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Abstract

The presence of multiple genes with high degree of similarity forming gene families

is a universal phenomenon in living organisms. Gene duplication is an opportunity

for evolving new functions from the newer gene, but also has a disadvantage due to

local gene-rearrangement effects and, if duplications are numerous, through alter-

ations of genome size. Therefore, selection is playing a central role in determining

the fate of a duplicate gene. Plants are known to harbor numerous gene families, and

are thus an ideal system to test the fate of gene duplicates. This thesis tackles the

tropinone-reductase like enzymes (further TRL) and the tau GSTs located upstream

from this gene family. TRL enzymes are short-chain dehydrogenases that are involved

in a reduction step downstream in the synthesis of tropane alkaloids in Solanaceae,

important defense compounds of plants. The function of TRLs in Brassicaceae is not

clear, since most of the plants in this family do not produce tropane alkaloids, but

some have been associated with the oxidative-stress response. This gene family con-

tains 80% of its members duplicated in tandem in Arabidopsis thaliana. We profited

from this fact to isolate 12 TRL (+ pseudogenes) from this species, further six species

of Brassicaceae (A. thaliana, A. lyrata, A. cebennensis, Capsella rubella, Boechera di-

varicarpa and Brassica rapa), and one species from a closely related plant family,

Cleome spinosa. We tested the role that selection plays in maintaining large numbers

of this gene family. We used phylogenetic methods to analyze non-coding sequence

evolution and identified regulatory motifs. We analyzed non-coding sequence evo-

lution. Microarray expression data from A. thaliana and qPCR for A. thaliana and

A. lyrata were analyzed to detect divergence in the expression patterns of orthologs
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and paralogs. TRL genes follow a gene birth and death dynamics. More probable,

they originated from non-equal recombination of tandem duplicated genes. Positive

selection at the origin of the duplicated genes allowed these to acquire differential

expression patterns, leading to the preservation of numerous TRLs. The analysis of

coding and non-coding sequences shows them to display correlated evolution, partic-

ularly in species recently separated by speciation. We further tested for selection on

the tau glutathione-S-transferases (GST) enzymes, adjacent 3’ in the genome to TRLs.

Tau GSTs are unique to plants and are involved in detoxification. Multiple copies of

these enzymes will allow flexibility in substrate specificity, which is important for

the detoxification function. We detected positive selection among paralogs of tau

GSTs supporting their potential of functional diversity, but we also detected negative

selection among paralogs and groups of orthologs, indicating that more often their

functions are conserved.



Introduction

0.1 Genomic approaches in the study of plant evolu-

tion

The availability of complete genome information for different organisms is provid-

ing the scientific community with large amounts of data that can be used to learn

about complex genetic and evolutionary events occurring at large (i.e. genome-

wide and duplicated gene block) and also very small scales (i.e. SNPs), and not

only at chromosomal level, as was the case in classic genetic experiments.

One of the first organisms to have a genome sequenced was Arabidopsis thaliana,

commonly known as the thale-cress, which belongs to the plant family Brassicaceae

(previously Cruciferae) (1). This plant has a small genome size and a short gen-

eration time, which has made it useful as a laboratory model organism. Further

sequencing projects are going on for two commercially important plants belonging

to the same family as thale cress, Brassica rapa and Brassica oleracea (2). Other

two wild relatives of A. thaliana, Arabidopsis lyrata and Capsella rubella, are be-

ing sequenced in a project of the JGI (http://www.jgi.doe.gov/sequencing/why/

CSP2006/AlyrataCrubella.html) in an effort to enlarge the understanding of these

plants genomes. Arabidopsis thaliana has often been used as the reference genome

in genomic comparisons with Arabidopsis relatives, as for instance Capsella rubella
(3) and Brassica oleracea (4). A. lyrata is a wild relative that has previously been

compared to A. thaliana, because their contrasting mating systems allow evolu-

tionary hypotheses of recombination and colonization to be tested (5). A recent
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review of the importance of the Brassicaceae in genetic studies has been published

by (author?) (6).

Genomic studies can benefit from the comparative method to learn how genomes

are built according to the biology of particular organisms. Neutral and selective

hypotheses can be tested to find explanations for genome composition, as for in-

stance, in a recent study on codon-bias in A. thaliana (7) that found a role of

selection on both low and highly expressed genes. In this thesis, we used the in-

formation available from A. thaliana to isolate a genomic region containing a gene

family clustered in tandem in seven related Brassicaceae species. For this purpose,

we used bacterial artificial chromosomes (BACs) in order to isolate all TRL family

members in the syntenic region. By comparing members of a gene family in closely

related species, we could distinguish between the hypothesis of conversion vs. gene

birth and death and infer the evolutionary history of the gene duplicates. In Chap-

ter 1, from the sequenced BACs we compare 12 TRL genes, equivalent to 80% of

those present from A. thaliana. In Chapter 3 we analyze of 7 GSTs, equivalent to

14% of GSTs, but to 25% of the tau GSTs present in A. thaliana.

0.2 Why study gene duplication?

Gene duplication has genetic and phenotypic important consequences and there-

fore might also have evolutionary consequences in a relatively short time scale. It

is said to belong to the fast modes of evolution, since on the one hand it can re-

arrange and change loci locations quickly and on the other hand it provides raw

material for fixing mutations to create novel genes. Researchers have been trying

to estimate overall rates of gene duplication and loss. The rates and biological roles

of duplication might vary in different organisms, depending on population struc-

ture and mating system (8). Rates of duplication in plants have been estimated as

0.0029/locus per MY in wheat (9) and 0.001-0.03 genes per MY for Arabidopsis
thaliana (10).

By comparing duplicate genes across species, we can elucidate the different
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mechanisms responsible for keeping gene duplicates. In the evolution of gene fam-

ilies the following outcomes are possible: divergent evolution, concerted evolution

and gene birth and death (for a recent review see (11)). The first scenario is what

we would expect if duplicated genes evolve at different rates in each species, and

will not be distinguished as duplicates after speciation. The second scenario is a

product of the gene conversion mechanism. Gene conversion is due to recombi-

nation through non-homologous pairing occurs among duplicate gene loci, which

homogenizes their gene sequences, so that these genes appear younger than the

separation of the species. This last mechanism is more common in genes that inter-

act in their function as, for instance, pathogen- and immune defense-related genes

such as LRR (12) and MHCs (13). Gene birth and death is the most common fate

of duplicate genes (14). This type of evolution predicts that genes duplicate in

an ancestral species and diversify soon, in order for the gene duplicate not to be

eliminated from the genome. Diversification takes place by the processes known

as neo-functionalization (acquisition of a new function) or sub-functionalization

(splitting of function among paralogs) (15). After speciation, when reconstructing

the phylogeny from genes that diversified in the ancestors, the phylogeny will re-

flect the history of the gene, and not that of the species, unless the genes acquire

species- specific functions. Some of the duplicates might lose their function, in a

process known as non-functionalization, because of different selection pressures

on the populations and species. The latter genes will be found as pseudogenes in

the present time and eventually be eliminated from the genome (14).

Until now, most studies comparing regulatory and functional evolution in gene

families are based on one organism, or evolutionary distant organisms, as human

and mouse (16), making it difficult to compare evolution of protein and promoters.

One exception are studies in Drosophila where multiple closely related species have

been compared. (17). Our study addresses seven closely related species being

separated by less than 20 MY.
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0.3 Duplication of genes of secondary metabolism

In general, we expect genes in secondary metabolism to be flexible and if present in

multiple copies, to diversify in function through sub- or neo-functionalization (18).

Gene duplication has been proved to be at the base of evolutionary novelty in

defense-related genes such as MAM (19), LRR (12), and for genes involved in

flower pigmentation like chalcone- synthases (CHS) (20). Tropinone-reductase like

genes (TRLs), the gene family on which the first two chapters are centered, appear

to respond to environmental stimuli (21). A list of putative functions obtained

from the literature and databases can be found in Table 1.1. These enzymes are

probably more involved in secondary than in primary metabolism. We expected to

find more divergence in TRLs a priori than in genes involved in primary metabolism

and/or in genes involved in development, since secondary metabolism genes might

not be essential in an organism’s life. Multiple copies of a gene indicate that they

have either diversified in function, by the process known as neo-functionalization,

or that partial genes have complemented each other, by sub-functionalization. An-

other possibility would be redundancy, but this has not yet been demonstrated

for genes controlling secondary metabolism. Until now, development and primary

metabolism genes have been shown to display gene redundancy (22; 23). It has re-

cently been proposed that genes essential in an organisms’ life might be subject to

stronger negative selection than ’non-essential’ genes, and this might be reflected

in lower duplication rates of these last genes (24). Although we cannot discuss

whether TRL genes are essential for Brassicaceae, we can infer from reports in the

literature that only some of them have been discovered as intervening in signalling

pathways (see table 1.1). Furthermore, microarray and massive parallel signature

sequence data (MPSS) from Arabidopsis thaliana show that not all the TRL genes

appear to have a significant differential expression, as we indicate in the section

in silico expression in this introduction. Expression of TRLs is discussed briefly in

Chapter 1 (Figure 3), and described more extensively in Chapter 2.
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0.4 The biological role of tropinone reductases in

Solanaceae

Alkaloids are important plant defense compounds, as they are toxic for many her-

bivores, including humans. Therefore, these compounds have received special at-

tention. Many have economic importance for human societies, as for instance,

nicotine. Tropinone-reductases are involved in a parallel pathway to nicotine pro-

duction, acting upstream from N-methyl-putrescine, a precursor of both nicotine

and tropane alkaloids. Tropinone reductases are at the branch point of tropane

alkaloid synthesis, preceding the synthesis of hyosciamine, scopolamine and ca-

lystegines in Solanaceous plants, but also of cocaine in the genus Erythroxylum.

The pathway of synthesis is shown in Figure 1.

Figure 0: Formation of tropane alkaloids catalyzed by TRs. Modified from (25)

In Solanaceae, where tropinone reductase enzymes were originally described,

the different enzymes are responsible for sterification of tropinone in different

stereospecificities. TR-I produces tropine and TR-II produces pseudo-tropine, as
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shown in Figure 0. Tropine is the precursor of hyosciamine and scopolamine and

pseudo-tropine is the precursor of calystegines. Two research groups have been

studying both tropinone reductases, and therefore I refer to their work for fur-

ther information on cristallization and biochemistry of the protein (26; 27; 25).

One of this research groups recently found that some Brassicaceae do produce ca-

lystegines (28). A simplified representation of tropane alkaloids detected in sister

species of some of the species studied in this thesis is shown in Figure 2.

Bioinformatic studies have proved that the sequence of Arabidopsis has multiple

copies of genes it does not use in the predicted way from sequence similarity. A

study by Allen (30) found that around 10% of the genes from other plants appear

to have been lost in this model plant. Therefore the functions that these genes

perform must either not be present or must be substituted by other proteins. In this

same study it is mentioned that one of the genes missing is an upstream enzyme

necessary for converting ornithine to putrescine, ornithine decarboxylase (ODC)

(see Figure 1). The other enzyme that also precedes the conversion of arginine to

putrescine, arginine decarboxylase (ADC), is present in Arabidopsis. Nevertheless,

the abscence of the other pathway might limit the availability of putrescine, which

might not be diverted into tropinone production, especially since putrescine is a

buffer for abiotic stress used in other pathways.

0.5 Tropinone reductases in Brassicaceae

The study that found calystegines in Brassicaceae, did not detect these compounds

in Arabidopsis thaliana. Furthermore, more than 50% of the Brassicaceae plants

they tested, 24 out of 43, did not contain calystegines (28). This is surprising,

since genes for tropane alkaloids are found in the complete or partial genomes

already sequenced from Arabidopsis thaliana and Brassica species. In Arabidopsis
multiple genes were found highly similar to TRLs. The proteins encoded by this

genes must have an alternative function for this plant, since it does not contain any

type of complex alkaloids. The question then rises, why does Arabidopsis thaliana



0.5 Tropinone reductases in Brassicaceae 7

Arginine

Ornithine Spermidine Spermine
Putrescine

N-methyl-putrescine

Tropinone

Nicotine

1-Methyl-∆-pyrrilinium cation

Tropine
Pseudotropine

Ester, e.g. acetyl-tropine

Littorine

Calystegines

Hyosciamine L-scopolamine

6-hydroxy-
hyosciamine

ODC

ARG

TR-I
TR-II

PMT

Figure 1: Formation of tropane and nicotine alkaloids in Solanaceae. Tropane
alkaloid synthesis is catalyzed by TRs. Tropinone-reductase I and II are in grey
squares respectively. Modified from (29)
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keep multiple copies of TRL genes? (see (31)).

~5 MY

Brassica nigra

Capsella rubella

Arabidopsis thaliana 

Berteroa incana

~5 MY
~10 MY

~20 MY

Arabidopsis lyrata 

Selected Brassicaceae

Brassica rapa

Brassica oleracea

Barbarea vulgaris 

Cardamine spp.

Capsella bursa-pastoris

contains tropane alkaloids

does not contain tropane alkaloids

Adapted from: Brock et al. Phytochemistry (2006)

Figure 2: Presence of tropane alkaloids in Arabidopsis and related Brassicaceae.
Tree was modified from (Brock et al. 28). Names in blue indicate absence, names
in red indicate presence of tropane alkaloids and names in black indicate sister
species not yet tested for these compounds (28).

