenic gene pairs, whose sequence
similarities are plotted in Figure 2.2. Experience has shown (as reflected in the default
values within SYNMAP) that the threshold of 5 genes anchoring a syntenic block is as
low as we can set without admitting large amounts of noise into genomic comparisons.
All of the genomes show a clear peak at 70 % =+ 3% sequence similarity. In addition,

poplar showed a larger peak at 91 %, reflecting its more recent WGD.

350 T 3000 l
===Cacao
300 ===grapevine
2500
==strawberry
250 castor bean

papaya 2000

200 ==peach
1500
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1000
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50 500
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FIGURE 2.2: Distribution of similarities in gene pairs. Showing triplication peaks
between 67 % and 73%. Poplar WGD peak at 91%.

Syntenic dot-plots for the self-comparison of both grapevine and of cacao clearly show a
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pattern of pairwise homologies falling largely into 21 groups according to the chromoso-
mal location of the two homologs [12, 43]. This is also true to a lesser extent for peach.
Within each of the three genomes, these groups of homologies are distributed among
seven triples of large regions, where there are numerous homologies between each of the
three pairs of regions. There are very few, if any, gene homologies within regions, few
between different (non-homeologous) tripled regions, and few between genes in regions

and genes outside of all tripled regions.

We adopt the coloring scheme introduced in [12, 43] for the seven triples of regions: red,
orange, yellow, green, pale blue, blue and purple. We distinguish between the three ho-
mologs of each colour by using dark, medium and light shades of each, ordered according
to the number of genes detected in each by our methods, with the darkest containing the

most genes.

For grapevine, cacao and peach, the ranges of the triplicated regions were determined
by examining the dot plots produced by SYNMAP. For the other four genomes, the
greater degree of chromosomal rearrangement entails more than 21 groups of smaller
syntenic regions in the SYNMAP output. But these regions can still be grouped into
triples, with numerous homologies between each of the three pairs of groups of regions
and few homologies within groups, between genes in different triples, or between genes

in groups and those in no group. Without risk of ambiguity we will refer to these groups
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of regions as “regions” as if they were each contiguous regions as in grapevine, cacao and

peach.

Figure 2.3 depicts the distribution of the 21 regions created by the hexaploidization event
in the 19 chromosomes of grapevine, the 10 chromosomes of cacao and the 8 chromosomes
of peach. These regions are slightly extended in each genome by adding genes that are not
necessarily adjacent to the original regions, but are identified through their homologies

with coloured regions in the other two genomes.
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FIGURE 2.3: Triplication in three rosid genomes. Chromosomal distribution of trip-
licated regions in the grapevine, cacao and peach genomes. Colour intensities rep-
resent regions with more (darkest) or fewer (lightest) retained genes. Grey areas
represent genes that are not in coloured regions.

Due to rapid fractionation, there are very few triples of homologous genes within each
genome,as we will discuss in the next section. This loss of iso-functional paralogs results

in an interleaving [21] pattern of pairwise homologies among three regions.
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TABLE 2.1: Distribution of colours among synteny blocks.
genome
peach | cacao | grapevine | castor| strawberry | papaya | poplar
bean

genes in synteny blocks 4326 2878 2435 | 2147 1576 1098 5202
% genes coloured 83 90 88 | 90 82 90 86
% genes coloured in coloured | 87 91 88 | 92 84 91 88
blocks
number of blocks (most | 481 362 247 | 267 225 160 1155
counted 2X)
% one colour 79 96 97 | 93 85 94 74
% no colour 12 1 112 4 1 19
% different colour 9 2 215 10 4 7
number of gene pairs (most | 5121 3143 2709 | 2347 1638 1110 7273
counted 2X)
% in coloured blocks 93 99 100 | 98 97 98 98
% same colour, different region | 74 84 77 | 83 71 81 75
% same colour, same region 1 0 00 1 1 5
% one gene coloured 9 11 21 | 12 15 12 12
% neither coloured 7 1 012 3 2 2

Grapevine, cacao and peach coloured independently; the ranges of the coloured
regions determined by inspection of the self-comparison dot-plots; for the first two,
these correspond as closely as can be determined to the ranges displayed in [12]
and [43]. The other four genomes are coloured according to homologies with the first
three. Peach ranges are more difficult to distinguish than those of grapevine and
cacao, accounting for the somewhat elevated number of blocks of different colors,
and this ambiguity is projected via the coloring process onto strawberry and poplar.

As we can see in Table 2.1, most of the duplicate genes in synteny blocks (produced

by SYNMAP) are coloured. For a very large majority of the coloured blocks, there is

only one colour. Importantly, all of the gene pairs with two coloured genes involve two

separate regions (different shades in Figure 2.3) of the same colour. These observations

can only be explained by a hexaploidization event being the origin of most of the gene

pairs within these eudicot genomes.
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2.4 Fractionation of duplicates and triplicates

The number of genes in the common ancestor of the seven genomes is unknown; the
suggested 10,000 genes in the pre-hexaploidy genome [43] (30,000 in the hexaploid) is
likely a severe underestimate; plant genomes generally have more than 20,000. Between
hexaploidization (time ty) and radiation of the core eudicots (time ¢;), many duplicates
would have been lost. After radiation, loss would have continued independently in each

lineage. Table 2.2 reports the number of triplets of homologous genes remaining today.

Let p represent the probability that a redundant (duplicate or triplicate) gene would
be lost during the time span from ¢y to t;, from hexaploidization to the radiation, had
there been no functional constraints. However, we can assume that the event where all
three copies were lost was prohibited. Adapting a derivation for a different scenario of

compound polyploidization [59], the probability that:

1. all three genes survived is %.

3p(1—p)*
1—p3

2. two of the three survived is , and

3p*(1—p)

3. only one survived is =5-—;
—-Pp

Similarly, let g; represent the probability that a redundant (duplicate or triplicate) gene
would be lost from species ¢ during the time span from ¢; to t,, from the radiation to the

present, were there no functional constraints. Then the probability that:
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TABLE 2.2: Gene family sizes.
frequencies of gene family sizes
size | peach | cacao | grapevine | castor bean | strawberry | papaya poplar
2 1484 1111 945 851 606 474 1278 (3—4)
3 256 172 150 119 57 34 177 (5—6)
>4 21 5 12 2 9 1 16 (> 6)
Numbers of triples and pairs after fractionation
3 _~.\3
4. a triplet would still survive is %%.
1-p 17(1.2
_ 3 (1 _n)2 —_ )2 _4.\2
5. an original triplet would manifest as a pair is (}_g ) 3q1§1_q§1) + 2 fl_pé)) (11_‘2’3 , and

6. an original triplet would be reduced to a single copy is

3p*(1—p)

1-p3

(1-p)® 3¢ (1—q:)

+ 317(1—?)2 2¢;(1-qi) +

1-p

3

l—qi3

1—p3

l—qi2

Using equations 4 and 5 to predict the numbers of triplicates and duplicates, assuming

various numbers of original triplets, and maximum likelihood estimates of p and lineage-

specific ¢;’s, produces the curves in Figure 2.4. When the data for the eudicot genomes

are plotted, it is clear they behave as if the original number of triplets was much less

than 10,000. A partial explanation is that a single parameter p and a single ¢; for each

lineage is too simple a model. Not only can fractionation proceed at different rates in

different lineages, its pace can also differ for different classes of genes [5, 6]. (Cf. [60] for

a study of rate inhomogeneities in an amphibian tetraploid.)

Though a general functional classification of all or most genes is not available for any of

our rosid genomes, in the next section we initiate a comparative study of fractionation
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rates by assuming that genes have the same functions as their Arabidopsis homologs,

when this homology can be detected.
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FIGURE 2.4: Model and data. Curves of duplicate-triplicate configurations in
model, compared to values for seven rosids.

2.5 Functional analysis

We carried out a search for Arabidopsis orthologs for the genes in our grapevine, cacao
and peach data by subjected them to the LastZ analysis in CoGe against the TAIR
Version 10 database at http://arabidopsis.org/. For each rosid gene we picked the best

Arabidopsis hit. Only the three genomes were examined because for comparability, our



Chapter 2. Ancient eudicot hexaploidy meets
ancestral eurosid gene order 28

subsequent analysis required at least one copy of a gene in each genome, and no more
than three. We found a total of 7200 such complete gene families in the three genomes;
including the remaining genomes in the analysis would have drastically diminished this

number and compromised the statistics.

Gene ontologies for all the Arabidopsis homologs chosen were downloaded from http:
//www . geneontology.org/G0.downloads.ontology.shtml. For 84 % of the 7200 gene
families, all the genes mapping to an Arabidopsis homolog mapped to the same one. For
those families containing members mapping to different homologs, these were virtually

always Arabidopsis genes having the same functionality.

For the 7200 gene families, we distinguished five categories of multiple-copy gene reten-
tion: 1 = gene families consisting of only one copy in all three genomes, 2 = genes that
have one copy in two of the genomes and two or three copies in the third genome, 3
= genes that have one copy in one genome and two or three copies in the others, 4 =
genes with two copies in each genome, 5 = gene families with at least two copies in each
genome, at least one of which contains three copies. Thus genes with lower scores have
lost more copies to fractionation and those with higher scores have retained more and
are “fractionation-resistant”. For each family, we tabulated all the GO terms “hit” by
at least one member, and amalgamated these terms for the family. We noted that, not
surprisingly, families in higher scoring categories, containing more genes, hit a higher

number of terms than families with lower scores. To see if some gene functions were


http://www.geneontology.org/GO.downloads.ontology.shtml
http://www.geneontology.org/GO.downloads.ontology.shtml
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FIGURE 2.5: Fractionation and function. Functional categories of fractionation-
resistant and non-resistant gene triplicates.

associated with higher or lower rate of retention, we normalized the proportions of gene
families in each retention category showing an association with a term by the proportion
of gene families in that retention category showing any hits, separately for Biological
function, Cellular component and Molecular function. For example, 3982/5933 = 67%
of families in retention category 1 (one copy in each genome) had at least one hit for
some Biological function term. One of these terms, Response to stimulus was hit by 15
% of these families, so that the normalized association value for this GO term and this

retention category is 0.15/0.67 = 0.22.



Chapter 2. Ancient eudicot hexaploidy meets
ancestral eurosid gene order 30

Figure 2.5 shows, out of 67 general functional categories, four with a significant number of
hits exhibited a clear trend, either increasing with fractionation retention (or resistance)
(three of them) or decreasing (one). The association of retention with regulatory and
response terms has been shown in connection with more recent polyploidization events
5, 6], as is the tendency for loss of duplicate genes in some metabolic families. Of interest
is that this latter decreasing trend is in contrast with the GO term for Regulation of

metabolic process, which is clearly associated with high retention gene families.

2.6 The reconstruction

2.6.1 Matching

The formal structure we adopt, both for the extant rosid genomes used as input data,
and for the ancestral eurosid we aim to reconstruct, is the oriented gene order. In graph
theoretical terms, these are pairs of graph matchings. The set of vertices of the graphs
contains the two ends of all the genes, distinguished either as 5’ versus 3’, h(ead) versus

W

t(ail) or “4” versus “-”. The first matching simply connects every gene end to its other
end. (Because every vertex is connected to another vertex, this is a complete matching.)