The function of one TRL enzyme from Arabidopsis has been reported in the lit-

erature. Physiological studies on senescence have shown that one of the enzymes

encoded by the TRL genes, SAG13 (AGI: at2g29350), is associated with other en-

zymes in the senescence response (32; 33; 34). The other TRL genes have been

found associated with other functions, most of them respond to hormone signals,

as shown in Table 1.1. Differential expression patterns have been previously ob-

served in response to stress (35).
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0.6 Comparison of TRL expression data from avail-

able web resources

Publicly available databases for expression data from A. thaliana (36; 37) can

give insight into the TRL gene function. A comparison between microarray and

MPSS data at different developmental stages are shown in Figure 3. It appears

that genes that are found in the ’ancient’ clade from A. thaliana (clade A, Figure

1.8), At5g06060 and At2g29260, are over-expressed throughout development, al-

though at different magnitudes in different tissues. At5g06060 especially, appears

to be expressed in all organs and at all developmental stages. Specialization of

function appears to occur after the first duplication, which is confirmed by the dif-

ferential expression observed in the other TRLs, including those on chromosome

1. The gene At1g07440 showed slight differential expression in microarray data,

but when expression is analyzed with MPSS, the gene is barely detected in inflo-

rescence and due to salicylic acid induction (INF and S04 in Figure 3). This might

indicate that this gene has lost its function. A more extensive analysis of possible

factors inducing or repressing TRL expression can be found in Chapter 2.

0.7 Glutathione-S-transferases in plants

Glutathione-S-transferases are considered as one of the large and variable sec-

ondary defense enzymes. Despite their variability, they all have in common that

they recognize and transport reactive electrophilic compounds, which are toxic

to the cell (38). Typically, GSTs share only between 25-35% sequence similarity,

although within a subfamily the similarity is usually more than 40% (39). One

of the main functions is to catalyze the conjugation of a glutathione molecule to

a variety of chemical compounds. Glutathione is highly polar and renders these

compounds more soluble for excretion from the cell through the apoplast or vac-

uole through glutathione pumps. GSTs can detoxify breakdown products of lipid

peroxidation or oxidative DNA degradation, and they can also function as peroxi-
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AT2G29150 AT2G29290 AT2G29260 AT2G29300AT2G29310 AT2G29320 AT2G29330AT2G29350 AT2G29370 AT2G30670 AT5G06060 AT1G07440 AT1G07450 
callus 7,2 6 7,9 5,7 7,2 6,4 7,1 4,8 8,2 7,9 10,5 7,5 7,5cell 
suspension 6,7 9 9 7,8 8,6 6,8 7,5 4,7 8,3 8 10,7 8,6 7,7
infloresc 7 8,3 7,6 9,4 9,8 10,1 6,8 10 9,3 7,6 11,4 11 9,3
flower 6,9 9 7,6 9,7 10 6,8 6,9 10,5 8,9 7,3 11,3 11,3 10
pedicel 6,7 7,3 7,5 10,5 11,9 6 7,3 8,3 8,9 7,5 11,9 12,5 11,7
juvenile leaf 7 10,8 7,7 9,3 10,3 7,7 6,6 10,4 9,4 7,7 11,7 10,9 8,1
adult leaf 7,3 11,2 7,4 10,1 10,8 8 6,5 10,8 9,2 7,7 11,3 11,8 7,8
cauline leaf 6,4 10,3 6,6 11,1 9,3 6,8 6,2 11,8 8,9 7,2 12 12,9 7,3
rosette 7,3 11,7 7,5 10,3 11,1 8,6 6,6 10,2 9,2 7,7 11,6 11,8 8,3
seedling 6,8 11,3 7,7 9,3 10,6 8,1 9 7,9 9,1 7,9 11,2 10,7 8
roots 6,5 6 7,5 7,9 7,3 6,6 11 7,3 7,8 10,1 10,1 7,9 6,9
lateral root 7,5 6,5 8,1 8,2 8,8 7,2 7,9 6,2 9 8,9 10,2 9,8 8,2
root tip 6,7 6,4 9,2 6,3 7 6,5 8,7 5,4 8 7,6 11,4 8,6 7,6
seed 6,9 6,5 7,6 6,8 8,7 12,1 7,1 5,4 9,1 7,6 11,4 9,4 7,4
silique 6,8 7,6 6,7 9,8 9,7 6,6 7,1 11,5 11,1 7,6 11,7 11,4 9,7
cotyledon 7,1 12,3 7,6 10,3 11,5 8,9 7,2 8,2 9,4 8 11,8 11,6 8,2
radicle 6,7 6,6 7,6 7 7,5 6,2 10,9 5 8,2 8,2 10,3 7,7 7
stem 8 6,9 7,6 10,1 10,2 6,8 6,8 9,8 9,2 7,9 11,1 11,5 9
petiole 7,7 10,6 7,9 10,5 12,1 8,3 7 8,2 9,3 7,9 11,5 11,3 8,1senescent 
leaf 6,2 7,4 7,3 11,4 8,2 7,3 6,5 12,9 9,2 7,1 10,7 11,8 6,2
SA 0,43 0,4 0,716 0,914 0,573 0,458 0,697 1,568 0,911 3,024 1,095 0,758 0,577

A

B callus
callus 2nd
inflorescence
inflorescence 2nd
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Figure 3: Expression of TRL genes along different plant development stages ac-
cording to A) microarrays and B) MPSS. Values for experiments represented in
both databases were kept, which are also those for which expression patterns dif-
ferentiate between the tissues. Lines unite same genes measured with the two
methods. A) adapted from Genevestigator Meta-analyzer tool, values are log2 ex-
pression. Colored squares represent expression intensities going from 0 % (white
square) to 100 % (dark blue square). B) MPSS signatures 17bp and 20bp, signa-
tures were pooled or averaged. Specific signatures are found only for 13 out of 16
A. thaliana TRL genes, which are shown.
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dases and scavenge radicals. GST conjugations also participate in the synthesis of

secondary metabolites, and are induced by reactive oxygen species (ROS), ozone,

wounding, ethylene, heavy metals, and pathogen attack. Tau GSTs are our subject

of study in Chapter 3.

The best studied GST subfamilies from plants are the phi and tau GSTs, which

seem to be involved in responses to different environmental stresses including

drought, cold, heat, chemical compounds such as H2O2, SA, DTT, CuSO4, and

also in herbicide metabolism (40).

0.8 Detecting selection using the Phylogenetic Anal-

ysis of Maximum Likelihood (PAML) Method

In Chapters one and three, I searched for positive selection using phylogenetic

analysis of maximum likelihood (PAML). PAML estimates different parameters of

sequences in a phylogeny, and performs a simulation using a maximum-likelihood

algorithm, to obtain the ’most’ probable evolutionary path. Parameters estimated

by PAML are: κ (the transition over transversion ratio), ω (dN/dS ratio) and lnL

(the natural logarithm of the likelihood), the last parameter is necessary to evalu-

ate the simulation. This program allows different hypotheses of evolutionary rates

to be tested (different values of ω) and positive selection to be identified. In order

to detect different rates of evolution among orthologs, we first performed a pair-

wise comparison of dN/dS among orthologs from each of the orthologous clades

(runmode=-2) and compared these rates. We performed the so-called site tests ex-

plained in Table 0. For exploratory reasons we performed M0, M1, M2, M3 and M7

vs M8. These tests calculate a prior expectation of rates of change estimated for dif-

ferent number of sites. Table 0 displays the parameters estimated and the number

of sites each model allows. We performed M8 vs M8a (41) and we fixed ω < 1 as a

further comparison. We used the branch-site models MA vs. MB to detect selection

in particular parts of the tree (42). These tests allow us to contrast different rates

of evolution in different parts of the phylogeny of TRL genes. We were interested
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in those branches at the base of duplication events, splitting ’novel set of genes’,

since positive selection might be detected in this part of the tree. MA and MB

have been used previously to detect differential evolution of gene families (43);

MA estimated two ratios, one for labeled branches (foreground), and another for

the unlabeled branches (background) whereas MB estimated three ratios, one for

foreground and two for background branches (see Table 1.7). In Chapter 1 we

tested selection using clades B and C separately, and constructed a ’short’ tree with

one sequence representing each clade (see Figure 1.8). The ’short’ tree we call a

paralog tree, although it contains ancient duplicates that have diverged in different

species. Log-likelihoods obtained for each model tested can be compared using a

likelihood ratio test (LRT, in (44)). We tested for positive selection in the internal

branches of the tree, after the initial separation from the proteins in the ’ancestral’

clade (A), using the branch-site models. For Chapter 3 we used the complete tree

to test for positive selection, as the number of sequences was not as large.

Table 0: Site and branch-site models of variable ω ratios among sites from PAML
used in this thesis.

Model code p Parameters Notes
M0 (one ratio) 1 ω One ω ratio for all sites
M1 (neutral) 1 p0 p1 = 1− p0, ω0 = 0, ω1 = 1
M2 (selection) 3 p0, p1, ω2 p2 = 1− p0 − p1, ω0 = 0, ω1 = 1
M3 (discrete) 2K-1 p0, p1,...,pK−2 pK−1 = 1− p0 − p1 − ...pK−2
M7 (beta) 2 p, q From B(p, q)
M8 (beta & ω) 4 p0, p, q, ω p0 from B p, q and 1− p0 with ω
MA 3 p0, p1, ω2 ω0, ω1 ≤ 1 are fixed
MB 5 p0, p1, ω0, ω1, ω2

Adapted from (45), p=proportion of sites.
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List of Abbreviations

TRL Tropinone-reductase-like

GST Glutathione-S-transferases

dN Number of non-synonymous substitutions, i.e. those causing an aminoacid replacement

dS Number of synonymous substitutions, i.e. silent mutations not causing aminoacid replacement

PAML Phylogenetic analysis of maximum likelihood

MA M stand for Model, A for the designation of the model

BLAST Best local alignment search tool

NJ Neighbor joining

ω equals to dN/dS, the nonsynonymous over synonymous substitution ratio

` likelihood

p probability

σ standard deviation

BAC Bacterial artificial chromosome

bp Base pair

PCC Pearson correlation coefficient

r Pearson correlation

CCOs Conserved clusters of orthologs

PCR Polymerase Chain Reaction

qPCR Quantitative polymerase chain reaction

qRT-PCR Quantitative RT real time polymerase chain reaction

RT Reverse transcriptase

SAG Senescence associated gene

LRR Leucine rich repeats
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1.1 Abstract Chapter 1

The role of selection in the maintenance of multiple tandemly duplicated gene families is

not yet clear. To gain insight into this question, we studied the tropinone-reductase-like

(TRL) gene family (short-chain dehydrogenases) duplicated in tandem on chromosome

2 from Arabidopsis thaliana. We sequenced homologous TRL genes from BAC and cos-

mid libraries from Arabidopsis lyrata, Arabidopsis cebennensis, Capsella rubella, Boechera

divaricarpa and from Cleome spinosa (Cleomaceae). The data were complemented with

previously published gene data from Brassica rapa. We found TRLs to be located in a

gene-duplicate-rich region where most of the genes are associated with response to stress.

TRLs have undergone gene birth and death within the Brassicaceae, increasing from 4 TRL

gene copies in B. rapa to 16 copies in C. rubella. Most of the duplications occurred once

in the Brassicaceae ancestor (around 10 ±5 MY ago). TRL genes have been transposed

and inverted. Tests for selection using phylogenetic analysis of maximum likelihood found

evidence for positive selection early in the TRL history. This indicates neo-functionalization

occurred at the origin of the major duplications. After the initial duplication, most dupli-

cate loci have been retained under selective constraint. Mapping positively selected sites

onto an available three-dimensional TRL structure from A. thaliana using maximum likeli-

hood and a Markov Chain Monte Carlo approach shows the few changes that have occurred

in TRLs map close to substrate binding sites. One group (out of 9) of TRL orthologs shows

evidence for recent positive selection. We found that the closely related species Cleome

spinosa contains 11 TRL copies that have evolved independently from the Brassicaceae

TRLs. This shows that genes in secondary metabolism can undergo parallel duplication

with independent subsequent diversification. Tropinone reductase enzymes might have

been recruited for different functions, among them tropane alkaloid synthesis, as has been

shown for some Brassicaceous plants.

1.2 Introduction Chapter 1

Gene duplications are known to be a major source of evolutionary novelties and

phenotypic variation (46). Duplicated genes can originate from whole genome-,
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segmental- or tandem duplications. Theoretical considerations suggest it is highly

unlikely that duplicated genes remain completely redundant in their functions over

extended evolutionary periods. More probably they will assume different evolu-

tionary trajectories, characterized as non-functionalization (loss of function), neo-

functionalization (acquisition of a new function) or sub-functionalization (splitting

of function among paralogs) (15). The last two processes allow gene duplicates to

be preserved, as they provide functional gene copies upon which selection can

act. Gene duplications can also be considered as ’reserves’ facilitating the adap-

tation of organisms to a changing environment (11). At the same time, duplica-

tions may also show deleterious effects on genome structure since they can induce

chromosome rearrangements by nonhomologous recombination and other mech-

anisms (47). Since the duplication of genes is an ongoing process in all species

whose genomes have been studied so far, it is important to understand how dupli-

cated genes evolve and why clusters of gene duplicates exist.