The second connects each gene end to at most one other gene end (usually of a different

gene), representing the adjacency of two genes. This is usually not a complete matching;
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a vertex representing a gene end at the end of a chromosomes is not connected to any

other vertex.

2.6.2 The median problem

The problem of reconstructing a unknown gene order on the basis of three given gene
orders from related genomes is called the median problem. There are many methods for
solving this (e.g. [61-64]); they generally attempt to construct a match as similar as
possible, optimizing some measure of similarity under various constraints, to the three
given adjacency matchings. The methods are distinguished by fine distinctions among the
simplified models of genome rearrangement invoked, assumptions about identical gene
complement or lack of duplicate genes, insistence or not on linearity of chromosomes
or the number of chromosomes in the solution, relative weights of adjacencies versus

chromosome-terminal gene ends, and other considerations.

2.6.3 Non-uniqueness and stepwise procedures

Most gene order median problems are difficult: exact algorithms bog down for realis-
tic instances while heuristics risk somewhat sub-optimal solutions. But of much more

concern to biologists than details about optimality and efficiency is that the reliance on
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global optimality criteria leads to a severe problem of non-uniqueness of solutions. Re-
construction methods based on gene-by-gene adjacencies do not scale well for gene orders
involving tens of thousands of genes. Long reconstructed chromosomes inevitably con-
tain many poorly supported adjacencies, i.e., adjacencies that only occur in one, or even
none, of the three data genomes. Though these may be relatively infrequent in terms of
overall proportions, for example, 1% of 1000 adjacencies, giving 10 per chromosome, this
is still a worrisome number; the reconstructions can often be broken at these points and
reassembled in different combinations using other hitherto unused adjacencies, without
losing the optimality of the solution. As a result there are an exponential number of
solutions, many of them differing greatly at the level of chromosome structure. This is a

dismaying situation for a biologist.

This partially explains the pervasiveness, in the field of ancestral genome inference, of
reconstructions in two or more steps. The first step reconstructs a large number of small
“contigs” or anchors, and the subsequent steps pieces these together into larger chromo-
some fragments or whole chromosomes, using some other objective function or relying on
some other data. Often the ultimate step in reconstruction involves manual intervention,
invoking biological intuition or some implicit expectations about the final shape of the

solution.
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2.6.4 Uniqueness as a priority

In this paper, we also use a multi-step process, but our goals are first, to eliminate as far
as possible sources of non-uniqueness in the reconstruction. We make sure that nothing
is reconstructed on the basis of a series of arbitrary choices among equally plausible
alternatives (a recipe for rampant non-uniqueness), and second, that the whole process

be automated and reproducible, with explicit thresholds and other parameters.

Step 1: Generating gene orders on sets of orthologous genes

The input to the reconstruction method is the complete gene order for each of the extant
genomes, together with identification of orthologous genes in the different genomes. We
construct our gene orders based on SYNMAP’s pairwise comparisons of gene orders:
grapevine-cacao, cacao-peach and peach-grapevine, using its rigorous default values to
ensure that orthologs are identified not only by their sequence similarities, but also by
severe requirements on their syntenic context (i.e., syntenic blocks are identified only
if they contain at least 5 pairs of collinear orthologous genes). We impose transitivity
on the results where this does not already obtain, e.g., if a is orthologous to b and b
is orthologous to ¢, then a is assumed orthologous to ¢ whether or not this has been

detected by SYNMAP.
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For the grapevine, cacao and peach genomes, this initially produced a total of 14,543

orthology sets containing two, three or more genes, for a total of 39,286 genes.

Step 2: Resolving paralogy

The requirement for synteny within SYNMAP is an effective way of resolving non-tandem
paralogy in large majority of instances. Two paralogs in different syntenic contexts are

treated separately as different genes by virtue of these contextual distinctions.

Paralogs still show up, however. Genes a; and ay in genome A and can both register
as orthologous to gene b in genome B because of segmental duplication in A or because
identical contexts of a; and ay survived the fractionation process intact since the early

polyploidization process. a; and as are thus paralogs.

We use the oMG! procedure [37] to judiciously suppress a small number of homology
relations to resolve these situations, usually by dividing large orthology sets into smaller
ones, allowing only three or two genes to be considered orthologous across the three
genomes. The objective is to maximize the sum of the squares of the number of genes in

remaining orthology sets (9 or 4, respectively, for three-way and two-way orthology).

For the grapevine, cacao and peach genomes, this produced a final total of 5664 orthology
sets containing two genes and 9148 containing three genes, for a total of 14,812 sets

containing 38,772 genes.
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Step 3: Maximum Weight Matching

Because we will be weighting adjacencies differentially, we do not use any of the dedi-
cated median solvers, but the more flexible approach of MAXIMUM WEIGHT MATCH-
ING (MwM). This allows us to make a slight weight distinction between two conflicting
matches that appear equally often in the three genomes, but in subtly different contexts.
We solve the MWM problem on the three sets of adjacencies, one for each genome, deter-
mined by the order of the genes output by SYNMAP and oMG!. The first polynomial-time
exact algorithm for MwM — “path, trees and flower” — was introduced by Edmonds [65].
We use Galil’s O(n®) version of the algorithm [56] for which Python code by J. van

Rantwijk is available online.

The weighting system we use is displayed in Table 2.3. The first subtlety we incorporate
is that if a match is present in a certain number of genomes, the evidence for that match
is stronger if one or both of the vertices are absent from the other genomes than if they
are both in conflicting adjacencies in those genomes. The second subtlety is that if a
match is present in one genome only, but it appears that it is absent from another only
because there has been a chromosomal inversion disrupting it, then it should have a

higher weight than other single-genome matches.

In the output from the algorithm, the 14,812 orthology sets were organized into 63

contigs. These included all the adjacencies in the input with weights 3.00 (5657 of them),
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2.03 (6319), 2.00 (1109) or 1.50 (113), and all except one of weight 1.49 (31 of them). In

addition there were 1520 of adjacencies of weight 1.01, 1.00 or 0.99.

Step 4: Eliminating sources of non-uniqueness

We know that it is the adjacencies of weight less than 2.00 that propagate non-uniqueness.
Those with weight 2.00 or more are very likely to be in all solutions. In our particular

data this extends to the adjacencies of weight 1.50 and almost all of weight 1.49.

If we discard all poorly supported adjacencies from the (MWM) solution, then, there can
be little variability in the solutions. This, however, comes at a cost of increasing the
number of contigs from 63 to 1583, which must then be assembled into chromosomes by

other means.

One incidental benefit of discarding most low-weight adjacencies is that all the circular
contigs among the 63 are broken into linear fragments. It is theoretically possible to have
circular contigs containing only weight 2.00 adjacencies, but this is not encountered in

our data.

In addition, we discard 1368 genes scattered among 934 short contigs (three adjacencies

or less). The large majority of these have only one gene, and are likely to represent errors
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originating in SYNMAP or OMG!, or movements of very small genomic fragments, con-
taining little information about the main evolutionary events in these genomes. They also

represent possible sources of non-uniqueness in reconstruction of ancestral chromosomes.

Note that had we attempted to use any of the other sequenced rosids instead of, or in
addition to grapevine, cacao and peach, few additional contigs could be expected, because
the highly fragmented nature of the subgenomes in these genomes would have resulted
in mostly short contigs that would only have been discarded; some existing contigs could
have received additional support, but since all except the weight 1.00 adjacencies are

already consistent among themselves, this would have been of little benefit.

Step 5: The summary genomes

We use the 649 remaining contigs to create “summary” versions of the original three
genomes. Every contig in the solution to the MWM projects a coordinate position and
an orientation back to a single chromosome in each of the grapevine, cacao and peach
genomes (even though the contig may contain a minority of genes from another chromo-
some), based on the average coordinates and most frequent orientation of the genes it

contains from that genome on that particular chromosome.
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Step 6: MWM on summary genomes

We can thus recognize adjacencies between these contig projections in each summary

genome and carry out MWM, using the same weights as in Table 2.3 in Step 3 and the

deletions in Step 4 to construct a new median consisting of a matching on the contigs.

Again we discard adjacencies supported by only one of the three genomes. There remain

177 new contigs.

TABLE 2.3: Weight system for adjacencies.

occurrence of adjacency between gene ends x and y

weight of xy

xy occurs in all three genomes

2y occurs in two genomes; x or y is absent from the third genome

xy occurs in two genomes; x and y present in the third genome

xy and wv occur in one genome; xu and yv in another; uv, but not both = or y, in third
zy and wv occur in one genome; xu and yv in another; z, y and wv in third

xy occurs in one genome; one of x or y absent in each of the other genomes

2y occurs in one genome; x and y both present in one or neither of the other genomes
xy occurs in one genome; x and y present in other two genomes

3.00
2.03
2.00
1.50
1.49
1.01
1.00
0.99

Step 7: Merging contigs

We can then merge new contigs with neighboring projections in two or more genomes,

according to a criterion of how many genes may intervene between two candidates for

merger. For each pair of new contigs on the same chromosomes in at least two genomes,

we do the following:
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e decompose each contig into pieces that are internally strictly contiguous on the two

genomes,

e find the two pieces, one from each new contig, that are the closest, when appropri-

ately oriented.

We then merge the pair of new contigs that are the closest, as long as they are not more
than 500 genes apart on either of the two genomes. The cutoff in this final step, 500
with our data, is critical, but is easy to find since it has a direct and dramatic effect
on the result. Lower values, like 400, result in an unrealistically large number of small
chromosomes; higher values like 600 produce assemblies including one or two impossibly

long chromosomes.

Run times

The pipeline we have described is not computationally intensive. Data preparation Steps
1 and 2 required 1 to 2 minutes in total for the rosid data. The MWM run in Step 3 took
15 minutes. The data manipulations in Steps 4 and 5 required less than a minute. The

second MWM executed in 2 seconds.
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2.6.5 Validation

The above procedure results a total of 13 chromosomes, as shown in Figure 2.6, where

each gene is coloured by its triplication regions in grapevine, cacao and peach.

FIGURE 2.6: Ancestral genome. Distribution of triplicated regions in the eurosid
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ancestor.

This shows that despite the fact that no triplication information whatsoever was used in
the reconstruction, most of the 21 triplicated regions are located solely or largely on a
single chromosome in the reconstruction. Moreover, as we shall see in the next section,
the general structure of the chromosomes corresponds closely to what we would expect

from common patterns of region fusions in the three genome.
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2.7 Reconstruction by shared fusions

Inspection of the coloured karyotypes in Figure 2.3 is suggestive of some of the evo-
lutionary events which must have transpired in the rosids, without need to reference
the individual genes that make up the triplicate regions, in the style of [43, 44]. The
main principles we adopt are first, that these genomes are descendants of a hexaploid,
and second, that syntenic segments from two ancestral chromosomes on a single modern
chromosome, when observed in two or three of the sequenced genomes, is unlikely to have
been produced by two or three coincidental events, but is rather most parsimoniously
accounted for by a single event at some point in the common evolutionary history of

these genomes. This ties in with our search for uniqueness of reconstructions.