Plant genomes contain a high proportion of duplicated genes. Polyploidization

is frequent among plant species and an important component of plant genome evo-

lution (48). For example, in A. thaliana one recent large-scale duplication occurred

24-40 MY ago, and a second one in the more distant past (49). Additional large-

scale duplications may have occurred independently in different lineages of the

order Brassicales (50). After large-scale duplications, numerous genes are deleted

rapidly (51), suggesting that gene numbers do not increase by large jumps. Fur-

thermore, the proportion of genes that is retained differs significantly among func-

tional classes (52), indicating differential selective pressures and gene-dosage ef-

fects. Plants also have a higher proportion of tandemly duplicated genes than do

model species from other kingdoms (1; 53), suggesting gene duplication by non-

homologous recombination is an important mechanism for generating phenotypic

diversity, for example in response to pathogens or herbivores. Differences in ex-

pression of gene duplicates has been detected shortly after duplication, particularly

for genes duplicated in tandem (54).

Although the patterns of gene duplication are well described, relatively little is

known about the interplay of large-scale and tandem duplications, and the evo-
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lutionary dynamics of this process. Comparisons between the complete genome

sequences of poplar and A. thaliana identified variation in gene copy number of

numerous gene families between the two evolutionary lineages during the last 80

MY that likely represent adaptations to the different life histories and ecologies of

the two species (55). The comparative sequencing of selected tandemly repeated

gene families among accessions of A. thaliana (56), and in closely related species

(57; 58; 19) demonstrated a rapid evolution of gene tandems with respect to se-

quence divergence and copy number that appears to be partially driven by positive

Darwinian selection.

To further understand the molecular and genome evolution of tandemly re-

peated genes, we decided to characterize one of the largest gene tandems in the

A. thaliana genome, the tropinone- reductase-like (TRL) gene family, which con-

sists of sixteen complete genes and three pseudogenes (1). Twelve paralogs are

located in tandem on chromosome 2 together with three pseudogenes, another

single paralog is located further downstream on the same chromosome. Two mem-

bers are duplicated in tandem on chromosome 1, and a single TRL gene is located

on chromosome 5. The enzymes encoded by TRL genes are highly conserved at

the amino acid level (64 - 99.9% identity among paralogs) and they are oxidore-

ductases of the short-chain dehydrogenase protein superfamily to which alcohol

dehydrogenase (Adh) also belongs. The TRLs from A. thaliana are closely related

to tropinone reductases from the Solanaceae plant family, which catalyze a reduc-

tion step in the synthesis of tropane alkaloids (27). Since A. thaliana and other

Brassicaceae apparently do not produce tropane-like alkaloids (31) (but see (28)),

the presence of TRLs suggests other functions in this group of plants. For exam-

ple, Lohman (32) showed that one TRL gene, SAG13 (AGI identifier At2g29350),

is expressed during leaf senescence and this gene has often been used as a cel-

lular marker for this stage (33). Studies of expressed sequence tags (ESTs, 59),

massively parallel signature sequencing (MPSS, 36) and microarray data (35; 37)

showed that some TRLs are induced by biotic (pathogen infection) and abiotic

(cold, salt stress) stresses, and also plant hormones such as jasmonate and salycilic

acid (21). A list of putative functions obtained from the literature and databases
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can be found in Table 1.1.

Table 1.1: Putative function of tropinone-reductase-like enzymes (TRLs)
TRL (AGI) Elicitor Experimental condition Citation
At2g29350* senescence early response (33; 32)
At2g29350 salicylic acid/pathogen upregulated by infection (60)
At2g29350 salicylic acid/methyl jasmonate downregulated (21)
At2g29350 salicylic acid upregulated after 4h (36)
At2g29340 cold downregulated after 24h (61)
At2g29330 salicylic acid slight upregulation (21)
At2g29330 brassinosteroid response upregulation, late stage (62)
At2g30670 brassinosteroid response upregulation, late stage (62)
At2g29320 salicylic Acid upregulation 4h,52h (36)
At2g29340 salicylic Acid upregulation 4h,52h (36)
At5g06060 ethylene upregulation (21)

*SAG13,Senescence Associated Gene

In this Chapter, we present a comparative genomic and molecular evolution-

ary analysis of the large TRL gene cluster on chromosome 2 in the A. thaliana
genome with 12 (of a total of 16 genes in the genome) and three pseudogenes.

The homologous region was obtained from other closely related plant species and

completely sequenced. We conducted a phylogenetic analysis of TRLs across seven

species to gain insight into the duplication dynamics and to test hypotheses on the

role of natural selection in TRL evolution. We expected to detect positive selec-

tion at some point of the duplication history indicative of functional diversification

between paralogs, since TRLs likely acquired new functions other than alkaloid

synthesis despite the high overall level of sequence conservation.

The phylogeny and genomic position of TRLs in seven closely related species

indicates that non-homologous recombination is responsible for the TRL gene du-

plication. From the phylogeny, we also learned that they are evolving according

to gene birth and death. This mode of evolution was also supported by the pres-

ence of non-functional TRLs (pseudogenes) in all the analyzed species. From this

observation, we predicted different rates of change for protein sequences along

the phylogeny, which we tested using PAML. Different rates of evolution do not

appear evident comparing whithin orthologous groups, as they show that TRLs

are recently subject to purifying selection. We detected positive selection when
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comparing ancestral branches to those branches after the duplications occurred,

possibly diversifying the function of the TRL enzymes. We propose that TRLs were

kept in numerous copies in the Brassicaceae genome, as they proved to have signif-

icant functions, which is evidenced by negative selection in the present orthologous

groups. Markov Chain Monte Carlo Analysis of significant aminoacid changes de-

tect few changes that could alter the functionality of new TRLs from the ancestral

ones. Six sites (Type I in the DIVERGE analysis) were detected that allowed the

split into two large groups of TRLs. These changes were mapped onto the three-

dimensional structure of an available TRL, and were found to be close to substrate

binding sites, which supports the hypothesis that these enzymes diversified in func-

tion due to few changes in the proteins.

1.3 Materials and Methods Chapter 1

1.3.1 Sequencing the TRL gene cluster

BAC libraries from five species closely related to A. thaliana were screened for TRL

genes. They include Arabidopsis lyrata, Arabidopsis cebennensis, Boechera divari-
carpa, Capsella rubella, and a more distantly related species, Cleome spinosa (Cap-

parales). A phylogeny of the species is shown in Figure 1.1 and information on the

BAC libraries is available in Table 1.2. To ensure that only BAC clones containing

the homeologous regions containing the TRLs on chromosome 2 were identified,

the BAC libraries were hybridized with conserved genes flanking the TRL cluster.

They include six flanking genes and five central genes (see Fig. 1.2): At2g29120

(ion-channel protein), At2g29130 (putative laccase), At2g29140, At2g29190 and

At2g29200 (pumilio RNA-binding protein), At2g29170 (tropinone-reductase-like),

At2g29220 (kinase), At2g29370 (tropinone-reductase-like), At2g29380 (protein

phosphatase type 2C), At2g29390 and At2g29400 (glutathione-S-transferases).

Probes for these genes were obtained by designing primers with the PRIMER3 pro-

gram (63) based on the sequence of the Col-0 accession of A. thaliana. Products

from standard PCR reactions were run on an agarose gel to confirm the presence
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of a single band. 100 ng of the PCR products were labeled using the ECL Direct

Nucleic Acid labeling and detection system (Amersham Biosciences) and used as

probes to hybridize nylon filters with the BAC clone DNA. At least ten positive

BAC clones from every species were further characterized. BAC-DNA was isolated

from 200 ml bacterial culture with the NucleoBond BAC100 Kit (Macherey-Nagel,

Dueren, Germany). Dot blots of BAC-DNA were made and separately hybridized

with the flanking genes to identify those clones that contain the complete TRL clus-

ter, indicated by successful hybridization with flanking genes from both sides. The

BACs were subjected to a restriction digest with EcoRI and XhoI enzymes and sep-

arated on an agarose gel to identify distinct BAC clones. A single clone from each

species was chosen for complete sequencing.

Table 1.2: Origin of BAC libraries
Species BAC Library created by
Arabidopsis lyrata spp.lyrata Dr. June Nasrallah, Cornell U
Arabidopsis cebennensis Keygene, Netherlands
Boechera divaricarpa LION Biosciences, Heidelberg, Germany
Capsella rubella Keygene, Netherlands
Cleome spinosa Keygene, Netherlands

The Brassica rapa TRL genes have been published before (64), and their se-

quence was kindly supplied by Dr. K. Murase (Nara Institute of Science and Tech-

nology, Japan) published. Shotgun sequencing of the BAC clones containing the

TRL gene cluster was partly outsourced to a commercial company (Windsor Pond

Associates, Chicago, Illinois, USA) and was partially done in-house. We used en-

zyme restriction (Sau3A and Tsp590, New England Biolabs) to construct 2-9 Kb

fragment subclone libraries. Ligations were performed using BamHI or EcoRI re-

stricted and dephosporylated pUC19. Subclones were sequenced using the M13

primers, in an ABI3700 capillary sequencer.
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1.3.2 Sequence assembly and annotation

Sequences were edited and assembled into contigs using the programs PHRED and

PHRAP (65). Finishing was carried out with CONSED (66) and the AUTOFINISH

and AUTOPCRAMPLIFY programs (67). Gaps were closed by primer walking and

the correct assembly of repetitive regions was checked by comparing the observed

and expected lengths of PCR products spanning these regions. Annotation was

carried out using a software pipeline (written by Steffi Gebauer-Jung), which com-

bines BLAST searches (68) and GENEWISE (69) with ab-initio programs such as

GENEMARK (70) and GENSCAN (71). The pipeline creates a XML file for editing

with the APOLLO annotation editor (72). A pseudogene was identified as a gene

that either lost one or more exons or displayed a clear frameshift. The identity

of all ORFs identified by the pipeline and considered to be true genes was deter-

mined by BLAST comparisons with A. thaliana genes. Transposable elements were

detected by BLAST searches against the Plant Transposable Element Database (AT-

TED; http://www.biology.mcgill.ca/faculty/bureau). In addition, repetitive

elements were detected with REPEATMASKER (www.repeatmasker.org).

1.3.3 Phylogenetic analysis

Alignment of TRL genes was done initially with CLUSTALW and checked for mis-

alignments by eye. Phylogenetic trees were constructed from both coding DNA

and amino acid sequences using SEQBOOT to produce 100 bootstrapped sets and

DNAML and PROML programs from the PHYLIP package, using default options for

all 100 trees (73). We also used the program NEIGHBOR to construct a neighbor-

joining (NJ) tree of amino acid sequences. Among all genes, we defined groups

of orthologous genes as those that grouped together in a clade whose supporting

branches have a bootstrap value higher than 50%. In parallel, a Markov Chain

Monte Carlo simulation was done using MrBayes (74) for phylogenetic reconstruc-

tion of the amino acid sequences. The parameters used were Ngen (number of

generations)= 10,000; Datatype=protein; Aamodel= mixed (sets fixed rates for

variable amino acids); number of states= 20 (sets the frequencies of the amino

http://www.biology.mcgill.ca/faculty/bureau
www.repeatmasker.org
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acid states from the mixed models) and covarion= no. After 10,000 generations,

75,000 trees were obtained and a consensus was built from these. This tree was

compared with the neighbor-joining tree, which confirmed the robustness of this

tree. As the Bayesian tree had better confidence at nodes and branches, we used

this tree for further analyses for positive selection (described below).

1.3.4 Tests of positive selection

Tests of positive selection in protein coding genes were conducted on codon-based

nucleotide alignments with the PAML package (75). These tests are based on a

comparison of the ratio of nonsynonymous to synonymous divergence by calculat-

ing the ratio ω = dN/dS. A value of ω = 1 is expected for a protein evolving

under no selective constraint; ω < 1 indicates purifying selection and ω > 1 pos-

itive selection. This test for positive selection is conservative when applied to the

whole coding sequence. However, because most amino acid sites are expected to

be under some level of selective constraint, numerous modifications have been de-

veloped to allow tests of positive selection on particular codons or evolutionary

lineages. PAML implements a maximum likelihood (ML) method that jointly es-

timates model parameters (ω values of different codon classes and/or lineages;

the transition/transversion ratio κ) and the model likelihood. The likelihoods are

used to compare different evolutionary models with and without positive selec-

tion (i.e., a separate class of codons with ω > 1) in a likelihood ratio test (LRT).

A test statistic is calculated as twice the difference of the individual likelihoods:

2∆ = 2× (l1 − l2). This statistic is approximately χ2-distributed and correspond-

ing tables are used to look up the significance threshold; the degrees of freedom of

the test are calculated as the differences among the model parameters.

To detect different rates of evolution within and among orthologous clades, we

first performed a pairwise comparison (runmode= -2 in PAML). We obtained ω for

pairs of genes within each orthologous clade, calculated averages and standard de-

viations for all pairwise comparisons, and performed a Z-test to test for statistical

significant differences from the mean. To test for positive selection on individual
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codons, we compared the site models M7 vs. M8 (44). Both models assume that

ω ratios are distributed among sites according to a beta distribution with f (x; p, q)
where the distribution can take any shape depending on p and q. M8 is an exten-

sion of M7 with an independent class of sites; its ω value is estimated from the

data. Positive selection is detected when this ω value is > 1 and the LRT is sig-

nificant. We also compared M8 vs M8a (as in (41)) and performed two additional

tests for the large clades, as M8 was significant for most of these. The difference be-

tween the two distributions is that M8a estimates the beta distribution centered on

ω = 1. This is achieved by fixing ωs = 1 .We fixed ω > 1 as a further comparison,

also known as M8b, and performed another test centering the beta distribution at

ω < 1, which we call M8c, for comparison.

We used the branch-site models MA vs. MB to detect positive selection on codons

in preselected branches of the phylogeny (the ’foreground’ branch; 42) in which

positive selection was allowed to occur. Model A (MA) estimates two ratios, one

for labeled branches (foreground), and another for the unlabeled branches (back-

ground), where the background sites are evolving neutrally. Model B (MB) esti-

mated three ratios, one for foreground and two for background branches (see Ta-

ble 1.7). In both models, positive selection is allowed in foreground branches only.

Since ML analysis is computationally expensive for large numbers of sequences,

tests of selection were carried out separately for the three major clusters (A, B and

C from the tree in Figure 1.3) and for a reduced set with one sequence for each par-

alogous clade, also called the ’short’ tree (Figure 1.8). A schematic representation

of the ’short tree’ showing the branches after which positive selection is allowed,

is shown in Figure 1.7. PAML also performs a Bayesian test for detecting positively

selected sites. This test estimates a prior probability of ω from site frequencies

from the data, and calculates a posterior probability, estimating the probability of

sites, including those with ω > 1. This test is used to identify sites that are posi-

tively selected specially in M7 and M8, when the LRT is not significant, although

it is conservative (76). One of the assumptions of the PAML program is that no

recombination has occurred between the analyzed loci. To test for recombination

or gene conversion between paralogs, we used the GENECONV program (77).
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1.3.5 Mapping selected sites to a TRL protein structure to de-

tect functional important changes

The crystal structure of one TRL from A. thaliana (At1g07740) was recently deter-

mined in a structural genomics project (http://www.uniprot.org; PDB code Q9ASC2,

(78)). The location of positively selected amino acid residues was visualized with

PYMOL (79). Functional properties of positively selected sites were investigated

with the program DIVERGE (80), which implements a Markov Chain Monte Carlo

method (MCMC) to estimate probabilities of amino acid variation and changes

among paralogs to infer evolutionary and functionally important sites from amino

acid sequences (81). The MCMC method constructs a transition probability matrix

for given time periods, and this is estimated for each site. The program DIVERGE

uses a maximum likelihood approximation. It uses information from the protein

phylogeny and divides the phylogeny into subclusters, analyzing the probability

that each of these sites will change according to prior probabilities and observed

changes. It further uses information from the protein structure to assign functional

importance to changes in the properties of amino acids at one site. Changes are

mapped according to posterior probabilities detecting those sites that are signifi-

cantly different and produce functional changes among groups of paralogs (in this

case, clades B and C). This functionally important variation is named Type I diver-

gence. The method can also detect those sites that do not cause functional changes,

as they are conserved among paralogs but are divergent among species. These are

called Type II divergent sites, and can result in changes in charge and hydrophobic-

ity. We used this method, since we were interested in mapping those sites that are

split among the different duplicated gene clusters, which might be of functional

importance. If these sites also showed evidence for positive selection, this might

explain the divergence of the orthologous groups that allowed numerous copies of

TRLs to be preserved in the genomes of Brassicaceae.
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1.4 Results Chapter 1

1.4.1 Comparative genomics of the TRL region

The TRL regions of seven species were compared for this study. We had to sequence

three BAC clones from B. divaricarpa to cover the whole genomic TRL region (Fig-

ure 1.2). The BAC clone from A. cebennensis does not cover the complete TRL

region, and we were not able to identify another clone that would cover the miss-

ing part. The sequence from B. rapa was the shortest, 10 kb, and contains only the

TRL genes and one neighboring gene on each side. The insert size of the sequenced

BAC clones ranged from 63 kb in one of the three clones from Boechera divaricarpa,

to 198 kb for the Arabidopsis lyrata clone.

At least four TRL genes were found in all species included (Figures 1.1 and 1.2).

The Brassica rapa sequence had the lowest number of TRLs and three complete

and one truncated TRL ORFs. Capsella rubella has the largest number of paralogs

with 15 complete ORFs and one pseudogene. The most distantly related species,

Cleome spinosa, contains eight complete TRL copies plus three pseudogenes. The

TRL genes are surrounded by other genes likely involved in the stress response,

such as glutathione-S-transferases (82) and small heat shock proteins (of Type

II). As in the TRL genes, there is copy number variation within the neighboring

gene families; copy number variation seems to be a general feature of plant gene

families and is not unique for TRLs. However, since we do not have the complete

sequence information on these clusters from the other species, we did not analyze

them further.
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Transposable elements (TEs) identified by BLAST searches against the Plant

Transposable Element Database and by REPEATMASKER were counted separately

for each BAC clone (Supplementary Table 1.3). The highest proportion (expressed

as percent BAC sequence consisting of TEs) occurs in A. lyrata (18.9%), followed by

A. cebennensis (16.8%) and B. divaricarpa (15%). At the lower end are A. thaliana
(4.5%) and C. rubella (0.45%). Cleome spinosa is intermediate with 9.8% . There

is no significant correlation of TE density (Pearson r = −0.25) and TE number

(Pearson r = −0.22) with genome size (data from 83). It should be noted that

such a correlation is not necessarily expected, because the BAC clones cover dif-

ferent sections of the TRL regions in the species. Nevertheless, the differences

observed between A. lyrata and A. thaliana correspond to the results of a compar-

ison of randomly sequence genomic regions from both species, suggesting there is

a relationship with the genome size (Oyama et al., submitted).

1.4.2 Phylogenetic history of TRL genes

After constructing phylogenetic trees, we identified several major clades (Figure

1.3). They consist of an ancient clade with homologs from several dicot and mono-

cot species, including the tropinone reductase enzymes from the Solanaceae family

(clade A), and two ’modern’ clades that contain only homologs from the Brassi-

cales (clades B and C). Clade A contains at least one gene of each of the studied

species, except for Brassica rapa and A. cebennensis, from which we might not have

obtained all TRL paralogs (see below). One poplar and two rice genes obtained

from Genbank, and an additional TRL gene from A. thaliana located on another

chromosome (At5g06060, Figure 1.3) also group within this clade. Because of the

similarity with rice and poplar TRL genes, clade A is most probably ancestral to all

other Brassicaceae and Cleome spinosa TRLs. Duplicate genes for this last species

are all paralogous, i.e. they group together and form independent clades. One

cluster of C. spinosa paralogs is nested within clade B (Cleo-par1; Figure 1.3); two

additional clusters of C. spinosa paralogs are basal to clade C (Cleo-par2 and Cleo-

par3). No representative of this species is found in the ’ancient’ clade A and no C.
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spinosa paralog is found mixed together with Brassicaceae in the ’modern’ clades,

B and C.

Brassica rapa represents the most basal lineage in our sample of Brassicaceae

species (Figure 1.1). The sequence contig available for this species contains only

three TRLs and one TRL pseudogene. The three functional paralogs are basal to

orthologous groups in clade C, although with a bootstrap support <50%. The

pseudogene falls within clade B (Figure 1.4) and may consist of a non-functional

descendant of the common ancestor of ortholog group 3 in Figure 1.1.

The presence of four TRL genes in B. rapa could indicate that there was an

expansion of TRL genes after the split from the common ancestor with the rest

of the studied Brassicaceae, or that substantial gene loss has occurred in this lin-

eage. This latter hypothesis is difficult to test with the available data, because

the available B. rapa genomic region is only around one-tenth the size of the ge-

nomic regions sequenced for the other species. Since the B. rapa BAC was ob-

tained from another group as a partial sequence, some of the TRLs in the gene

cluster might be missing. One way to test if B. rapa contains only four TRLs

is to perform a reciprocal BLAST search of the TRL coding sequences from the

Arabidopsis spp. from our study, in EST sequence databases from Brassica spp.
species. We first compared the complete A. thaliana contig to the Brassica oler-
aceaea database at the Plant Genetics and Genomics Centre, DPI, Victoria, Australia

( http://hornbill.cspp.latrobe.edu.au/brassica.html) using the BLAST program. We

found only four EST clones containing TRLs. When compared to Brassica napus
databases (John Innes Center, Norwich, UK), we found six complete TRL ESTs, and

four partial TRLs, or pseudogenes (data not shown). Considering that this species

is a tetraploid, we might expect the base number of TRLs to be three to five, con-

sidering that one might have become a pseudogene. Therefore our Brassica rapa
clone might contain all or at least most of the TRLs present in this plant.

More recent clades within the Brassicaceae (Figure 1.1) include the Boechera di-
varicarpa and Capsella rubella TRLs. They consist of eleven complete TRL paralogs

and two pseudogenes in the former species, and fifteen complete TRLs and one

pseudogene in the latter. The most recent clade comprises the three Arabidopsis
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Figure 1.4: Phylogenetic tree of all TRL-genes including pseudogenes that were
easy to align. The tree is one neighbor-joining tree constructed using amino acid
sequences after 1000 bootstrap runs. Pseudogenes are shadowed in blue and la-
belled with ψ after the gene’s name. Note that branches leading to pseudogenes
are much longer, indicating less constrained evolution.
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species. The incompletely sequenced A. cebennensis TRL region harbors six com-

plete TRLs and six pseudogenes. A. lyrata contains 13 complete TRLs plus one

pseudogene, and A. thaliana contains 12 copies of TRLs and three pseudogenes.

There are three TRLs from A. thaliana that are found on other chromosomes.

Two copies are duplicated in tandem on chromosome 1 and one copy is found on

chromosome 5. Both genes on chromosome one (At1g07440 and At1g07450) are

at the base of clade C and appear to be duplications that occured independently

from the rest of the chromosome 2 TRLs. The duplications on chromosome 1 ap-

pear to have occurred relatively recently from the A. thaliana paralogons website

(http://wolfe.gen.tcd.ie/athal/dup). They are duplicates of the ancestral TRL on

chromosome 2 (at2g29260) localized in clade A, which itself is an ancient dupli-

cate from the gene on chromosome 5, at5g06060. The age of the duplications is

confirmed by the silent divergence (dS) values, dS = 1.59, 1.62, between the chro-

mosome 1 and all chromosome 2 genes, but the average dS value is dS = 15.34
among chromosome 5 and all the other TRLs. The paralogons in this website also

indicate that all TRLs on chromosome 2 are derived from at2g29260, as they all

’collapse’ into (i.e. are more similar to) this gene.

1.4.3 Dynamics of in tandem TRL genes

The phylogenetic trees of TRLs with complete ORFs (Figure 1.3) together with

pseudogenes (Figure 1.4) were used to arrange Brassicaceae TRLs according to or-

thology (Figures 1.2 and 1.5). Since TRLs from Cleome spinosa have undergone

independent evolution and are not orthologous, they could not be aligned accord-

ingly, and only gene order is depicted (Figure 1.2). This representation allows us to

infer evolutionary dynamics and helps to distinguish inversions and gene losses at

particular loci, schematized in Figure 1.5. Also, in some cases, it allowed us to es-

timate the time of gene loss and pseudogenization with respect to other orthologs

(Supplementary Table 1.8). After separation from the Cleome- Brassicaceae an-

cestor, ten gains by duplication occurred in the genome segement of C. spinosa.

In Brassicaceae, we recognized 14 gains by duplication, consisting of seven recent
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duplications, which are found in single species, and seven ’gains’ of genes or loci,

which are more ancient duplication events as they are shared between two or more

species. Genes were lost from a particular position four times (see Table 1.8) and

at least three times genes lost their function and became pseudogenes as a result

of exon loss or frameshifts.

This type of duplication-retention-loss dynamic is known as the gene birth and

death process (14). In the TRL region, genes are more often retained than lost

(Supplementary Table 1.8) suggesting the functional importance of this gene fam-

ily. Another variable feature of TRLs is their intron exon structure (see Table 1.4).

Most of the TRLs have five exons (and four introns) but 10 out of 71 TRLs (14%)

display a different structure, containing at least four exons and at most six.

A schematic alignment of TRL genes is shown in Figure 1.6. This alignment of

paralogous genes (where each orthologous clade is represented by a single para-

log) displays conserved and variable sites. The binding site and proton acceptor

site are conserved, but neighboring sites are variable (Figure 1.6) (27).

1.4.4 Maximum likelihood analysis of positive selection

The phylogenetic tree did not look as if conversion had occurred, as each of the or-

thologous clades contained the species tree. Exceptions are the paralogs of Cleome
spinosa, indicated in the tree as par1-3, and some duplicates within Capsella rubella
and A. thaliana. We tested for gene conversion using GENECONV on these species,

but it was not significant (results not shown; for a discussion see Appendix 1).

Also, when reconstructing a phylogeny with the splitstree method (see Appendix 1

for an explanation), we find that branches are well defined and no recombination

appears to be happening.
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Table 1.5: Pairwise estimates of ω. Z-values test if ω is significantly different from
neutrality (ω = 1).
Within group n κ dN dS ω σ (ω) Z-value
Orthologous group 1 4 1.7263 5.3285 7.8097 0.9147 0.6546 0.1580
Orthologous group 2 3 1.5548 0.0188 0.0767 0.2491 0.03044 3.082**
Orthologous group 3 3 1.6648 0.0757 0.3008 0.2647 0.06155 2.5034**
Orthologous group 4 5 2.0977 0.0556 0.2219 0.2496 0.0535 4.315**
Orthologous group 5 5 1.6648 0.0575 0.2578 0.2286 0.04360 3.074**
Orthologous group 6 3 2.3760 0.0480 0.1677 0.2854 0.0550 2.088**
Orthologous group 7 3 1.4956 0.5029 1.2493 0.3356 0.1886 2.641**
Orthologous group 8 4 1.5893 0.1751 0.4434 0.3836 0.2112 2.809**
Orthologous group 9 5 2.7773 0.0536 0.1889 0.3000 0.0866 2.6108**
Average 0.3639 0.1623

The rapid and independent amplification of the TRL family in different lineages

suggests a selection-driven diversification of this gene family. To test this hypothe-

sis, we conducted tests of positive selection in the protein-coding regions of TRLs.