This analysis consists of the following hypotheses, observations and inferences, which are

schematized on Figure 2.7.

1. The ancestral hexaploid is assumed to contain three identical sets of seven chro-
mosomes, which we label with seven colors, each in three shades from darkest to

lightest.

2. All three sequenced genomes have a large light green region adjacent to, or very
close to, a small dark red region on the same chromosome, as well as another large
dark red region elsewhere. This suggests a non-reciprocal translocation occurring

on the tree branch between the hexaploid ancestor and the rosid ancestor, and
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accounts for one of the fused chromosomes depicted in the latter. There is also
a small light green region at the end of the dark red chromosome in grapevine.
This is most likely the result of a chromosomal fission in the tree branch leading

to grapevine.

3. There are two chromosomes containing medium green in grapevine. This would
have required a fission in the lineage leading to grapevine, but this must have been
preceded by a fusion of medium green with medium purple in the common ancestor
of grapevine and cacao, since this association is present in both. This accounts for

another of the fused chromosomes apparent in the rosid ancestor.

4. All genomes show adjacencies between medium pale blue and dark pale blue, sug-
gesting a fusion in the rosid ancestor as shown, with a further translocation with

medium green in grapevine and additional rearrangements in peach.

5. Grapevine and cacao evidence an early fusion of medium blue and medium yellow
(the remaining fused chromosome visible in the rosid ancestor), followed by a fission

of most of the medium yellow to form a separate chromosome in grapevine.

6. There is an association of dark blue and medium yellow in the two eurosid genomes
only, suggesting this event occurred after the divergence from Vitales. However, the
inherited association with medium blue is retained in cacao, so that a three-way

fusion is is portrayed in the eurosid ancestor. Other exclusively eurosid associations
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include fusions of light purple and dark orange, and of light blue and light orange,
with much of the light orange fissioning to form a separate chromosome in cacao. In
addition, the medium green /medium purple fusion inherited from the rosid ancestor
has acquired an association with dark red in the eurosids, so that a three-way fusion

seems appropriate there.

These considerations suggest, as summarized in Figure 2.7, that the rosid ancestor had
18 chromosomes, four resulting from fusions among the original hexaploid chromosomes,
and 14 consisting of entire chromosomes or parts of single chromosomes from the lat-
ter. Grapevine would have undergone two additional fusions and two fissions (at new

breakpoints) of chromosomes previously fused in the rosid ancestor.

Similarly the eurosid ancestor can be predicted to have at most 15 chromosomes, derived
by four additional fusions and one fission, from which the 10-chromosome cacao and

8-chromosome peach evolved, mostly by further fusions.

2.8 A comparison of gene-based and region-based re-

constructions

Although the exercise in the previous section takes no account of the actual gene-order

evidence, it does provide a plausibility check on the detailed reconstruction leading to
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FIGURE 2.7: From ancestors to modern genomes. Schematic attribution of tripli-
cated regions in the rosid and eurosid ancestors.

Figure 2.6. The discrepancy between the 13-chromosome reconstruction in Figure 2.6
and the 15-chromosome version in Figure 2.7 can be accounted for in terms of the fusion
of the light orange region with the medium green/medium purple/dark red chromosome
in the detailed reconstruction and the fusion of two other red chromosomes. In addition,
there is a translocation of the medium blue from its position in cacao (Figure 2.7) to

its position in peach (Figure 2.6). The compositions of the four chromosomes affected
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in Figure 2.6 are otherwise unchanged, and the remaining nine are identical in the two

approaches.

We can conclude that, with allowances for its superficial nature, the “top-bottom” deriva-
tion in the previous section gives results which accord well with the detailed reconstruc-
tion earlier in this paper. The sole problem is the position of the medium blue region,
whose positions in the rosid genomes can only be explained by two coincidental fusions
(in cacao and grapevine) or by an unlikely translocation of exactly this region, no more
and no less, to another chromosome in peach. Of interest is that in the reconstruction of
the 9-chromosome Rosaceae ancestor by Jung et al. [48] based on grapevine, peach and
strawberry, two of reconstructed chromosomes have the same overall structure as peach
2 and 5; this does not resolve the quandary, but at least suggests that the evolutionary

events involved predate the Rosaceae radiation.

2.9 Conclusions

As a prelude to ancestral genome reconstruction, we have quantitatively documented the
details of the triplicated regions in the seven rosid eudicots under study, and suggested a
model for fractionation in two steps, one pre-radiation and the other post-radiation. Fit-
ting the model to the data from seven rosids requires the assumption of an unrealistically

low number of genes involved in the initial hexaploidization, suggesting a dependence of
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fractionation rate on gene class, an effect that is confirmed by differential functional as-
sociations of highly fractionated versus highly retained gene triples in grapevine, cacao

and peach.

A major preoccupation of our reconstruction methodology was to avoid the non-uniqueness
of optimal solutions, a problem endemic to one-step reconstructions based even partly
on poorly supported adjacencies. The key to this is to discard all such adjacencies from
the MWM solution to the median problem. We rely instead on a second application of the
algorithm to summary genomes made up of projections back from the high-confidence

contigs produced by the initial run.

Our reconstruction procedure requires three parameter settings. One is the weight system,
which on one hand distinguishes between conflicting evidence and absent evidence against
adjacencies with the same level of support, and on the other hand detects a certain
number of poorly supported adjacencies whose contexts in the three genomes suggest
that they nevertheless merit inclusion in a solution. The second parameter is a threshold
for contig sizes (more than three adjacencies), designed to eliminate noise, due either to
errors or insensitivity in the data-generation steps, or to movements of isolated genes
to remote locations in the genome. Despite a general tendency to conserve the large
triplicated regions, there is much low-level rearrangement occurring in these genomes.
They each require from 400 to 600 rearrangements to be generated from the reconstructed

ancestral gene order, though much of this is ascribable to fractionation; inevitably a few
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of these rearrangements conspire in two genomes to mislead the reconstruction, especially
if we place too much faith in the significance of contigs containing only one or two genes.
The third setting is the cutoff for merging neighboring fragments after the higher-level
run of MWM. In our data, the appropriate value empirically obtained was 500 genes; 400
was too low, unable to detect several valid fusions, while 600 was too high, resulting
in an unbalanced genome concentrated largely in a single chromosome. Of the three
parameter settings, the first two should be generally applicable, while the third will have
to be adjusted (in an automated way if desired, using chromosome number or other
karyotype characteristic) to each data set. At least for our data set, all of these settings
are indispensable. Not dropping small contigs after the first MwM leads to many unlikely
fusions as well as numerous tiny chromosomes that do not fit in with the rest. Using
simply weights 1, 2 and 3 instead of those in Table 2.3, or not using the right cutoff lead,

both lead to unbalanced genomes and other anomalies.

As more angiosperm genome sequences become available, reconstruction of additional
early ancestral genomes will become possible, adding to the Rosaceae ancestor in [48],
and the eurosid ancestor studied here, to further elucidate the evolution of large clades
of these plants. Additionally, genomes that break up the phylogenetic clades studied
here will help resolve conflicting evidence of chromosome fusion and fission events. Para-
doxically, although the whole genome doubling (or tripling) that recurs throughout this

evolutionary domain has the effect of scrambling local gene order through fractionation,
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it also provides a convincing way of validating reconstructions based on gene order, as

exemplified by the intact triplicated regions inferred in Figure 2.6.
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3.1 Abstract

Introduction: To understand the particular evolutionary patterns of plant genomes,

there is a need to systematically survey the fate of the subgenomes of polyploids fixed

49
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as whole genome duplicates, including patterns of retention of duplicate, triplicate, etc.

genes.

Results: We measure the simultaneous dynamics of duplicate orthologous gene loss
in rosids, in asterids, and in monocots, as influenced by biological functional class. This
pan-angiosperm view confirms common tendencies and consistency through time for both

ancient and more recent whole genome polyploidization events.

Conclusions: The gene loss analysis represents an assessment of post-polyploidization
evolution, at the level of individual gene families within and across sister genomes. Func-
tional analysis confirms universal trends previously reported for more recent plant poly-
ploidy events: genes involved with regulation and responses were retained in multiple
copies, while genes involved with metabolic and catalytic processes tended to lose copies,

across all three groups of plants.

3.2 Introduction

In whole genome duplication (WGD) or triplication, the entire gene and chromosome
structure of a genome undergoes polyploidization followed by rediploidization of the
new larger genome and fractionation, or homeologous gene loss, of many or most of the

duplicate genes. The doubling or tripling of all the gene contents of a genome has been
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hypothesized as an important source of gene innovations and the radiation of species.
The inherent variability in these processes may create a variety of beneficial phenotypes
similar to those seen due to heterosis [66], and the increase in the diversity of genetic
elements may help drive long-term morphological complexity and adaptation to new

environments [67].

Studies in a variety of organisms have provided evidence that gene retention during
fractionation may differ among functional categories. This has given rise to a number of
explanatory models, particularly a reformulation of the classical genetic Gene Balance
Hypothesis [68], all of which attempt to explain functional bias in gene retention after

WGD.

In a previous study [69] and Chapter 2 [38], we proposed a comparative genome-wide
analysis of the descendants of triplicated genes in the ancestor of the core eudicots,
focusing on three rosid plants that have not undergone any subsequent whole genome
duplication: peach (Prunus persica) [29], cacao ( Theobroma cacao) [43], and grape ( Vitis
vinifera) [12]. We asked whether the genes that have been retained in three or two
paralogous copies could be seen to be enriched for certain functional categories. These

results, updated to reflect the current study, are illustrated in Figure 3.1.

These results, such as the relatively rapid fractionation of genes labelled “metabolic”,
and the resistance to fractionation of those labelled “biological regulation”, confirmed

various accounts in the literature [6, 26, 28, 70].
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FIGURE 3.1: Proportion of genes with various numbers of extant copies annotated
with given high-level functional categorizations. x-axis: number of genomes (out of
three: peach, cacao and grape) with more than one copy of a given gene. Score 0
indicates all three genomes contain exactly one copy of the gene; 1 indicates that
one of the genomes has two or three copies, 2 means that two of the genomes
have two or three copies and 3 means that all three genomes have two or three
copies. y-axis: proportion of these gene sets with the indicated annotation. Positive
slope indicates fractionation resistance, negative slope indicates fractionation-prone
genes. Thick lines indicate statistical significance of non-zero slope.