These tests are based on the ratio of non-synonymous (dN) to synonymous substi-

tutions (dS), where ω = dN/dS.

We first tested the hypothesis that selection pressures are not variable within

orthologous clusters, which we can expect to evolve under purifying selection. A

comparison of the site models M7 versus M8 (Table 1.6) reveals that all but one

of the orthologous groups are evolving under purifying selection. M8 has a sig-

nificantly higher likelihood in all of the cases, and according to its estimates some

sites evolve with ω > 1, but their frequency is low and not significant. The only

exception is orthologous group 1, which shows 3% of its sites evolving with ω > 1
and a positively selected site identified with BEB with a p-value of 0.982, which is

significant. This orthologous group contains the genes orthologous to At2g29150

from A. thaliana, AlTRL54, CrTRL5 and BdTRL9. The ancestor of this group of

orthologous genes originated before Arabidopsis spp. and Capsella-Boechera and

underwent an inversion (see Ortholgous group 1 in Figure 1.5). It then duplicated

generating Orthlogous group 0 in Figure 1.5 in the Capsella-Arabidopsis ancestor.

We found that within each orthologous group, all estimates of ω are signifi-



40 1.

cantly below 1 (Z-value, Table 1.5), except one estimate of ω that does not differ

significantly from neutrality (ω = 1). ω ≥ 1 values indicate that evolution occurs

more rapidly, ω = 1 if the genes evolve neutrally or ω > 1 if they evolve faster than

the other clades. Among orthologous groups, ω values range from 0.072± 0.043
to 0.3744± 0.21 indicating purifying selection and functional conservation within

orthologous groups.

In contrast to evolution within ortholog clusters, it might be expected that posi-

tive selection for functional divergence occurred between paralogs soon after gene

duplication. Thus, we tested for positive selection in the internal ’duplication’

branches of clades A, B and C and also on the ’short tree’ of ancient paralogs,

using branch-site models (Figures 1.7, 1.8). These tests have been used previously

to detect differential evolution in gene families (43).

For all of the tested groups, clade A, clade B, clade C and the ’short’ tree of

ancient paralogs, MB had a better likelihood than MA, but the likelihood was better

with M8ωfree in all cases (Table 1.7). In the ’short’ tree, we detected 8.5% of the

sites evolving with ω = 1.29 using M8.

Using branch-site models, MB was more likely, with background branches evolv-

ing under strong constraint, with ω ≈ 0, and a second type of sites evolving under

weaker constraints ω = 0.55. For the foreground branches, which allow positive

selection, 3.2% of the sites are evolving with ω = 2.71. Clade B displayed only

1.05% of positively selected sites with M8ω, where ω = 1.4. The MB test was still

significant compared to MA (p = 4.36E− 27 ∗ ∗2), but when compared to M8, this

last test had a better likelihood. Positively selected sites detected with this test were

different from the ones detected previously with the M0-M8 models. Clade C had

the best likelihood with positive selection using M8, which showed that 3.7% of

sites evolve with ω = 1.29 (bottom of Figure 1.8). MB showed that in foreground

branches, 4.87% of the sites are evolving with ω = 2.44.

Further tests for positive selection in the phylogeny using M8a and M8b as

in (41), and M8c did not outperform M8 (Table 1.7). M8 was more likely for

both clades B and C (Table 1.7), although for the ’short’ ancient paralog tree, M8B

(ω > 1) had a better likelihood, although not significant.
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Table 1.6: Parameter estimates and tests of selection using branch
site models for single ortholog clusters and clades. Test for selec-
tion is M7 vs. M8.

Model Parameter estimates ` 2∆l P
Ortholog cluster 1, n=4
M7 ω1..n = 0− 1 -3409.789 72.57 1.75E− 16 ∗ ∗1

p = 0.14853 q = 0.34143
M8 ω1..n = 0− 1.67 ωs = 1.67 -3373.505

p0 = 0.57 p = 12.237 q = 99.0
Ortholog cluster 2, n=3
M7 ω1..n = 0.1827− 0.3074 -1314.556 0 0.9999

p = 31.57 q = 99.0
M8 ω1..n = 0.1827− 1 ωs = 1 -1314.556

p0 = 1 p = 31.58 q = 99.0
Ortholog cluster 3, n=3
M7 ω1..n = 0− 0.9957 -1857.9565 3 0.2354

p = 0.1286 q = 0.3264
M8 ω1..n = 0.042− 3.41 ωs = 3.41 -1856.5101

p0 = 0.9696 p = 0.4087 q = 1.4447
Ortholog cluster 4, n=5
M7 ω1..n = 0− 0.98 -1963.7443 0 0.9999

p = 0.1378 q = 0.3934
M8 ω1..n = 0− 1 ωs = 1 -1963.7443

p0 = 1 p = 0.1378 q = 0.3934
Ortholog cluster 5, n=5
M7 ω1..n = 0− 0.9243 -1995.3465 0.003 0.9987

p = 0.2885 q = 0.7534
M8 ω1..n = 0− 1.0 ωs = 1 -1995.3465

p0 = 1 p = 0.2885 q = 0.7534
Ortholog cluster 6, n=3
M7 ω1..n = 0.0− 1.0 -1473.073 2 0.4055
p = 0.0427 q = 0.0918
M8 ω1..n = 0− 39.31 ωs = 39.31 -1472.1703

p0 = 0.9949 p = 0.1358 q = 0.3206
Ortholog cluster 7, n=3
M7 ω1..n = 0− 0.66 -2143.579 3 0.2107

p = 0.24 q = 1.41
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M8 ω1..n = 0− 7.54 ωs = 7.54 -2142.022
p0 = 0.9806 p = 0.2931 q = 2.38

Ortholog cluster 8, n=3
M7 ω1..n = 0.03− 0.44 -2272.0348 1 0.6358

p = 0.7184 q = 1.4288
M8 ω1..n = 0.03− 1.0 ωs = 1 -2271.582

p0 = 0.9937 p = 0.87 q = 1.8324
Ortholog cluster 9, n=3
M7 ω1..n = 0.05− 0.5 -2700.1682 3 0.2593

p = 2.088 q = 6.4372
M8 ω1..n = ωs = 1 -2698.8186

p0 = 0.8478 p = 14.815 q = 99.0
clade A, n=9
M7 ω1..n = 0.0013− 1.32 -5762.6724 3 0.194

p = 0.45 q = 1.46
M8 ω1..n = 0.0013− 1.32 ωs = 1.32 -5761.0327

p0 = 0.9399 p1 = 0.06 p = 0.5297 q = 2.229
clade B, n=31
M7 ω1..n = 0.008− 0.846 -11483.901 12 0.0023 ∗ ∗

p = 0.7042 q = 0.2957
M8 ω1..n = 0.0009− 5.09 ωs = 5.092 -11477.855

p0 = 0.9895 p1 = 0.0105 p = 0.451 q = 1.247
clade C, n=39
M7 ω1..n = 0.0032− 0.802 -14234.6712 8 0.016 ∗ ∗

p = 0.566 q = 1.4528
M8 ω1..n = 0.0044− 1.29 ωs = 1.29 -14230.5427

p0 = 0.9626 p1 = 0.0374 p = 0.64 q = 1.95
Cleome, n=8
M7 ω1..n = 0.017− 0.784 -4806.20 13 0.0013 **

p = 0.8697 q = 1.8412
M8 ω1..n = 0.041− 1.46 ωs = 1.46 -4799.57

p0 = 0.89 p1 = 0.11 p = 1.711 q = 5.684

Positively selected sites: 1 245 Q p = 0.982*
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Table 1.7: dN/dS estimates and tests for selection performed with PAML using
different site and branch-site models.

Model ω1...n, pω>1 † ` Test for selection P
Short tree 3, n=45
M8 ωfree 0.004-1.29, 0.0856 -20256.5962
M8A ω = 1 0.007-1, 0 -20259.3748 M8 vs. M8A 0.0621
M8B ω > 1 0.005-1.4, 0.0827 -20256.5871 M8 vs. M8B 0.9909
M8C ω < 1 0.0038-0.4, 0 -20266.3869 M8 vs. M8C 5.6E− 05**
Model A ω0,ω2a = 0.13 ω1,ω2b = 1 -20484.61

ω0 = 0.13 ω1 = 0.55 ω2a,ω2b = 2.68 MA vs MB 2.71E− 38** 1

p0 = 0.5929 p1 = 0.3639 p2a = 0.0267 p2b = 0.0164
Model B ω0,ω2a = 0.08 ω1,ω2b = 0.55 -20398.11

ω0 = 0.08 ω1 = 0.55 ω2a, ω2b = 2.71 M8 vs. MB 3.478E-62
p0 = 0.528 p1 = 0.4407 p2a = 0.0169 p2b = 0.014

clade A, n=9
M8 ωfree 0.0013-1.32, 0.06004 -5761.033
M8A ω = 1 0.0013-1 -5761.3202 M8 vs. M8A 0.75
M8B ω > 1 0.002-1.4, 0.05727 -5761.046 M8 vs. M8B 0.98
M8C ω < 1 0.001-0.4 -5761.3202 M8 vs. M8C 0.173
Model A ω0,ω2a = 0.096 ω1,ω2b = 1 -5793.43

ω0 = 0.096 ω1 = 1 ω2a,ω2b = 1.407 MA vs MB 4.35E− 10 ∗ ∗
p0 = 0.713 p1 = 0.2624 p2a = 0.018 p2b = 0.0066

Model B ω0,ω2a = 0.0406 ω1,ω2b = 0.42 -5771.472
ω0 = 0.0406 ω1 = 0.4198 ω2a,ω2b = 7.16 M8 vs MB 2.92E− 5 ∗ ∗

p0 = 0.5334 p1 = 0.4526 p2a = 0.0076 p2b = 0.0064
clade B, n=31
M8 ωfree 0.0009-5.09, 0.01054 -11477.85
M8A ω = 1 0.003-1 -11479.34 M8 vs. M8A 0.226
M8B ω > 1 0.002-1.4, 0.04821 -11479.68 M8 vs. M8B 0.1609
M8C ω < 1 0.001-0.4 -11484.204 M8 vs. M8C 0.0017**
Model A ω0,ω2a = 0.11 ω1,ω2b = 1 -11572.26

ω0 = 0.11 ω1 = 1 ω2a,ω2b = 10.17 MA vs MB 4.36E− 27 ∗ ∗2

p0 = 0.6842 p1 = 0.277 p2a = 0.0276 p2b = 0.0112
Model B ω0,ω2a = 0.055 ω1,ω2b = 0.46 -11511.56

ω0 = 0.055 ω1 = 0.46 ω2a,ω2b = 2.19 M8 vs MB 2.29E− 15 ∗ ∗
p0 = 0.5184 p1 = 0.394 p2a = 0.0498 p2b = 0.0378

clade C, n=39
M8 ωfree 0.004-1.29, 0.03743 -14230.54
M8A ω = 1 0.006-1 -14231.408 M8 vs. M8A 0.4208
M8B ω > 1 0.002-1.4, 0.03384 -14230.609 M8 vs. M8B 0.1609
M8C ω < 1 0.004-0.4 -14235.084 M8 vs. M8C 0.0107**
Model A ω0, ω2a = 0.13 ω1, ω2b = 1 -14350.87

ω0 = 0.13 ω1 = 1 ω2a, ω2b = 1.63 MA vs MB 2.12E− 31**3

p0 = 0.6692 p1 = 0.2639 p2a = 0.048 p2b = 0.019
Model B ω0, ω2a = 0.07 ω1, ω2b = 0.47 -14280.239

ω0 = 0.07 ω1 = 0.47 ω2a, ω2b = 2.44 M8 vs MB 2.61E− 22
p0 = 0.5314 p1 = 0.4199 p2a = 0.0272 p2b = 0.0215
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Positively selected sites identified with BEB: 1 80 S p = 0.963*, 133 S p = 0.999**, 164 T p = 0.953*; 2 139 Q

p = 0.965*, 253 T p = 0.974**; 3 151 G p = 0.983*, 247 S p = 0.971*

†The values from ω1...n indicate the values of ω can take in the β distribution.

1.4.5 Mapping selected sites onto protein structure and infer-

ence on function

We mapped selected sites predicted by the different PAML tests onto the three

dimensional structure of the protein encoded by At1g07440 (PDB code Q9ASC2,

Figure 1.9). As expected, two of the selected sites, site 133 (serine) detected in

the analysis for the short tree and site 151 (glycine) detected in the analysis of

clade C, are both close to the substrate binding site of the protein and could there-

fore be responsible for functional modifications. In the MCMC analysis of posterior

probabilities and functional importance of changes at each amino acid site, we

found six sites that could be experiencing evolutionary rate shifts after duplica-

tions (P(S1) > 0.5, black rectangles on Figure 1.10). Two of these sites (first two

positions marked in the alignment in Figure 1.10) are in the region corresponding

to the cofactor (NADP) binding site. The first site (glycine 18) and the two follow-

ing sites (serine 78 and methionine 86 respectively) are conserved in the paralogs

of clade B, but very diverse in the rest of the paralogs (Figure 1.10). This follows

the pattern from the Bayesian tree, where clade C contains more recent duplica-

tions and appears more variable (Figure 1.3). The serine (78) was also detected as

positively selected in the branch-site PAML analysis (serine 133, its position varies

because of the different alignment gaps, Table. 1.7). The next variable site is par-

ticularly interesting, site 149, a phenylalanine conserved in clade C, but is variable

in all other paralogs. This site maps 2 residues upstream from the substrate binding

site and is very probably responsible for functional changes. The next site detected

by this analysis is methionine 172 in clade B and a lysine in clade C. This site maps

6 residues upstream from the proton donor site and might also confer functional
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variability, as seen later in the 3D analysis. The last site detected as a Type I change

is a valine 259, which was conserved in clade C but variant in the rest of the clades.