This work raised new questions. The first is to what extent the patterns in Figure 3.1
are specific to rosids. Which functional categories have the same tendencies in other
flowering plant groups? The second concern has to do with the severe restriction on sets
of orthologs and paralogs we included in our data — we required that each rosid manifest

at least one copy of the gene in a common syntenic context when compared to the other
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rosids, and the same for paralogs within each genome. This requirement attempted to
isolate the process of fractionation from other processes of gene family dynamics, such
as gene movement and gene family expansion, by focusing on the “natural experiment”
created by the core eudicot triplication, whereby each species started with three copies
of the same gene in the three identical syntenic contexts, and each then retained either
one, two or three of these copies over time. A working assumption was that fractionation
would be the dominant process affecting these particular sets of genes. The requirement,
however, reduced the total number of “homology sets” considered to about a third of the
number of genes in the extant genomes. Do our results therefore pertain only to genes
that are syntenically conserved and comprise the “stable genome” for functional reasons,
or are they also valid for some additional class of paralog sets, some of whose elements are
not detectible using syntenic criteria? The third and final problem is whether the results
we traced on high-level functional categories indicate general tendencies within these
categories, or simply reflect the preponderance of some subcategories among many others

with diverse, and perhaps contrary fractionation and positional stability behaviour.

In this paper we address these three concerns. First, we replicate our original studies
on two other groups of plants, one consisting of three lamiid asterid species: tomato
(Solanum lycopersicum) [30], humped bladderwort (Utricularia gibba) [14], and monkey

flower (Mimulus guttatus) [31], the other, four Poaceae monocot species: rice (Oryza
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saliva) [33], foxtail millet (Setaria italica) [34], sorghum (Sorghum bicolor) [32], and pur-
ple false brome ( Brachypodium distachyon) [35], thus compiling the first pan-angiosperm
study focused on gene fractionation patterns. The asterids have all individually under-
gone further WGD since the core eudicot whole genome triplication they share with the
rosids. Nevertheless, the principles underlying functionally-influenced fractionation can
be assumed to hold just as well after several WGD as after one. The divergence of the
asterids from the rosids seems to have occurred within five or ten million years after the
triplication event they shared approximately 120 million years ago [71], so that 90 - 95%
of their evolution, including much of their fractionation, took place independently in the
two groups. The monocot species in our study all share two or three WGD independent
of the all polyploidy events in the eudicots. We will show that the independent fraction-
ation patterns of all three diverse groups of angiosperms are highly parallel, following

the same patterns of fractionation based on gene functional classes.

Second, we investigate the hypothesis that our results only apply to a non-mobile core
of genes that are detected by the syntenic context they share with orthologs in all the
genomes in the group. We relax somewhat the requirement that all the extant genomes
must contain at least one syntenically validated descendant of the ancestral gene. Even
though the additional cohort of genes, part of the more “mobile” genome that is prone
to translocation in a genome, is less numerous and thus less conducive to statistical

significance of the results, we find that they continue to support the tendencies found
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for the functionally “stabilized” part of the genome. We demonstrate that the homology
sets we study are enriched for some categories and depleted for others, in comparison
with random samples of genes from the entire extant genomes, but hypothesize that this
has more to do with lineage-specific expansion of gene families, rather than fractionation

dynamics.

Finally, we search for tendencies within subcategories of some of the large functional
categories. We find that the negative slope within the catalytic activity category reflects
in large measure the consistent behavior across certain classes of enzymes. We resolve the
apparent conflict between the trends for the high-level terms “organelle” and “organelle

part” seen in Figure 3.1 by de-convoluting lower level terms contained therein.

3.3 Methods and Data

We compared the retention of homologs in six core eudicot species, namely three rosids:
peach, cacao and grape, and three asterids: tomato, Utricularia and Mimulus, and four
monocot species: rice, Setaria, sorghum and Brachypodium, forming three independent

data sets.

The data preparation in our approach, illustrated in Figure 3.2, starts with applying the
SynMap program in the CoGe platform [36, 54] to selected pairs of genomes stored on

the CoGe site. This produces synteny blocks of genes (five or more, in the present work)
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likely to be orthologs because they have high sequence similarity and are in the same
syntenic context. This includes paralogous genes syntenically mapping to the same or-
tholog(s). Additional syntenic paralogs derived from polyploidy can be detected through
SynMap self-comparisons of genomes. All the genes sharing orthologies and paralogies
thus detected, among all the species in each data set are then grouped together yielding

“homology sets” representing ancestral pre-WGD genes [72].
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FIGURE 3.2: Pipeline detects functional determinants of fractionation rate. Blue
lines represent chromosomes in two genomes; red lines all represent similar syntenic
contexts.

The homology sets were first examined to see whether they contained at least one gene
from each species in the group. In the first analysis, all sets with no gene in any of these
species were excluded from the analysis. (In a later analysis, described below, other
homology sets were used.) The remaining sets were classified according to the number of
species in which there was more than one copy, so that in the three-species comparisons,
the sets could be classified as 0, 1, 2, or 3, and in the four-species set a score of 4 was

also possible. We call this number the fractionation score.
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For each homology set, each of its genes was annotated by submitting it to Blast2GO [40].
Then all the annotations from all the genes in this set were considered as annotations
for the set as a whole. No account was taken of the multiplicity of “hits” of a single
annotation within the set. Of course, for every annotation, each of the higher-level terms

of each hit was also counted as an annotation.

Among all the homology sets we constructed, approximately 90% hit at least one GO
term, resulting in 10,688 monocot, 6360 rosid and 4638 asterid homology sets for further

analysis.

The GO terms are divided at the highest level into “Biological Process”, “Molecular
Function” and “Cellular Component” and there are a further 67 terms at the next level,
which we call “high-level terms”. Homology sets with large fractionation scores, i.e.,
which contain more than one paralog in all or most genomes, tend to have a higher total
number of annotations, simply by virtue of having a larger number of genes. This leads
to the artifactual observation that almost all functional categories are more favored by
homology sets with high fractionation scores. To correct for this bias, we use a normalized
proportion of hits for each term for each fractionation score. This is calculated as the
number of hits of the term over all homology sets with this fractionation score, divided
by the total number of sets with hits for any terms within the appropriate highest-level

term. Thus, if “organelle” received 100 hits in all homology sets with fractionation score
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3, and if the number of sets hitting any “Cellular Component” term is 300, the normalized

“proportion” is 33.3%.

These normalized proportions could then be plotted against fractionation score as in
Figure 3.1. By considering every combination of homology set and functional category
as a data point with X-coordinate its fractionation score and its Y-coordinate 1 or 0,
depending on whether the homology set was a hit (1) or not (0) for that category, we
could then calculate a regression score for the functional category. In Figure 3.1, the
functional categories with significant negative slopes are black and those with significant

positive score are red or orange.

3.4 Trends for high-level categories

In comparing the fractionation patterns of the three groups of species, we looked for any
trends that were statistically significant in at least one of the three (preferably all three)
and with similar slopes in all three. Of the 67 high-level terms in the GO hierarchy, eleven
that satisfied these conditions are illustrated in Figure 3.3. Another 19 terms also satisfied
the conditions but involved numbers of homology sets too small to be informative on the
figure. Only three terms, or 5%, were significant in opposite directions in two groups of

species.
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Thus, the three patterns are surprisingly parallel. Recall that the monocot ancestor and
its WGD occurred in a completely different part of the flowering plant phylogeny from the
eudicots. And though the two groups of core eudicots descend from the same triplication
event, the common ancestor of the asterid lamiids evolved for a lengthy period before
radiating into the present-day families. Similarly for the common ancestor of peach and

cacao, although grape belongs to an early branching rosid order.
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FI1GURE 3.3: Fractionation patterns of functional groups in three groups of flowering
plants. Axes as in Figure 3.1, except that monocots include four genomes, where
rosids and asterids include three each.
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The Gene Balance Hypothesis predicts that genes involved in multi-unit protein com-
plexes, or genes involved in cascades in which the downstream genes are involved in
multi-unit protein complexes, are more likely to be retained after whole genome duplica-
tion. This prediction can in turn predict what GO terms are expected to be fractionation
resistant or fractionation prone. The predicted terms are largely the same as the signifi-
cant in Figure 3.3, especially “binding”, “biological regulation”, “response to stimulus”

and “developmental process”.

Of the significant terms, two stand out as being fractionation prone: “metabolic process”
and “catalytic activity”. These two terms describe processes or functions that, as tradi-
tionally conceived, involve the interactions of single enzymes with substrates, coenzymes
and cofactors that are not themselves proteins. This is in contrast with such processes as
gene regulation, which explicitly involve the stoichiometry of two or more distinct pro-
teins. On this basis, the Gene Balance Hypothesis would predict that “metabolic process”
and “catalytic activity” be fractionation prone. There is much recent enthusiasm, how-
ever, for protein complexes in metabolic and other catalytic reactions, for metabolons [73],
protein heteromers and other potential sources of abundance constraints among different
proteins, so such predictions might have to be attenuated according to how widespread
and how constraining these structures turn out to be (cf. [74, 75] as examples of more

moderate opinions).



Chapter 3. The dynamics of functional classes of plant genes in rediploidized ancient
polyploids 61

3.5 The “mobile” genome

All homology sets involved in the above analysis contain at least one gene from each
species To test whether this requirement biases the analysis towards genes with some
special functional properties, we also carried out our analysis on homology sets where no
ortholog was detected in one of the genomes. The absence of this gene from a synteny
block does not necessarily mean that it is absent from the genome; it may have moved

to some other location on the same or different chromosome.

In the case of the monocots, we also constructed a data set where genes were absent
from two of the four species, one from the Panicoideae (sorghum or foxtail millet) and
one from the so-called BEP clade (rice or brachypodium). These data sets are smaller
than the ones composed of full homology sets that we have been analyzing, containing
2532 monocot sets missing one gene, 833 missing two, 4638 rosid sets and 5510 asterids,
but their fractionation patterns are remarkably similar as depicted in Figure 3.4. This
analysis offers no support for the idea that the stable and mobile parts of the genome
fractionate in different ways, though it only pertains to a restricted portion of the mobile

genome.
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F1GURE 3.4: Fractionation for homology sets containing no gene for one species
(m1) or two species (m2).
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3.5.1 Comparison of “stable” genome and the general gene

complement

Comparison between our rosid homology sets, reflecting genes syntenically conserved
from the original polyploid, and a random set of 9000 genes sampled from the three
rosid genomes, unconstrained by homology and syntenic context, shows differences with
respect to several GO terms (Figure ??7) Terms such as “developmental process”, “re-
productive process”, “biological regulation”, “response to stimulus”, “establishment of
localization” and “cellular component organization or biogenesis” consist of much higher
proportion of our homology sets than of the sampled extant genomes. Most of these,
though not “response to stimulus”, are consistent with the idea of stable gene comple-
ment in these areas of reproduction and development, less focused on the interaction of
the cell and its external environment. In contrast, the enrichment of the extant genomes
with respect to “externally oriented” membrane terms, extracellular region, immune sys-
tem, metabolic and catalytic terms reflect high rates of gene family expansion, such as by

tandem duplication, and other innovations in these categories. Fractionation of ancient

syntenic paralogs would thus not play a large role in these differences.
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FIGURE 3.5: Comparison of homology sets with sample of three extant genomes,
according to hits in functional categories.

3.6 Trends for more specific categories

Finally, we search for tendencies within subcategories of some of the large functional
categories. We find that the negative slope within the catalytic activity category reflects
in large measure the consistent behaviour, across all three data sets, of isomerase, hy-

drolase, and some transferase subcategories, while other transferases notably the kinases
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and those transferring phosphorus-containing groups, as well as several subcategories of

oxidoreductase activity are actually fractionation resistant. The details:

e Oxidoreductase: No overall tendency, but 5 of 88 terms one level lower are frac-
tionation resistant, significantly so in at least one of the data sets:.
— monooxygenase activity
— oxidoreductase activity, acting on diphenols and related substances as donors
— oxidoreductase activity, acting on X-H and Y-H to form an X-Y bond
— arsenate reductase activity

— oxidoreductase activity, acting on the aldehyde or oxo group of donors

e Transferase: No overall tendency,

(prone) transferase activity, transferring one-carbon groups

— (prone) methyltransferase activity

— (resistant) transferase activity, transferring phosphorus-containing groups
— (resistant) kinase activity

— (prone) nucleotidyltransferase activity

e Hydrolase: Fractionation prone on the general enzyme class level and 2 of 21 lower

terms. “Peptidase activity” is fractionation prone (in conflict with [6]).
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— (prone) hydrolase activity

— (prone) peptidase activity

— (prone) hydrolase activity, acting on carbon-nitrogen (but not peptide) bonds
e Isomerase: Fractionation prone on the general enzyme class level and 2 of 14 lower

terms.

— (prone) isomerase activity

— (prone) cis-trans isomerase activity

— (prone) intramolecular transferase activity

e Lyase: Has conflicting slopes among the three data sets at the general enzyme class

level. No fractionation prone or resistance from 13 lower terms.

e Ligase: No tendency detected

The apparent conflict between the trends for “organelle” and “organelle part” turns out

to be due to be the 95% concentration of the latter in chloroplast terms, where only 30%

of the former are so annotated.
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3.7 Connection between fractionation rates and and

paralog retention patterns

In our previous study (Chapter 2) [38] we modeled the duplicate and triplicated data de-
picted in Table 1 in terms of a single rate of loss of p for the period between hexaploidiza-
tion and speciation and individual loss rates ¢;,7 =
starting from an assumed common speciation event. (This assumption is a major biolog-

ical simplification with, however, no numerical consequences for this particular model.

)

TABLE 3.1: Numbers of triples and pairs after fractionation in six rosids.

frequencies of gene family sizes

size | peach | cacao | grape | castor bean | strawberry | papaya
2 1484 | 1111 | 945 851 606 474
3 256 172 150 119 57 34
Data from [38]
In the model, the probability that
1. an original logy triplet 1d ive intact is (72 (=)’
. ginal paralogy triplet would survive intact is = 55—

2. an original triplet would manifest as a pair is

3. an original triplet would be reduced to a single copy is

3p*(1—p)
1—p3

(1-p)? 3!1i(1—f1i)2 + 3p(

1-p)? (1-¢:)?

1—p3

2

1—¢
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Because this model is inspired by concepts of the stable genome, the frequency of single-
copy genes, which tend to be part of the mobile genome, are not part of the input
data in Table 1, and so the original number of triplicates in the stable moiety, before

fractionation, has to be inferred statistically.

It was suggested in Chapter 2 [38], and motivated in part the functional analysis in that
research, that a better fit of the model to the data would be obtained by allowing for two
or more gene classes with different rates. Thus we have modified the model by dividing
the genes into two classes, fractionation-prone and fractionation-resistant in proportions

0 and 1 — 0, with a parameter « linking the rates for the two classes:

class 0 genes: p,q;,i =1,---,6

class 1 — 6 genes: ap,aq;,i =1,---,6

Based on the data in Tablel, with an initial number of pre-triplication genes of 7500,
the maximum likelihood fit produced two populations with 75 % and 25 % of the genes,
respectively, and with a relative rate parameter a = 0.60. For larger initial numbers of
genes, only p varied somewhat to compensate, while the estimates of the ¢;, 8 and o were
stable. From these estimates, we could predict the number of genes in each class using
the same x-axis as Figures 1 and 3, based on p and ¢; for the peach, cacao and grape
genomes, and plot the relative proportions of the two gene populations in each class, in

Figure 3.6.
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FIGURE 3.6: Predicted paralog retention patterns in rosids for model with two gene
classes. The black line represents the fractionation-prone gene population and the
red line represents the fractionation-resistant population.

We refrained from trying to model the annotation process, so the results in Figure 3.6
are more contrastive of the two population of genes than the real data. Nevertheless, it is
encouraging that the empirical data in Table 1 contain the signal of two classes of genes

with different fractionation rates, reminiscent of the patterns in Figures 1 and 3.

3.8 Conclusion

Building on our previous results on the functional determinants of fractionation of rosid

genomes, we showed that the independent fractionation patterns of rosids, asterids and
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grasses are highly parallel. The same functional categories of genes are preferentially

fractionation prone or resistant in all three lineages.

That the asterids demonstrate the same patterns as the rosids and monocots confirm that
there is a general trend for paralogs to be fractionation prone or resistant, as influenced
by their functional categories, despite the additional WGD events in the asterid lineages.
This may be attenuated by changing fractionation patterns for some gene copies from

one WGD to the next, as reported recently [76].

Additionally, we tested whether these patterns of fractionation were consistent between
the stable and mobile portions of the genome. Even though the additional cohort of
genes, part of the more “mobile” genome, is less numerous and thus less conducive to
statistical significance of the results, we find that it supports most of the tendencies
found for the functionally “stabilized” part of the genome. Our analyses support that
there is no fundamental difference between the strictly stable and partly mobile parts
of the genome. Rather the same functional categories influence the fractionation fate of
genes. Nevertheless, we also demonstrate that the homology sets we study are enriched
for some categories and depleted for others, in comparison with random samples of genes
from the entire extant genomes. This likely has more to do with lineage-specific expansion

of gene families, rather than fractionation dynamics.

Perhaps the most important improvement to be envisaged for our method would be

to ensure that the homology sets contain only paralogs created by the initial WGD
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event. Tandem duplicates or other duplicates produced more recently than the WGD
may constitute a major proportion of all the duplicates in a genome. Although SynMap
normally excludes tandem duplicates, some of them undoubtedly remain and may be
reintroduced when we combine pairwise genome results to form homology sets. Indeed,
for future work, it would be worthwhile to contrast the paralog loss behaviour from WGD
fractionation with that from other sources of duplicates. This approach was pioneered
in [77] for the Arabidopsis genome, with results very similar to our approach, suggesting

our comparative approach might bolster these findings.

Our use of general GO terms could conceivably be improved by using a more focused
gene ontology database such as Plant Slim developed by the Arabidopsis Information
Resource. Indeed, preliminary tests show that our results on high-level terms could be
sharpened using this resource, but unfortunately there is relatively little annotation at

present using lower level terms, so this avenue is limited for the moment.

It may advance the understanding of functional associations of fractionation to compare
the correlations among functional categories enriched for fractionation-prone genes in
contrast to the correlations among these categories for fractionation-resistant genes. It
is not a methodological flaw that many categories are correlated among themselves —
indeed it opens up the opportunity to compare changes in these correlations for genes

with differing fractionation scores.
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4.1 Abstract

Background: Previous work on whole genome doubling in plants established the im-
portance of gene functional category in provoking or suppressing duplicate gene loss, or
fractionation. Other studies, particularly in Paramecium have correlated levels of gene

expression with vulnerability or resistance to duplicate loss.
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Results: Here we analyze the simultaneous effect of function category and expression

in two plant data sets, rosids and asterids.

Conclusion: We demonstrate they have independent effects, though expression does

not play the dominant role it does in Paramecium.

4.2 Background

Whole genome doubling (WGD) is a special case of gene duplication in that everything
in the genome, including the genes, regulatory elements, and repetitive regions, is dou-
bled or tripled. This process is more common in plant lineages than in other evolutionary
domains [78, 79] and is an important source of gene innovations, contributing to diverse
morphological and functional complexities in modern plants [67, 80]. The duplicated
genes are very vulnerable to loss after the WGD event via excision of chromosomal seg-
ments or pseudogenization. These losses are collectively referred as fractionation. Various
models have been proposed to explain this process, such as the Gene Dosage Hypothe-
sis [3, 81] and the Gene Balance Hypothesis [7]. These models try to explain the difference
in duplicate gene retention pattern based on the traditional models of gene fate: neo-
functionalization, subfunctionalization, and pseudogenization, and on the observations

on duplicate gene retentions from WGD.
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We have shown in Chapter 2 and 3 several groups of plants - rosids, asterids, and mono-
cots - that the functional category of a gene is a major determinant of fractionation
resistance, with metabolic genes being fractionation prone, and “response to stimulus”

being fractionation resistant [38, 82].

A recurrent theme in works relating to fractionation is the effect of gene expression.
In a comprehensive study of fractionation in Paramecium, Gout et al. [27] identify a
clear relationship between high WGD duplicate gene retention rates and high expression
level. They also find that within each major gene functional class, higher expression
correlates with higher duplicate retention rates; even if the expression levels of each
major functional classes differ from each other. They conclude that expression level is

the best discriminator for explaining variable resistance to fractionation.

The Gout et al. paper [27] is the primary inspiration for this study, where we explored
the relationship between of functional class and expression in fractionation resistance in
plants. Because we have previously shown that functional class can itself influence the
fractionation resistance of the duplicates [38, 82] we wish to consolidate these two kinds

of findings into one unified framework.
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4.3 Results

4.3.1 Methods

We analyze the genomes of peach [29], grape [12], and cocoa [43], constituting the rosids
data set. These selected species have not undergone WGD events since their triplicated
last common ancestor at the base of core eudicots, which makes them invaluable for
studying long term effects of fractionation. To study the effect of fractionation from
comparatively more recent WGD events and the effect of fractionation from multiple
WGD events, we survey the genomes of tomato [30], Utricularia [14], and Mimulus [31],
making up our asterids data set. The asterids diverged from the rosids a few million years
after the triplication event in the core eudicots ancestor some 120 million years ago [71]
and each of the selected species of the asterids has since undergone more recent WGD
events [14] (Figure 4.1). We will show that even if individual species of each data sets
have evolved and fractionated independent of each other, the overall trend of fractionation

remains highly parallel.

Due to the still scarce availability of high quality expression data, we make use of RNA-
seq data from grape [41] to represent expression in the rosids and RNA-seq data from
tomato [30] to represent expression in the asterids. Tomato gene expression values are
about three to four times higher than grape values because different technology plat-

forms and depth of sequencing. This prevents the meaningful comparisons of absolute
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Grape Peach Cocoa Solanum  Utricularia ~ Mimulus

rosids asterids

Core eudicots
Paleohexaploid

FIGURE 4.1: Phylogeny of the rosids and the asterids data sets. Species in the
rosids data set did not have additional WGD events since their paleohexaploid
ancestor. Species in the asterids data set did have additional WGD events (red
circles) with one whole genome triplication event (blue circle). Branch length are
not to scale.

gene expression values between grape and tomato. Normalized comparisons, however, are

valid.