This site was not detected in any of the PAML analyses performed.

The Type II divergence statistic finds variant sites possibly affecting function

more frequently than the Type I divergence statistics and the PAML analysis. In the

amino acid sequence four sites are found in the NADP binding region (amino acids

27-28 and 40-41, posterior probability is P(S1 > 0.5, Figure 1.10) and another

variant site seven residues upstream from the binding site (site 158 in Figure 1.10).

The other variable sites, some of them in α-helix regions, could be false positives,

except for those found also in the PAML analysis, which are physically close to the

active site in the protein structure. These last results are analyzed in more detail

in the discussion.

Figure 1.9: Three-dimensional structure of the tropinone-reductase-like protein
from Arabidopsis thaliana encoded by At1g07440. The plot was generated with
MacPYMOL. In blue are the NADP binding site (bottom left), the substrate binding
and proton acceptor (upper). In pink are the selected sites detected with PAML,
which also coincide with those detected by DIVERGE.
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1.5 Discussion Chapter 1

Structure of the TRL gene cluster in six Brassicaceae and Cleome

spinosa

BAC sequences allowed us to comfirm that the region containing the TRLs is syn-

tenic in three of the five species where the cluster was isolated. The TRL cluster

flanking genes, coding for ion channels, pumilio Mpt5 proteins and glutathione

S-transferases were found together with the complete number of TRLs in all of the

species studied, with the exception of Boechera divaricarpa and Arabidopsis ceben-
nensis (Figure 1.2). Boechera divaricarpa was identified as a hybrid and possibly

tetraploid (50). The BAC might have suffered an expansion of the sequenced re-

gion, and therefore no BAC had both flanking sequences. Another possibility is that

the position of the flanking genes has changed due to recombination. We managed

to reconstruct the syntenic order of the TRLs and its flanking genes after sequenc-

ing three BACs. No BAC contained the whole region, since the BAC library of this

species had inserts that were on average 64 Kb, and the region containing the TRL

genes appears to span more than 80 Kb (Figure 1.2). In the case of A. cebennen-
sis, the flanking and/or central regions where present in the hybridizations to the

BACs, but after one BAC was sequenced, only a fraction of orthologous TRL genes

was found in a sequence of 134.57 Kb of length, the second largest sequenced BAC.

Either genome expansion or unequal recombination could have lead to the loss of

all the posterior TRL genes. We find this last hypothesis to be less probable, as it

would imply the loss of a large region. The large number of transposons (16.8%,

Table 1.3) and pseudogenes in this BAC would support the first hypothesis. The

upstream genes of A. cebennensis could have become pseudogenes, since the total

number of genes and pseudogenes adds up to twelve functional TRLs (Figure 1.2),

close to the number of TRLs contained in the other Arabidopsis species. The re-

tainment of more pseudogenes in the genus could be a result of small population

sizes (84). Inbreeding and small populations are supposed to aid in eliminating

non-essential genes from genomes (8), and therefore it would be useful to obtain
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population genetic data for the species.

1.5.1 Estimation of the tempo and mode of duplication from

phylogeny

By analyzing TRL genes in multiple species, we can elucidate mechanisms and se-

lective events that would not have been detected by looking at orthologs of one

or two species only. From the phylogeny constructed with all TRL genes (Fig-

ure 1.3), it is clear that these genes are undergoing gene birth and death. This

dynamic is characterized by gains, issued from gene duplications, and losses, evi-

denced by missing loci and pseudogenes. Since we know approximate split times

for the species, shown in Figure 1.1, we can estimate rates of TRL gene gain and

loss. Members of the TRL gene family can be seen as duplicating quickly at 0.65

per M.Y, these duplication rates are higher than those in the literature estimated

for model organisms (0.001-0.03 per MY (10)) and for duplicated genes in wheat

(0.0029/locus per MY (9)). These duplication rates are not constant, and were

probably higher at some point in the phylogenetic history. Most probably the an-

cestor of the Cleomaceae-Brassicaceae already contained at least two TRL copies.

After initial duplication of TRLs either selective advantage was high for the gene

duplicates, or relaxed selective constraints allowed for TRL duplications. The PAML

results support the first hypothesis, since TRL genes appear to be preserved rather

than lost, and most are subject to negative selection possibly due to functional

importance. Relaxed selection is less probable, since maintaining duplicate gene

loci might be disadvantageous, locally through non-equal recombination and to the

organism through genome size expansion, as we discuss later.

Gene loss rates are approximately three times lower than the gene gain rate

(0.25 per MY), something also observed in grasses (0.01/locus x MY in (9)). This

supports the functional importance of TRLs. Partial losses or pseudogenization

have been more than twice as frequent complete gene losses, seven in total (Table

1.8). Selection might not be very efficient in eliminating genes with no utility due

to demography (8). Another possibility is that the partial transcripts we identify as
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pseudogenes are kept for complementary functions, but we did not test this.

TRLs have been dynamic among chromosomes, as can be seen from Arabidop-
sis thaliana. Apparently, At2g29260, located on chromosome 2, together with

At5g06060, the one on chromosome 5, are ancestral, as both can be localized

in clade A together with TRLs from rice and other species (Figure 1.3). Inter-

estingly, TRLs on chromosome 1 appear to be more closely related to clade C in

the phylogeny (Figure 1.3), and might have been a translocation to this chromo-

some from the ancestor of clade C genes that duplicated posteriorly. Homologs

to At1g07440 and At1g07450 on different chromosomes might be present in all

the other Brassicaceae, which we cannot know, since we don’t have the complete

genome sequences of these other species.

1.5.2 Duplication dynamics from genomic comparison

The most likely way to obtain two large clades of duplicated genes (clades B and

C, Figure 1.3) is through non-homologous recombination of adjacent loci, see (Fig-

ure 1.5). Since all genes have introns, we can rule out retrotransposons as the

mediators of transposition, as this process undergoes a reverse-transcription. Non-

homologous recombination could produce clades of recently duplicated paralogous

genes that are physically close, as observed specially in clade C (Figure 1.3 and Fig-

ure 1.5). It appears that the ancestral genes forming each of the two large clades

already duplicated in the ancestor of Boechera spp.-Capsella spp. and of Arabidopsis
spp., since all Brassicaceae studied have orthologs in the major clades. This ob-

servation supports the hypothesis that most of the genes in clade B and C have

existed at least in the last 10 ±5 MY. Unequal crossing-over as an ongoing mecha-

nism among gene duplicates is supported by the fact that pseudogenes have more

often been generated by loss of exons, rather than point mutations (frame shifts).

Nevertheless, we cannot confirm this with the available data and more BACs need

to be screened and/or sequenced.

An unequal sister chromatid recombination in the ancestor of the Brassicaceae-

Cleomaceae, might have caused a duplication, which generated the ancestors of
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clade B and clade C genes (Figure 1.3). Cleome spinosa genes are found in both

clades forming paralogous groups. Duplication of the TRLs in the Cleome spinosa
lineage appears to have occurred independently from the duplications in Brassi-

caceae, after an initial duplication in the common ancestor. We tested for gene

conversion using GENECONV (results not shown), since this process would falsely

indicate genes to be recently duplicated within a species (14), but recombination

among the genes did not appear to be significant. It is noteworthy that no Cleome
spinosa gene is present in the ancestral clade A. Since this species is polyploid, as

shown by (50), the ancestral gene might be located in another homeologous seg-

ment. Another possibility is that this gene was lost, but we cannot observe this

with the available data.

A further non-homologous recombination of gene duplicates within clade B sep-

arated genes physically (up- and downstream genes, both in clade B (red lines in

Figure 1.5), but this must have occurred in the common ancestor of all Arabidopsis
spp. and Boechera spp.-Capsella spp., since all Brassicaceae contain the upstream

TRLs in anti-sense, except Brassica rapa and A. cebennensis (see Figure 1.2). B.
rapa also contains one inverted TRL upstream of the other TRLs, but this TRL is

more similar to the genes in cluster C. We might not have found all of the paralog

TRL genes for A. cebennensis, since the BAC library might not have contained these

genes, as discussed above.

With the exception of Capsella rubella, transposon insertions are numerous for

four of the BACs sequenced in A. lyrata, A. cebennensis and Boechera divaricarpa,

as discussed above. Transposable elements (TEs) might have caused some of the

duplications. TEs appear to be active, as they even interrupt ORFs; note the case of

one TRL from A. thaliana, At2g29170, where one LTR-retrotransposon is inserted

into intron 2 (Figure 1.2). This gene might have become a pseudogene after this

insertion, which is supported by the fact that it has no unique MPSS signature,

and microarray data in Genevestigator show slight expression throughout plant

developmental stages (not shown). We need experimental confirmation by qRT-

PCR to prove this last observation.

A possibility is that selection tolerates transposon insertions into ORFs if these
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are redundant. Particularly in selfing species, we would expect efficient removal

of transposon insertions, as discussed in (85). However, A. thaliana and A. ceben-
nensis, both selfers, do contain more transposon insertions than do other species

in the genomic region sequenced. In contrast, Capsella rubella, a highly selfing

species, contains only one repetitive element in the same sequenced region. There-

fore, retention of transposable elements in the TRL region might not necessarily

be explained by differences in recombination, but instead be relict of local genome

dynamics.

1.5.3 Is selection playing a role in retaining multiple TRL copies?

The prevailing explanation for the preservation of duplicate genes in plants is func-

tional diversification of genes and proteins (86; 87). TRLs are more probably

involved in plant secondary metabolism (Table 1.1). Gene duplication has been

shown to be a mechanism leading to the evolution of new functions in genes from

plant secondary metabolism. Some examples include chalcone synthases (88) and

MAM genes (19). Differential selection of gene duplicates might occur at different

stages, but it has been proposed to occur more often in the early stage of duplica-

tion (89). When we looked for differences in selection among orthologous groups,

we found that two of the orthologous groups evolve at rates different from the

mean (Table 1.5). But the fact that ω < 1 indicates that they nevertheless evolve

under negative selection. Furthermore, when varying ω and the number of selected

sites (M7 and M8, Table 1.6), we obtained tests of selection that were significant

in half of the cases. In most cases, they were significant for ω < 1. We iden-

tified only one case of positive selection within orthologous groups (orthologous

group 1 in Table 1.6), a group that contains the orthologous genes At2g29150,

AlTRL54, BdTRL9 and CrTRL5. This group might have diversified recently and it

might be interesting to test experimentally if the function has differentiated among

orthologs.

We detected positive selection (Table 1.7), with ω > 1 at the branches leading

to both clades B and C (bottom trees in Figure 1.8) after the separation from the



56 1.

’ancestral’ clade (clade A) and the other TRLs at the base of the tree (see Figure

1.3). Therefore, diversification of function in tandemly duplicated TRLs appears to

have occurred shortly after the split from the ancestral Brassicaceae TRL sequences.

We expected this, since these genes have been preserved in multiple copies over

multiple species. Such preservation is more probably because genes have differ-

ent functions, as we can observe variable expression of TRLs in A. thaliana in the

available databases( (MPSS, 36) and microarray data (37)). After this initial du-

plication, the orthologs evolved under negative selection, something that appears

to be common to duplicate genes, according to (89). The best fit of the branch-site

analysis was for MB (Table 1.6), which was always significantly different to MA.

We defined two categories of rates of evolution in MB: branches before the dupli-

cation (background) evolve neutrally and some under negative selection, and in

branches after the duplication (foreground) positive selection occurs.

1.5.4 Possible differential functions of the TRL copies

The PAML analysis appears to support functional divergence after the initial dupli-

cation. MPSS and microarray chip databases available online provide a tool to test

indirectly for neo-functionalization. Since orthologous groups were subject to neg-

ative selection after the initial duplication, we may use A. thaliana microarray data

to infer the function of the orthologs (Figure 3 in the Introduction). It is necessary

to look at more than one method for comparison of expression patterns, especially

since MPSS is a more sensitive method than microarrays, which could be subject

to cross-hybridization (36). When looking at MPSS and microarray data, we find

that the expression patterns of the TRLs vary in different plant tissues throughout

development (Figure 3) indicating neo-functionalization at some point in their his-

tory. It appears that genes that are found in the ’ancient’ clade, At5g06060 and

At2g29260 (clade A, Figure 1.10), are constitutively expressed in different devel-

opmental stages of the plant, although at different magnitudes in different tissues.

Specialization of function would thus occur after the first duplication, which is con-

firmed by the differential expression observed in the other TRLs, including those
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on chromosome 1.

Exon-intron counts support differential evolution in coding and non-coding se-

quences after duplication (Figure 1.6 and Table 1.4). Furthermore, alternative

splice variants have been found for two of these genes: At2g29340 and At2g29350

(SAG13) (36) and they do not show similar or correlated expression throughout

the plants’ development (Figure 3). This shows that function diversification and

alternative splice variants can evolve in parallel lineages, since both genes have

evolved independently (see Figure 1.3), despite their physical proximity. Further

functional experiments, for instance, mutant screening, are needed to confirm the

role of these enzymes in the multiple Brassicaceae and the closely related Cleo-

maceae.