We are interested in comparing functional categories, expression levels and fractionation
among thousands of genes but the inclusion of a few extremely highly expressed genes
could swamp some of these comparisons. Thus we filter out the genes in the top 1% of
expression levels. The filter is most pertinent to the more specific GO categories such as
individual enzyme classes where the number of genes in each class may be small. Filtering
is not necessary for the top level categories since they contain thousands of genes, but

for consistency we keep the filter for all the expression analysis.
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To take into account varying plant tissues having different expression profiles as well
as plant responses to different environments and stimuli, we use the highest reported
expression value for any given gene rather than the median or mean. The rationale for
this is that the RNA-seq data we are using distinguishes different expression level in
different tissues as opposed to responses to a particular stimuli. Many genes are only
expressed in specific tissues, so the maximum expression level of a gene is a better

indication of its importance in the organism.

4.3.2 Data

In this comparative study we first categorize genes into distinct homology sets, where each
set represents the ancestral gene of the rosids or the asterids ancestor just prior to the
WGD event(s) [37, 69, 82]. Categorization is based on both gene sequence similarities and
positional conservation and is done using SynMap [83] with genomic resources obtained
from CoGe [54]. The homology sets are refined using algorithms by Zheng et al. [37, 69].
These homology sets then allow for the calculation of levels of fractionation resistance
(F). The fractionation resistance of a homology set is determined by the number of species
(N) that still have the genes of the set in duplicates in the form: F' = N + 1. The higher
the number of species still retaining WGD in duplicates, the higher the fractionation
resistance. A gene that has been returned to singleton in all species has F' = 1. Each

homology set is then annotated with Gene Ontology [39] terms using Blast2GO [40]
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to classify their functional class. All the terms associated with any of the genes in a
homology set are retained. In addition, by design of the Gene Ontology [39] if a gene is
annotated with a particular GO term, it automatically inherits all the parent GO terms
which are more general (Figure 4.2). Some of our analysis include individual gene rather
than whole homology set; for these we propagate GO annotation by having all genes of a

homolog set inheriting particular GO terms if one of the genes is annotated with them.

biological
process
response to
stimulus

biological
regulation

response to
chemical
stimulus

response to
abiotic
stimulus

response to
oxygen-containi
ng compound

response
to inorganic
substance

response to
water stimulus

response to
water
deprivation

FIGURE 4.2: Gene Ontology. In this example, if “response to water stimulus” is
hit by a gene in a homology set then all the terms above it in the GO hierarchy are

also hit (coloured term).

GO terms are divided into three domains “biological process”, “cellular component”, and
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“molecular function”. A homolog set may not always be annotated in all three domains.
Most of our analyses will focus on the mutually exclusive top level categories with each
domain. Since most of the homolog sets have fractionated to be single copies in surveyed
species, we use normalized proportions (P) to fairly compare enrichment of functional
classes. We set Hit(F,C) = the number of “hits” in category C' by homology classes

with fractionation level F'.
P(F,C) = Hit(F,C)/ Y Hit(F,C")
Cl

Where the sum is taken over all category C” in the top level domain including C. As we
plot P(F,C) against F', we will deem C' to be fractionation resistant if P(F,C) increases
with increasing F'. We deem C' to be fractionation prone if the reverse case is observed,

where P(F,C') deceases with increase in F.

A similar formula is used to normalize the distribution of gene expression as well. Log
transformed expression level of genes is collected into bins of similar expression levels.

Functional expression F is a simple average expression of all genes of homology sets of

F and C.
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Pg(F) = Number of genes in bin B from F/ Znumber of genes in F
B/

E(F,C) = AverageExpression|Genes of Homology Set in (F,C)]

4.3.3 Functional Analysis

Figure 4.3 displays the effect of functional class on increase in fractionation resistance.
The conclusion is that some top level functional classes are more fractionation resistant
(such as “biological regulation”, “response to stimulus”, “membrane”, “developmental
process”, “establishment of localization”, and etc.) or more fractionation prone (such as
“metabolic process”, “catalytic activity”, and “cellular process”) than others and that
the finding is highly parallel across these two different lineages. Despite the shallow slopes
of the curves on the 0 - 100% scale of normalized proportion, both the rosids and the
asterids data sets contain thousands of homology sets and are statistically significant. All
functional classes shown have p value to be orders of magnitude less than 0.05 in linear
regressions. The statistical test is a linear regression test based on all the homology sets,
not just the few summary points in Figure 4.3. This top level result is in agreement with

results reported by Gout et al. [27] in the organism Paramecium.
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FIGURE 4.3: Biased gene fractionation resistance in different functional class. Up-
dated result from [82]. Only three functional classes in red are fractionation prone.

4.3.4 Expression Analysis

Using means and medians to summarize the expression levels of different fractionation
resistant homology sets, which may be represented by one or more genes in grape (or
tomato, as the case may be) we also find a trend where more highly expressed sets tend
to be more resistant to fractionation. This is true regardless if we plot all genes or plot
genes of specific top-level functional class (Figure 4.4). Investigating more specific func-
tional categories such as enzyme classes (Figure 4.5) reveal similar findings where higher

expression within each class contribute clearly to increase in fractionation resistance.
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This correlation of higher gene expression to fractionation resistance confirms results re-
ported by Gout et al. [27], as reproduced in Figure 4.6. The startling parallelism between
the rosids and the asterids is also present in Figure 4.4 and 4.5. The trend of increase
in expression level with increase in F' is the same in both rosids and the asterids. The
ranking of functional class by expression to F' is also the same in both data sets. The

effect of expression on F' appears to be universal.
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FIGURE 4.4: Gene expression level of different functional class across different
fractionation resistance levels. The units in RNA-seq is expressed as number of
reads per kilobase per millions reads (RPKM). “Nucleic acid transcription factor
binding activity” (in black) is not significant. The statistical test is based on all
genes in a category, not just the few summary points in the graph.
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FIGURE 4.5: Expression analysis of major enzyme classes in grape and tomato.
Only showing select enzyme classes that with large member sizes (more than 500
members) that are statistically significant. In enzyme classes with small member
sizes, the presence of a few highly expressed genes easily distort the averages, even
with the 1% filter in place. The statistical test is based on all genes in a category,
not just the few summary points in the graph.

However, the change in expression levels of sets from the least fractionation resistant to
the most fractionation resistant is smaller in our rosids and asterids data sets than in [27].
Functional classes with lower number of genes (“nucleic acid binding transcription factor

activity” has 411 genes in grape and 552 genes in tomato) are still suggestive of the trend
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FIGURE 4.6: Taken from Gout et al. [27]Figure S3

but are no longer statistically significant in both data sets (p > 0.05). These differences

may be due to sample size rather than the differences between the protist Paramecium

and plants.
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An important difference between our results and those on Paramecium [27] is that a
significant number of genes with low expression level are highly retained in the plants
whereas in the Paramecium, genes with high retention rates are very unlikely to have low
expression level. There also exist functional classes that have widely varying expression
levels across fractionation resistant class, such as genes from GO term “nucleic acid
binding transcription factor activity” (Figure 4.4). However, using the distribution of
gene expression to compare the different fractionation categories instead of using means
of categories (Figure 4.7) reveals that the highest and the lowest expression bin distorts
the general expression pattern of the rest of genes. Therefore, the data still suggests that
higher expression levels still results in higher likelihood of being retained in duplicate

form.

On the other hand, functional class appears to have greater influence than expression on
determining if a homology set is fractionation resistant or not. Both GO terms “metabolic
process” and “catalytic activity”, which are reported to be very fractionation prone, have
similar expression level to GO term “response to stimulus”, a very fractionation resistant
GO term. The GO term “biological regulation”, one of the most fractionation resistant
terms, have on average lower expression levels in both of the rosids and the asterids

datasets.
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FIGURE 4.7: Gene expression in different fractionation resistance levels. The nature
of a RN A-seq experiment means not all possible states of the organism is recorded,
therefore the high proportion in the lowest expression block can be explained by the
gene not being activated in the condition when the RNA-seq data was collected.

4.4 Discussion and Conclusion

How can we reconcile the relatively small effect of gene expression on fractionation re-
sistance with the claim that gene expression levels are fundamental to copy number

variations and fractionation resistance [3, 27, 81, 84-86].
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One of the more plausible explanation is rather than just the fitness cost of gene ex-
pression controlling fractionation resistance, the fitness cost of disruption of the intended
function of the gene or the gene network is a greater contributing factor. Highly connected
genes have been reported to be preferentially retained [26, 87] and are predicted to be
more retained by both the Gene Balance Hypothesis [7] and the Gene Dosage Hypoth-
esis [3, 81]. As such, gene of a functional class that generally have low expression levels
may still have high fractionation resistance level due to the importance of the function

or the functional network.

It should be noted that many other factors have been proposed to explain variable frac-
tionation rates. Moghe et al. [88] showed that gene sequence features such as longer amino
acid length and higher GC3 level, the wobble position in protein translation, contribute
to fractionation resistance in Raphanus raphanistrum, Arabidopsis thaliana, Arabidopsis
lyrata, and Brassica rapa in addition to functional class. They also report that in different
WGD events the degree of enrichment from gene sequence features and functional classes
may vary, though the directionality of enrichments (be they contributing to fractionation
resistance or fractionation proneness) remains mostly the same [88]. We were unable to
replicate these results on our data using multiple regression; only expression level was

consistently predictive of fractionation.

Of interest, a recent study Makino et al. [85] reports the effect of fractionation from

ancient vertebrate WGD on the biased distribution of genes with copy-number variations
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in humans. This paper claims that retained duplicates suppress changes in copy number

in their vicinity.

In conclusion our result agrees with current models that expression does play a role in
fractionation resistance although by itself it can not explain the enrichments of functional
classes. It is likely that systemic analysis on more genomes will be needed to clarify the
role of expression and other sequence feature in explaining fractionation. At the present
time a good predictor of fractionation resistance should still contain both expression and

functional class and may even include how connected a gene is in the genome.
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5.1 Abstract

Background: The current literature establishes the importance of gene functional cat-

egory and expression in promoting or suppressing duplicate gene loss after whole genome
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doubling in plants, a process known as fractionation. Inspired by studies that have re-
ported gene expression to be the dominating factor in preventing duplicate gene loss, we

analyzed the relative effect of functional category and expression.

Conclusion: Our results suggest that the effect on duplicate gene retention fraction-
ation by functional category and expression are independent and have no interaction.

Also, in plants, functional category is the more dominant factor.

5.2 Introduction

Virtually all land plants have a polyploid ancestor [8, 9, 71] with many lineages having
additional rounds of whole genome duplication events [30, 71]. These special events in
evolutionary history have been linked to increased morphological and genetic diversity

(66, 67].

Whole genome duplication, by definition, doubles the genomic content of the species. The
doubling of both genes and associated regulatory elements distinguishes whole genome
duplication from the more common form of duplication, tandem duplication. Tandem
duplication, in contrast, only duplicates one, or perhaps a few, genes at a time, occurs
more regularly through evolutionary history, and may not include associated regulatory

elements. This distinction results in differential effects of functional class [3, 22, 24] in
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fractionation, the significant and rapid gene loss of excess genes after whole genome

duplication in plants [8].

The established subfunctionalization model [1, 2] for explaining duplicate gene retention
did not attempt to explain this differential effect of functional class between duplicate
genes of whole genome duplication and duplicate gene of tandem duplication [3, 7].
Subfunctionalization argues that duplicate genes are maintained by loss of functions
in each duplicate such that both duplicates are now required for proper function. A
prime example of subfunctionalization is the evolutionary history of hemoglobin « and
hemoglobin 3 [89]. In the subfunctionalization model, no distinction are made between
duplicate genes of whole genome duplication and duplicate genes of tandem duplication.
But it has been shown that metabolic genes tend to be retained after tandem duplication
while regulatory genes are preferentially retained after whole genome duplication. The
subfunctionalization model is not adequate to explain the differential effects of functional

class a fractionation and on gene loss from tandem duplication.

Two proposed models, “Gene Balance Hypothesis” and “Gene Dosage”, offer alternatives
to explain this discrepancy [3, 7, 81]. In both models gene expression plays a role in
determining duplication gene retention. Both models assume all gene expressions go on
to make the corresponding protein products. So the quantity of the protein products
can be proxied by gene expression levels. The main difference between the two proposed

models is regarding the role of gene expression.
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The Gene Balance Hypothesis argues that the penalty of disrupting stoichiometry ratios
of gene products is the driving force behind preferential duplicate gene retentions [7].
An example is the circadian clock genes in Brassica rapa. The duplicates from whole
genome duplication are retained more than expected to maintain the highly delicate

dosage balance between the circadian clock genes [26].

Gene Dosage, in contrast, argues that high gene expression itself is driving the retention.
The rationale is that high gene expression is a costly endeavour to the species, thus
indicating the high importance of these genes to the species. It follows that disruptions to
these highly important genes is selected against. The extensive work done on Paramecium
by Gout et al. [27] is an example where it is reported that highly expressed genes tend to

be retained in duplicates after whole genome duplication, regardless of functional class.

These two models are not mutually exclusive [20, 90]. By controlling for functional class
before examining gene expression and duplicate gene retention, correlation between high

expression and high duplicate gene retention is apparent [27, 90].

Both the Gene Balance Hypothesis and the Gene Dosage are needed because each model
explains observations that the other model can not fully explain. What remains unclear
is which model impacts duplicate gene retention more. In this paper we will show that

Gene Balance Hypothesis is the dominant model.
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5.3 Methods and Materials

5.3.1 Data

We construct gene families based on the sequence similarity and the conserved gene
order between extant species using CoGe [36, 38, 54]. These gene families are pruned
into smaller units that are linked by the whole genome duplication in the ancestor using

the “Orthologs for Multiple Genomes” program [37].

The species grape [12], peach [29] and cacao [43] form the rosid data set. These species
can trace their last common ancestor to the period after the divergence of the asterids,
following the core eudicot hexaploid about 120 million years ago [71]. There are no
additional rounds of whole genome duplication in the evolutionary paths leading to the
these present-day species [12, 29, 43]. Therefore, whole genome comparative analysis of

the rosid data set offers insights on the effects of fractionation over long period of time.

The asterid data set provide a different viewpoint of the fractionation process compared
to the rosid data set. The asterid last common ancestor diverged five to ten million years
after the hexaploid core eudicot ancestor. This early divergence means the fractionation
process after the hexaploid ancestor of the asterid data set is mostly independent from

the fractionation process in the species of the rosid data set. Furthermore, the species
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of the asterid data set, which consists of extant species tomato [30], Mimulus [31], and

Utricularia [14], have additional rounds of whole genome duplication [71].

The asterid data set addresses two potential concerns. The first concern is whether the
results of the rosid data set represent a general effect or a clade-specific trend. The
second concern is whether the additional rounds of whole genome duplication introduce

a different pattern compared to single ancient whole genome duplication event.

We use grape [41] of the rosid data set and tomato [30] of the asterid data set for the
expression analysis due to the availability of the high quality RNA-seq expression data.
Both grape and tomato’s expression data include different organs for a more comprehen-
sive evaluation of gene expression levels. For each gene, we use the highest expression

level the gene display across all organ to represent the gene’s expression level.

5.3.2 Retention indices

We use retention indices to measure how fractionation resistant or prone gene families
are. The retention index of each gene family is calculated by counting in how many
species the genes is still maintained in duplicate. For example, if a gene family of the
rosid data set is maintained as duplicates only in grapes, then the retention index of

that gene family is one. Since there are three species in both the rosid data set and the
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asterid data set, retention indices range between zero (gene set reduced to singletons in

all species) and three (gene maintained as duplicates in all species).

5.3.3 Expression

In the expression analysis where only one species is present in each data set, we apply
additional normalization to the data. For this part of the analysis, we use individual genes
instead of gene families for two reasons. The first reason being genes in duplicate families
have varying gene expressions that may differ by orders of magnitude. The skewness of
the data prevent us from using averages. We also can not just take the highest expressing
gene in the gene family similar to how we choose the organ with the highest expression
to represent the gene’s expression. This is due to reason number two, which is the trend
that the more genes a gene family has, the higher the expression of the gene family will

be by virtue of having more chance to include a high expressing gene.

5.3.4 Annotations

We use Gene Ontology (GO) [39] terms to classify gene families into functional categories
via Blast2GO [40]. GO terms are nested within each other to provide different resolution
of annotation (Figure 5.1). We call GO terms that are close to the one of the three “root

terms” “high level terms”. These high level terms describe general functional categories.
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FIGURE 5.1: Example on nested structure of GO terms Starting at a low-level GO
term “protein secretion”, it is inherited by two slightly higher GO terms “secretion
by cell” and “protein transport”. After a few more levels of GO terms (represented
by dashed lines), the starting GO term is now inheriting two high level terms
“cellular process” and “localization”. These high level terms are then linked to the
root term, “biological process”. There are three root terms in gene ontology, they
are “biological process”, “cellular component”, and “molecular function” [39].

As a result, a particular gene may be annotated with multiple high level terms as shown

in Figure 5.1.

We designate three high levels GO functional categories (Figure 5.1) that we previously,
in Chapter 3 and 4, found to have the highest effect on fractionation [82, 90]. The first
category is the “Metabolic process (Z1)”, one of the most fractionation-prone. The second
category is the “Enzyme class (Z2)”. It is also highly fractionation-prone but it includes
enzymes involved in signalling pathways so the category as a whole may show increased
retention compared to Z1. The third category is the “Regulation and Response” (Z3).

This is composed of two most fractionation-resistant GO categories.
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Each high level functional categories is further divided into six low-level GO cate-
gories to represent more specific and biologically distinct functions. GO terms “sec-
ondary metabolic process”, “lipid biosynthetic process”, “steroid metabolic process”,
“nucleobase-compound containing metabolic process”, “carbohydrate metabolic process”,
and “protein metabolic process” represent Z1. These six metabolic GO terms are repre-
sentative of diverse metabolic processes. GO terms “transferase activity”, “oxidoreduc-
tase activity”, “hydrolase activity”, “ligase activity”, “lyase activity”, and “isomerase

activity”, the six major enzyme classes, represent 72.

GO terms “regulation of metabolic process”, “nucleic acid transcription factor activity”,
“signal transduction”, “response to hormone”, “response to temperature”, and “response
to stress” represent Z3. This is a combination of two highly fractionation-resistant func-
tional categories in “biological regulation” and “response to stimulus” [82] so that there
are six low level and biologically distinct GO terms in each high level functional categories

(Table 5.1).

5.4 Results

From our previous results in Chapter 3 and 4 [82, 90], we predict Z1 to be the most
fractionation-prone, closely followed by Z2, and then Z3. The latter should be significantly

different from both Z1 and Z2 by being fractionation-resistant.
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TABLE 5.1: GO terms and number of genes
Tomato Grape
Z11 GO.0008610 lipid biosynthetic process 286 397
712  GO.0008202 steroid metabolic process 54 75
Metabolic 213 GO.0006139 nucleobase containing compound 655 1055
process (Z1) metabolic process
7214  GO.0005975 carbohydrate metabolic process 575 810
715 GO.0019538 protein metabolic process 1109 1389
7216 GO.0019748 secondary metabolic process 131 214
721 GO.0016740 transferase activity 962 1227
722 GO.0016491 oxidoreductase activity 529 693
Enzyme 723 GO.0016787 hydrolase activity 878 1254
Class (Z2) 724 GO.0016874 ligase activity 177 246
725 GO.0016829 lyase activity 119 152
7226  GO.0016853 isomerase activity 67 131
7231 GO.0019222 regulation of metabolic process 965 1043
: 7232 GO.0001071 nucleic acid binding transcription 403 324
Regulation ..
and Response fz'xctor activity .
(73) Z33 GO.0007165 signal transduction 550 573
734 GO.0009725 response to hormone 492 464
735 GO.0009266 response to temperature stimulus 291 284
7236 GO.0006950 response to stress 1032 1301

The inherently different gene count for different functions (Table 5.1) means the cate-
gories are not balanced for ANOVA. We sidestep the issue by using the average retention
index of each functional category instead of the raw count. This strategy comes at the
expense of statistical power since we are now left with just two data points for each low-

level functional categories. Still, Figure 5.2 shows the expected result of high expression

correlating with high fractionation-resistance.

Figure 5.2 is a visual representation of what the average retention indices are for each
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FIGURE 5.2: Summary of average retentions indices in grape and tomato. Each

functional category has two data points: average retention index under low expres-
sion (LowExp) and average retention index under high expression index (HighExp).
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functional category. This result is consistent with our prediction that genes of Z3 are

more fractionation-resistant than gene of Z2 and Z1.

This is further reinforced in Figure 5.3. This supports our prediction that genes of Z3
are more fractionation-resistant than Z1 and Z2. In grape, the adjusted p-value for the
statistical test of that difference between Z3 and Z2 is above the usual 0.05 limit but this

is likely due to the trade-off for having balanced data.

Figure 5.3 also shows that in grape, the difference between fractionation-resistant Z3 and
fractionation prone Z1 and Z2 are smaller than the difference in tomato. A reason for
this observation is that that gene families that are singletons in all three species of the
rosid data set constitute a far higher proportion than in the asterid data set, so even the

fractionation-resistant functional category contain many singleton gene families.