We would expect the elimination of non-functional genes in organisms with a

relatively small genome size to be taking place by natural selection, such as Ara-
bidopsis spp. and Capsella rubella (described in (83)). This form of selection would

be evident as a bias for retaining functional genes, something that has been sug-

gested to affect, for instance, sequence evolution of reverse transcriptases from

retrotransposons by (90). Since all of the species contain more or less the same

number of TRL pseudogenes, except for A. cebennensis, a bias for retaining func-

tional genes depending on genome size does not appear present. A small test of

correlation between the available genome sizes and pseudogene number shows

that this correlation does not appear to be present (Pearsonr = −0.5).

1.5.5 Inferences of possible TRL functions from combined data

TRLs appear to respond to environmental stimuli and may be involved in signalling

pathways (Table 1.1). It is not clear if TRLs can be redundant in function, as

some have been identified as responding to the same factors (Table 1.1). Although

tropinone reductases were initially described in plants that produce alkaloids as

enzymes leading to the synthesis of these compounds, a recent phylogenetic study

of the presence of alkaloids in the Brassicaceae by (91) shows that A. thaliana and

other Brassicaceae have either lost or never gained the ability to produce tropane
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alkaloids. Unfortunately, no tests for tropane alkaloids were performed on any

of the other species studied and therefore we do not know if the presence of the

TRLs in these plants is related to tropane alkaloid production. A. thaliana might

have lost its capacity to produce alkaloids after losing one of the upstream en-

zymes necessary for conveting of ornithine to putrescine, ornithine-decarbolxylase

(ODC), as shown in (30), which might limit the production of putrescine, a pre-

cursor of tropine. This is consistent with evidence from chemical studies, which

show that synthesis of tropane alkaloids is less efficient from arginine than from

ornithine (92).

If the TRL enzymes in these plants were never used for alkaloid synthesis, an-

other possibility is that they all play intermediary roles in similar pathways. The

presence of TRL enzymes, might have conferred a flexibility used to respond to

stress. Plants with small genomes such as Arabidopsis spp., have lost large fractions

of the genome. So enzymes of similar function might have been replaced by the

TRLs.

Duplicate genes involved in secondary metabolism and plant defense often

show differential constraints; these are viewed as positive selection in (19) or

as differential selection in (93). We did not expect to find gene redundancy, as

TRLs are very variable. Redundancy has been observed primarily in developmental

genes and genes of primary metabolism (22; 23), since these genes are essential in

an organism’s life.

Our results show that positive selection precedes duplications of secondary

metabolism genes. Once the duplications happen, negative selection is respon-

sible for retaining these genes in large numbers. This would be the case of the

TRLs in the Brassicaceae and, probably also, in the Cleomaceae, represented in

our study by the species Cleome spinosa. We think that TRLs have also acquired

different functional importance after the initial duplication in this last species and

have therefore been retained in multiple copies. It is clear from the phylogeny

that these genes duplicated and evolved independently of Brassicaceae TRLs. Par-

allel duplication together with function diversification has previously been shown

to occur in yeast gene families by (94) and other plant genes of developmental
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importance, such as the MADS-Box (95). This study shows that this phenomenon

occurs in secondary metabolism genes within a plant family, as had been shown in

MAM genes (19).

Most probably, diversification of function happened after the initial duplication,

since we found positive selection occurring at this point in the phylogenetic analy-

ses. Also, a brief inspection of MPSS and microarray data in databases, discussed

in the previous section, support this hypothesis. A further dataset complement-

ing our interpretation of the microarray data was published recently, the ATTED-II

database from Riken (96). Most of the cellular targets of TRLs, were found to have

different gene targets (see Table. 1.9).

Table 1.9: Cellular targets and possible functions of TRL.
Locus Target * Function †
At1g07440 O,N putative TR, TDH
At1g07450 O,N putative TR, TDH
At2g29150 O,C putative TR, TDH
At2g29170 O,C SDR family protein, putative TR
At2g29260 C,C putative TR, TDH
At2g29290 O,C putative TR, TDH
At2g29300 S,C putative TR, TDH
At2g29310 S,C putative TR, TDH
At2g29320 M,P putative TR, TDH
At2g29330 O,C putative TR, TDH
At2g29340 O,E SDR family protein, putative TR
At2g29350 O,C putative TR, TDH (SAG13)
At2g29360 O,Y putative TR, TDH
At2g29370 O,C putative TR, TDH
At2g30670 O,N putative TR, TDH
At5g06060 O,Y putative TR, TDH

Adapted from the ATTED-II project; targets are from TargetP and WolfPSORT

(refs. in (96) * C=chloroplast ; E= endoplasmic reticulum; N=nuclear; O=others

(unknown); P=peroxisome; S= secretory; Y=cytoplasm.

†TR=tropinone reductase; TDH=tropinone dehydrogenase; SDR=short-chain de-

hydrogenase/reductase.
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1.5.6 Conclusions

Our results support the previous hypothesis of (27), namely that small changes in

the tropinone reductase proteins might cause large changes in substrate-binding

ability. According to the analysis with DIVERGE (Figure 1.10) six type I changes

underlie the separation of the gene duplicates in clades B and C. An additional

mechanism for the TRL gene family to diversify in expression and cellular gene

targets, might be variation in cis-regulation (95). Regulatory variation, together

with the changes close to the active sites, would provide new functions, and selec-

tion might be willing to retain the duplicate gene copies in the genome.

The region containing the in tandem TRL gene family, which is homologous

to chromosome 2 of A. thaliana, is on average 102 Kb long (equivalent to 0.4

cM). We would expect the genes to be linked in A. thaliana. This region might

nevertheless be affected by recombination, especially if the richness of transposable

elements and duplicated genes promotes unequal (meiotic) recombination, as has

been shown for plant genes tandemly duplicated (12). Increased recombination

might be important for plants that are predominantly selfing, such as A. thaliana,

A. cebennensis and Capsella rubella.

The role of evolutionary divergence in protein family evolution might not read-

ily be detected by DNA and protein sequence comparison, specially if these genes

come from only one species. In this study we show that duplication dynamics over

multiple species can explain retainment of multiple copies of a gene. Last but not

least, a comparative study of closely related species can distinguish the past and

current dynamics of gene families and differential evolution vs. parallel evolution,

both evolutionarily distinct processes.
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Abstract Chapter 2

Background To learn about the consequences of gene duplication on non-coding se-

quences, we looked for correlated evolution of protein and promoter/intron sequences of

the genes from the multi-copy tropinone reductase-like (TRL) gene family. We did phylo-

genetic reconstructions to compare rates and patterns of cis-regulatory and non-coding se-

quence evolution with changes in TRL coding sequences from six Brassicaceae (Arabidopsis

lyrata, Arabidopsis cebennensis, Boechera divaricarpa, Capsella rubella, Brassica rapa) and an

outgroup Cleome spinosa using phylogenetic methods. We obtained expression data from

Arabidopsis thaliana microarray databases to detect co-expression of TRLs, and performed

qRT-PCR experiments to detect if expression is correlated or diverges among orthologous

and paralogous tropinone reductase-like genes recently separated by speciation (from Ara-

bidopsis thaliana and Arabidopsis lyrata).

Results We found cis-promoter and protein genetic distances to be significantly cor-

related according to Mantel tests and to share clusters 58% of the time. The clusters in

the promoter tree frequently contained recently duplicated orthologous genes. When de-

tecting regulatory motifs using FootPrinter there was less conservation of gene clustering

compared to the coding sequences (only 32% of the paired comparisons share motifs).

From publicly available microarray data, we learned that expression varies significantly

among A. thaliana TRL genes subject to 166 experimental conditions, despite correlation

of coding and non-coding sequences of TRLs. We found significant differences in the ex-

pression of TRLs within A. thaliana and A. lyrata and among these species when plants

were treated with salicylic acid, Pseudomonas syringae and cold.

Conclusions From phylogenetic analyses of promoters of the tropinone-reductase-like

gene family, we learned that the promoters have not evolved at the same rates as the

protein coding regions they regulate, except for genes in species of recent origin (< 10

MY). Expression profiles display different patterns in genes with closely related coding

sequences and regulatory motifs. We propose that variability in cis-regulatory regions and

interaction of transcripts, together with few changes in protein sequences, are needed to

provide the variation that allows multiple conserved copies of a gene to be preserved in

the genome for more than 20 MY.
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The relationship between regulatory and structural evolution has not yet been elu-

cidated (97). Gene families provide interesting material with which to study this

question, as gene replicates act as non-allelic variants, on which selection can act

independently. Non-allelic variation might be important in organisms in which re-

combination does not occur frequently, as for instance, in selfing plant species. In

this study we analyzed the relationship of proteins with non-coding sequences and

expression data for a gene family in seven closely related species of Brassicaceae

and a closely related outgroup Cleome spinosa. We studied the tropinone-reductase-

like (TRL) gene family. A previous study had isolated all the TRL genes in an home-

ologous region of six species: Arabidopsis lyrata, Arabidopsis cebennensis, Boechera
divaricarpa, Capsella rubella, Brassica rapa and Cleome spinosa. TRL enzymes, like

alcohol-dehydrogenases (ADH), are short-chain dehydrogenases. TRL enzymes are

involved in alkaloid biosynthesis in Solanaceae. In Arabidopsis thaliana and other

Brassicaceae species, these enzymes display a high degree of conservation (> 64%
similarity) but the function is not yet known, since tropane alkaloids have not been

detected either in Arabidopsis thaliana, or in any of the other studied species (28).

TRLs from the studied Brassicaceae have previously been identified to be subject

to a birth and death dynamic and positive selection, which predicts the evolution

of new functions (neofunctionalization) (14).

Evidence for new functions can be found in divergence of regulatory regions

and expression patterns. We looked for a correlation of promoter regions with

protein coding regions of TRLs. A correlation would suggest parallel evolution

of coding sequences and promoters and/or for partial subfunctions. The absence

of correlation would suggest new functions. Diversification at the promoter level

can be further explored by identifying the regulatory motifs in upstream regions

and displaying them on a phylogeny. As for promoters, intron sequences will be

constrained if they provide some important structural and/or biological function.

Sub- or neofunctionalization might be evident as a parallel evolution of promoter

and proteins, but diversification of regulatory motifs. Another possibility is that
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genes share regulatory motifs but have diverged after duplication.

The availability of microarray and EST data complements the search for evolu-

tionary important regions, but the relationship of expression with protein evolution

is not yet clear. On one hand, experimental efforts have shown that functional evo-

lution of orthologous genes might not be directly related to protein sequence evo-

lution (98). On the other hand, analyses of sequence evolution in fruit-flies and

other animal species suggest a correlation of protein and expression (99; 100),

and DNA sequence and expression (101). A recently published study comparing

structural with regulatory and functional evolution of two species of the nematode

Caenorhabditis found that protein and cis-regulatory evolution in paralogous genes

is coupled (102). In another study on plants (103), gene clustering has been found

to affect the evolution of promoter sequences and expression.

Diversity in expression contributing to the preservation of gene duplicates has

been shown for other plant gene families by (104). This study also shows ex-

pression patterns to be helpful in detecting neo- and sub-functionalization events.

Taking advantage of well maintained databases of microarray data for Arabidopsis
thaliana, e.g. (37; 105), we tested the relationship of gene and promoter sequence

evolution with expression patterns for this species. We complemented this infor-

mation with expression data obtained by quantitative RT-PCR of three TRL genes

from A. thaliana Col-0 and A. lyrata spp. lyrata to investigate whether ortholo-

gous genes conserve expression among species. Correlating the previous results of

coding- and non-coding divergence with diversity in expression levels, we looked

for evidence of the evolution of partial subfunctions or completely new functions

of the tropinone-reductase-like genes.
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2.2.1 Phylogenetic analysis of upstream regulatory regions

Regulatory regions from TRL genes were isolated from previously sequenced and

annotated TRLs from six BAC sequences (106) belonging to Arabidopsis lyrata,

Arabidopsis cebennensis, Boechera divaricarpa, Capsella rubella, Brassica rapa and

Cleome spinosa (Cleomaceae). The annotated sequences were in Genbank format

and most of the programs used for analysis are available online. We isolated 72

upstream regions (5’) of functional TRL genes (i.e. with complete open reading

frames) from the annotated BACs. The maximum length of an upstream region

was set to 2 kb in the first analysis. After observing the results from the analysis

with FootPrinter (107) (described in the next section), we reduced the upstream

region to 1 Kb increasing the number of detected motives per analyzed length. If

a gene was found earlier than 1-2 Kb in the 5’ region, the region analyzed as a

promoter was shorter. Since genes are found in both coding strands, the promoters

of genes in the non-sense strand were reverse-complemented. As an outgroup for

the phylogenetic reconstruction we used a tropinone- reductase-like gene from rice

(Genbank Accession: OJA1364E02.17).

Pairwise alignments of promoters from tandem and segmental duplications

were computed using DIALIGN (108; 109). Pairwise alignments were performed to

avoid length variation of the alignment and changes in the distance matrices due

to insertion of numerous gaps, which occur frequently when aligning sequences

with low conservation, such as upstream regions. Two other different alignment

methods (T-Coffee (110) and ClustalW (111)) were compared to DIALIGN, but

DIALIGN performed better, showing 30% of the time higher bootstrap values (all

above the 50 % threshold).

To calculate distances among promoter sequences, we used different approaches:

1) the number of similarities in relation to the alignment length, 2) the number of

similarities in relation to the total length of both aligned sequences, and 3) the

number of similarities divided by the length of the shorter sequence. The first ap-
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proach is sensitive to the insertion of gaps, the second will give values close to zero

if one of the compared sequences is very short, and the third approach avoids these

errors, but will bias the comparison for high similarity, since we observed that up-

stream regions are more similar the closer they are to the transcription start. Using

DIALIGN it was possible to include marked motifs to calculate the distance. The

obtained similarities were converted to distances and put into N × N matrices.