The ANOVA table (Table 5.2) answers the main objective of the paper: which of Gene
Balance Hypothesis and Gene Dosage impact duplicate gene retention more? We answer
this by calculating whether functional categories or expression levels have the bigger
effect size in the two-way ANOVA. In the table, the effect size, measured in partial eta
squared, supports the suspicion in the Chapter 4 [90] that functional categories carry
more weight in determining retention indices more than expression levels. The table also
shows that while functional categories strongly affect average retention indices, the effect
of expression levels have on average retention indices are no longer significant. This non-

significance may be a consequence of using average retention indices to balance the count
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FIGURE 5.3: Tukey’s honest significant difference test. The horizontal bar indicate
the test statistics of the estimated difference between labelled categories. The ver-
tical lines indicate the 95% confidence interval. In both grape and tomato, category
72 and 71, in red, are not significantly different from each other. In grape, category
Z3 and Z2, in light blue is not significant (adjusted p-value is 0.06887)
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TABLE 5.2: ANOVA table on balanced grape and tomato data.

Grape Anova Table (Type II tests)
Partial eta”2 Sum Sq Df F value Pr(>F)

GOf 0.9071  36.193 3 97.64771 <le-15 ***
ExpQ 0.06236 0.121 1 1.9953  0.1681
GOf:ExpQ 0.02797 0.017 2 0.4317  0.6534
Residuals 1.0918 30

Tomato Anova Table (Type II tests)

GOf 0.96865  36.193 3 308.9591 <2e-16 ***
ExpQ 0.0937 0121 1  3.1016 0.08841
GOf:ExpQ 0.01395 0.017 2 0.2121 0.81005
Residuals 1.171 30

GOf is the High level functional category. ExpQ is the expression category.

data.

5.5 Discussion

Expression has been suggested to be the biggest factor in determining duplicate retention
after whole genome duplication events [27]. However, our results suggest that functional

category is the more dominant factor of the two.

The simplest way to reconcile these contradictory results of Gene Dosage from Gout et
al. [27] and Gene Balance Hypothesis from Birchler et al. [7] is to consider that some

functional categories contributes to duplicate retention drastically more than others such
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that the effect of expression on duplicate retention may be greater for genes of some

functional categories.

Another explanation is that the inherent correlation between gene function and expres-
sion levels may introduce enough bias against crediting expression levels the proper
amount of impact on fractionation. Our results in Table 5.2 suggests that there is no

interaction between functional categories and expression levels.

Going forward, we want to further explore the role of expression on fractionation. One
direction is to explore the different types of expression. Some genes are only expressed in
certain stages of life, such as the development of flowers, or genes that have organ specific
expression pattern, or genes that are always on but fluctuates depending on the situa-
tion. This is analogous to different functional categories having different fractionation

tendencies.

Another direction would be to expand the analysis to other genes that are currently not
part of the analysis. One particular analysis for future work is the relationship between
retained duplicates and the nearby genes. Retained duplicates is reported to have an
effect on the distribution of genes with copy number variation in humans [85]. We can

explore if similar effects are also present in plants.

In summary, we have evidence to suggest that functional categories play a more important

than gene expression levels in duplicate gene retention after whole genome duplication.
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There are many challenges and possibilities that can build upon this work to better

explain the mechanisms and the effects of the fractionation process.

Author’s contributions’

EC and DS did the research and wrote the manuscript.



Chapter 6

Conclusion and future direction

6.1 Concluding statements

In this thesis, we analyzed the effect of functional categories and gene expression levels
on fractionation. We first presented a workflow (Chapter 2) for identifying gene families
related by the common ancestry of present-day genes in polyploid last common ancestor.
We then applied it to multiple genome data sets to analyze the effect of functional
categories in Chapter 3. We studied the comparison between functional categories and

expression levels on duplication gene retention in Chapter 4 and Chapter 5.

We draw our conclusion from functional analysis on three genomic data sets and from

expression analysis on representative species of two of the three genomic data sets. Each

106
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data set represents a different scenario regarding whole genome duplication, as first de-
scribed in Chapter 3. In summary, we find both functional categories and expression
levels to be important in the fractionation process, with functional categories having

greater impact on duplicate gene retention than expression levels.

6.1.1 Effect of functional category

We find that functional category of the genes does have an effect on duplicate gene re-
tention post-whole genome duplication events. We have “metabolic process” as the most
fractionation prone functional category and “catalytic activity” being a close second.
This makes sense because enzymatic genes and metabolic genes have a large degree of
overlap with many metabolic intermediates requiring enzymes to catalyze the reaction.
Metabolic genes also mostly interact with metabolites such as fat and sugar, and not with
other gene products. The most fractionation resistant functional categories are “biolog-
ical regulation” and “response to stimulus”. Again, both of these functional categories

share a large overlap of genes whose products interact with other gene products.

As a whole these results are as predicted by the Gene Balance Hypothesis as presented
in the latest review by Conant et al. [20] since the most fractionation resistant functional
category contains genes typically involved in complex regulatory systems. The most frac-
tionation prone functional category contains gene typically not involved in multi-gene-

networks where the stoichiometry ratios of the gene product is extremely important.
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Another important result from these datasets is that the duplicate gene retention pattern
is consistent across all three datasets. Genomes of the rosids and the asterids datasets
have comparable genome sizes of around 25000 genes or more [12, 14, 29, 31, 35, 43] and
the additional rounds of whole genome duplication events results in increased scrambling
of the genome; yielding lower number of gene families compared to the rosids data set.
The Poaceae data set of monocot species also show very similar retention patterns despite
being evolutionarily distant from the rosids and the asterids dataset (Chapter 3). Even
if we relax the criteria for gene families (Chapter 3) we still observe the same duplicate
gene retention pattern with respect to the functional categories. This suggest that the
effect of functional category on gene retention post-whole genome duplication events are

general, at least within the angiosperms.

6.1.2 Effect of expression

Earlier work done on Paramecium by Gout et al. [27], the inspiration for Chapter 4
and 5, suggests that expression is the most important factor in duplicate gene retention;
although they do note the role of gene function in expression levels. By controlling bias
from functional categories we do see clear trends in increased expression with increased
duplicate gene retention across. Also in agreement is that this observation, to be true for
vast majority of the functional categories (Chapter 4) where there are enough genes to

perform a reasonable statistical test. However upon further analysis (Chapter 5) we were
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able to show that functional categories have a bigger effects on duplicate gene retention

post whole genome duplication events.

6.2 Future extensions on the study of whole genome

duplications

From the results of this thesis there are a few different directions to take to further the
study of whole genome duplications. Possible new directions include but are not limited
to: further method development in aggregating sequencing data, novel experimental de-
signs on synthetic polyploids, broader generalization of duplicate gene retention in more

diverse lineages, and the effects these duplicate genes have on current genomes.

6.2.1 RNA-seq normalization

In this thesis, the expression analysis is only done on the rosids and the asterids dataset
because of the availability of high quality RNA-seq data that cover multiple organs. There
currently are no good way to compare different RNA-seq data across different platforms

and different depth of sequencing.

A recent comparative study on the various RNA-seq platforms and strategies by Li et

al. [91] has been encouraging on the potential of meaningful expression analysis across
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RNA-seq data obtained from different platforms. I remain hopeful that the advancement
in RNA-seq algorithms and the continuing maturation of RNA-seq technologies will open

the door to more precise and more elaborate representation of gene expression data.

6.2.2 Triangle of U

Another natural direction is to analyze the genomes of genus Brassica that make up the
“triangle of U” [92]. These genomes are of agricultural interest because various important
crop species are actually hybridizations of Brassica rapa, Brassica nigra, and Brassica
oleracea 92, 93]. The Brassica species datasets will pose an important extension to
this work by offering a look at duplicate gene retention pattern from a comparatively
very recent (relative to the rosids, asterids, and the monocots datasets) whole genome

duplication events.

6.2.3 Whole genome duplication in Salmonidae

As first mentioned in Chapter 1, flowering plants are not the only lineages that experi-
enced whole genome duplication events. The family of Salmonidae, which contains eco-
nomically important species such as the atlantic salmon, the pacific salmon, the rainbow
trout, the freshwater whitefishes, and more [94], are all derive from a common ancestor

that experienced whole genome duplication [95]. From this tetraploid ancestor of 4n =
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96 chromosomes, massive genome reorganization is hypothesized to have taken place to
produce current diploid species that have a diverse chromosome number (from 2n = 54

to more than 80) [94].

In particular, the rainbow trout genome paper by Berthelot et al. [96] showed functional
enrichment after whole genome duplication similar to functional categories reported in
this thesis. Both the rainbow trout paper and Chapter 3 of this thesis reported the
enrichment of transcription factor genes. Furthermore, in Chapter 3, one of the reported
fractionation resistant GO terms is “developmental process”. This is a high level GO term
which encompasses both the embryonic development and the synaptic development terms
that Berthelot et al. reported to be enriched in the rainbow trout paper. The rainbow
trout paper also reported the enrichment of GO term “receptor activities”, which is also
fractionation resistant in our analysis but is too specific a category to be included in

Chapter 3.

The expression analysis portion of the rainbow trout paper focused only on genes that
are retained as duplicates [96]. They found functional enrichment based on the expression
pattern and expression level of the duplicates. For example, metabolic and house-keeping
genes are enriched in duplicates where they are highly correlated with each other on which
organs they are expressed but have divergent expression levels. Developmental process

genes are mostly enriched in duplicates that have similar expression levels and the same



Chapter 6. Conclusion and future direction 112

expression pattern. The exceptions are eye development and vision perception genes

which are enriched when the duplicates does not have correlated expression patterns.

The rainbow trout expression analysis complements the functional and expression anal-
ysis presented in this thesis. It is worth examining if a similar result can be replicated

on plant datasets, or if these results will change when we include singletons.

Berthelot et al. [96] also reported high collinearity between the paralogous regions from
the newest whole genome duplication in fish as evidence against the current hypothesis
of rapid gene fractionation and genome rearrangements following whole genome duplica-
tion. This claim is echoed by Uno et al. [97], where they reported that rapid gene loss
and genome rearrangements are not essential for the diploidization of the frog model

organism’s allotetraploid ancestor.

These results are in contrast with experiments on the resynthesized allopolyploid plant
Brassica napus by Xiong et al. [98]. They showed, by the tenth generation of the resyn-
thesized allopolyploid, involvement of aneuploidity, a great number of chromosome re-
arrangements, and dosage constraints maintained the chromosome number close to the
initial resynthesized polyploid. More experiments and a standardized metric for measur-
ing genome rearrangements are needed to clarify the necessity and the extent of genome

rearrangements following whole genome duplications.
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6.2.4 Gene number variation deserts in vertebrates

Finally, yet another direction to take is to analyze the effects duplicate gene retention
have on current genomes. Makino et al. [85] reports that neighbouring regions of dosage
sensitive genes are copy number variation deserts. They argue that this is an efficient

way of identifying diseases related to copy number variation.

Before analyzing diseases related to copy number variations in plants, a survey to confirm
whether this pattern of gene number variation deserts in plants is needed. Also, it is
important to identify if retained duplicate genes are surrounded by other high expressing
genes or are part of a chromosome region of elevated expression. This will help to develop
models to explain why high expression seems to be universally important in duplicate

gene retention.
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