To evaluate the distance matrices the program NEIGHBOR (73) from the PHYLIP

package was used, which implements the neighbor-joining method (112). We de-

fined the rice sequence as the outgroup. The UPGMA method provided a similar

result. To test for the stability of the trees, a bootstrapping was performed by

SEQBOOT (73), which produces multiple datasets. After the generation of 1000

bootstrapped matrices using NEIGHBOR, we created a consensus tree using the

CONSENSE (73) program.

2.2.2 Identification of regulatory motifs using phylogenetic foot-

printing

Phylogenetic footprinting is a method used to detect regulatory elements among

different species. The method, implemented in the program FootPrinter, is sup-

posed to identify motifs in suspected regulatory regions. FootPrinter (107) does

not rely on the information of a multiple alignment, but searches regulatory motifs

directly on the sequences, taking into account their phylogenetic relationship. The

motif length can be set, as well as the minimal number of mutations allowed for

a portion of the tree. For our analysis, we did not allow any mutations to occur,

and motif length was set to 12. These parameters detected an amount of motifs

that could easily be scored. We checked if regulatory regions were inverted, using

dot-plots to compare promoter regions of paralogs (not shown).
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2.2.3 Analysis of intron regions

To investigate the relationship of intron and protein sequence evolution, we iso-

lated all the introns from the annotated TRL genes and performed pairwise align-

ments in the same way as for the upstream regions. We performed an AVID

alignment-based VISTA analysis (113) and phylogenetic analysis in the same way

as for the promoter sequences, to test if intronic sequences are conserved among

species. VISTA is a program for visualizing several DNA sequence alignments of ar-

bitrary length on the same scale. Conserved coding (exon) and non-coding (CNS)

as well as untranslated (UTR) sequences are marked with different colors and per-

cent identity is displayed on the y-axis (see Figure 2.4). We used GenomeVista

with the Arabidopsis thaliana genome as a reference. Comparative sequence anal-

ysis has enabled regulatory non-coding regions and location of coding exons to be

identified and located. Distances of intronic sequences were calculated and phylo-

genetic reconstructions were performed in the same way as for the promoters. We

compared branch lengths of the phylogenetic reconstructions within orthologous

groups.

2.2.4 Relationship of protein and non-coding sequences

To test for correlated evolution of protein amino acid sequences with promoter

sequences we counted the number of groups that contained the orthologous genes.

We refer to these as conserved clusters of orthologs, CCOs. To detect correlation

between coding and non-coding sequences, we performed a Mantel test using the

program zt (114) of the distance matrices obtained for promoters and introns.

The following options were used: -s for simple Mantel test, and 1000 random

permutations.
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2.2.5 Expression analysis of the TRL genes using AtGenExpress

Data

For the expression analyses we obtained microarray data from the AtGenExpress

database at http://www.weigelworld.org for the ATH1 Chip (22,810 genes). We

only used data from experiments on wild types of A. thaliana var. Col-0. Around

300 experiments could be found in this database that proved useful for testing

differences in expression due to abiotic and biotic stress. From the same site,

we obtained descriptions of the experiments, that are needed for the standard-

ization of the data as described in (115). Downloaded data were already gcRMA
normalized (116; 117). The gcRMA function normalizes the data using the Ro-

bust Multi-Array Average (RMA) expression measure taking into account the gene

chip variation in probe hybridization (117). We used directly the data for further

standarizing relative expression, as gcRMA normalized data are very robust. It is

necessary to 1) calculate of the geometrical mean for the three replicates of each

hybridization experiment and save the means into a MySQL database, and 2) ob-

tain the ratio Ti = Ri/Gi (118), where Ri is the value of the probe and Gi is the

reference or control experiment (e.g. darkness for light induction). To find genes

that were significantly differently expressed, the arithmetic mean µ and standard

deviation σ were calculated from the log2(Ti) distribution, where Ti is the relative

expression. Values lying above the 1, 96 · σ (95 % confidential) from the mean are

considered as differentially expressed and were visualized in an R-I (ratio vs. in-

tensity) plot (shown in Figure 2.10). Furthermore, Z-values were estimated using

a sliding window approach, with a window size of 500 genes along the x-axis.

For all Nlocal datapoints within the window the mean and standard deviation were

calculated using equation 2.1(modified from (115)).

σlocal
log2(Ti)

=

√√√√ 1
Nlocal − 1

Nlocal

∑
j=1

(log2(Ti)j − log2(Ti))2 (2.1)
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Z-values for standard deviations of the data points from the mean were estimated

as described in (118). To estimate Z-values for 22,810 genes for each of the ex-

periments, we used the previously generated MySQL database. The significantly

differently expressed genes were those with
∣∣Zlocal

i

∣∣ > 1.96.

2.2.6 Co-expression analysis of the TRL genes

We calculated the Euclidean distance D(A, B) between all TRL genes on the ATH1

chip. The resulting distance matrices were normalized using all the TRL genes.

The transformed distance matrix was visualized as a distance tree using SEQBOOT,

NEIGHBOR and CONSENSE (73), as described previously for the promoter trees.

Clades with bootstrap values over 70 % were further analyzed as candidates for

genes that are co-regulated by Pearson correlation coefficients (PCC).

PCCs were estimated as described in (115) to analyze the relationship between

elements in the matrices. To compare PCCs and Euclidean distance reconstructions,

we used the program Treejuxtaposer (119) which displays differences in a graphic

way (using default parameters). This software identifies branches where the trees

differ and marks them in red.

Another way of visualizing correlated expression is using Z-value plots, which

we did for all possible co-regulated TRLs, as shown in (115). To further detect

genes co-regulated with TRL genes, we calculated the Euclidean distance D(A, B)
between all genes on the ATH1 chip.

2.2.7 Expression analysis of three TRL genes with quantitative

real-time PCR

We analyzed expression of three TRL genes from A. thaliana and A. lyrata to gain

insight into the correlation of differences in gene- and promoter regions with differ-

ences in gene expression. We chose genes that had been reported in the A. thaliana
literature to be associated with senescence (At2g29350 or SAG13) or responsive

to salicylic acid (33; 32), pathogens (At2g29350, upregulated and At2g29290,
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downregulated) (35), or cold treatment (At2g29340) (61). These genes were also

chosen because their microarray expression profiles displayed either a negative

(At2g29350 and At2g29290) or positive (At2g29350 and At2g29340) PCC.

Primers for the genes At2g29290 and At2g29350 from A. thaliana were de-

signed using the software Beacon Designer (Palo Alto, CA, USA). The primer se-

quence for At2g29340 (CATMA2a27740) was obtained from the CATMA project (120).

Primers were designed for all A. thaliana TRL orthologs in A. lyrata spp. lyrata, Al-

TRL29 and AlTRL37, respectively. PCR products were cloned and sequenced to

confirm the gene specificity of each primer, and only gene-specific primers were

used. We failed to find specific primers for AlTRL35, the ortholog of At2g29340.

Instead, data were obtained for another A. lyrata spp. lyrata TRL gene (AlTRL54,

orthologous to At2g29150) to have another independent sample.

A. lyrata spp. lyrata seeds were obtained from Dr. Maria Clauss (Max Planck

Institute for Chemical Ecology). Seeds for this species were kept on wet filters in

the fridge for three weeks prior to germination. Both A. lyrata spp. lyrata and A.
thaliana Col-0 seeds were planted and kept at 4°C for three days to aid germina-

tion; after that the pots were transferred to short-day growth chambers at 21°C.

Five-week-old plants were cold-treated at 4°C and samples were taken at time in-

tervals according to those described in AtGenExpress: 1, 6, 12 and 24 h (105).

AtGenExpress time intervals were also used for salicylic acid (SA) treatment (4, 28

and 52h). The treatment involved spraying salicylic acid at 0.3 mM dissolved in

0.02% silwet (pH 7), controls were sprayed with 0.02% silwet only. Pseudomonas
syringae DC3000 was kindly provided by Dr. Beate Völksch (Friedrich-Schiller-

University, Jena, Germany). We injected the overnight stationary culture into

5-week-old-plant leaves at a concentration of 1 × 10−6 bacteria/ml using a sy-

ringe without a needle, according to Dong et al. (121). Time collection points for

pathogen treated leaves were 6, 12 and 24 h.

Total RNA was extracted from leaves using the RNA Plant Mini Kit from QIAGEN

including DNAse for on-column digestion (QIAGEN). The OmniscriptRT Kit from

QIAGEN was used for first strand cDNA synthesis. RNAseOUT (Invitrogen Karl-

sruhe, Germany) was added to the reaction. We performed quantitative (qPCR) us-
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ing the Brilliant SYBR GreenTM (Molecular Probes, Eugene, Oregon, USA) and fol-

lowed the protocol described in the manual of the kit (Brilliant SYBR Green Strata-

gene, La Jolla, CA, USA). Primers used for qPCR were HPLC purified, and the final

concentration in the reaction was 100nM. We measured efficiency for each primer

and determined relative change using the efficiency corrected model (122). Ref-

erence genes used were adenine phosphoribosyltransferase (APT1) or RNA poly-

merase 2 large subunit (RP2ls). Both demonstrated stable expression between

control and treatment conditions to within ±2Cts (122).

2.3 Results Chapter 2

2.3.1 Comparative genomics of TRL promoters

Promoter sequences are assumed to evolve faster than protein coding sequences (123;

124) and sometimes independently from each other- with the exception of tran-

scription factor binding sites (124; 125). Furthermore, upstream regions are not

necessarily conserved, and therefore inappropriate for global alignments. There-

fore, obtaining a correct alignment was necessary to build the phylogenetic tree.

By evaluating different alignment methods, we found the highest number of clades

sharing orthologs using the DIALIGN-algorithm. This was the case for both protein-

and promotor- based trees (126). The phylogenetic relationships of the TRL pro-

tein sequences (Figure 2.1) allowed the comparisons between coding and non-

coding sequences to be performed. We found that although 10 conserved-clusters

of orthologs (CCO’s) out of 14 are delineated, these include fewer genes than the

equivalent clusters in the protein tree. Only 58% of the orthologous genes are also

orthologous at the promoters. This is in agreement with faster evolutionary rates

expected for promoter sequences. Also, as in the protein tree, the Cleome spinosa
promoters all cluster apart from the Brassicaceae genes, confirming independent

duplication and evolution of the TRLs after the plant families split, as observed in

a previous study (106).

In the analysis using the Mantel test we observed that all matrices showed
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significant correlations (Table 2.3). The best correlation was between the protein

and intron 4 distance matrices (r = 0.5809). The intron 4 tree had the second

largest number of CCO’s containing 60% of the genes (9 out of 14, Figure 2.2).

The second best correlation is with the promoter (r = 0.4216), which is confirmed

by the presence of 10 CCOs in the promoter tree (out of 14, Figure 2.1). All

positive correlation values are significant according to a one-tailed Z-distribution
(number of permutations=1000) test, we expect the best correlation to be close to

one. Therefore, non-coding sequences appear to be more similar to their protein

sequences than expected by chance.

(a) Protein tree (b) Promoter (1 Kb upstream) tree
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Figure 2.1: Phylogenetic relationship of TRL genes and promoters. Orthologous
groups, defined as phylogenetic reconstruction of TRL genes, are shaded gray. Dark
gray shading demarcates panorthologs, light-gray shading imparalogs.
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Table 2.1: Intronic lengths and branch length comparison method within ortholo-
gous groups. Longer branches and more variability in length are equivalent to fast
evolution, because of indels.

Intron 1 Intron 2 Intron 3 Intron 4
Average intronic length (bp) 128.34 137.61 147.03 99.43
STD Deviation 71.46 48.84 227.61 19.07
Average branch length 0.207 0.193 0.204 0.188

(a) Consensus tree of the first introns (b) Consensus tree of the fourth introns

At2g30670
OUT

CrTRL21
BrTRL2
CrTRL26

CrTRL17
CrTRL15
AlTRL37517

At2g29290
BdTRL14570

AlTRL29
At2g29350996

CrTRL6
At5g06060

CrTRL5
At2g29370

AlTRL28
AcTRL16

AcTRL24
AlTRL27869

596

606

CrTRL27
AlTRL54
At2g29150823

BdTRL22
BdTRL30995

AlTRL53
At2g29360

AcTRL7
At1g07440549

CsTRL3
AcTRL15
BdTRL21994

BdTRL20
BdTRL18711

CrTRL14
BdTRL13816

BdTRL19
AlTRL33 2
At2g29330

BrTRL3
CsTRL1823

CrTRL18
CrTRL19507

CrTRL23
AlTRL32 2

CsTRL4
CsTRL5778

CsTRL9
BdTRL9
CsTRL6851

543

CrTRL20
BdTRL15520
BrTRL1

At1g07450
CrTRL24797

580

At2g29310
CrTRL22

At2g29320
AlTRL32

656
663

AcTRL2
At2g29340555

AlTRL38
AlTRL35
At2g29300

At2g29170
AlTRL33

CsTRL11
CsTRL10994

At2g29260
AcTRL22

CrTRL13
AlTRL39
BdTRL12

507
504

773

At1g07440
OUT

AlTRL39
CrTRL13

BdTRL12
At2g29260503

694
1000

AlTRL37
At2g29150

At2g29290
CrTRL6

CrTRL24
At2g29350
AlTRL29888

628

AlTRL54
CrTRL26

BdTRL14
CrTRL171000

At2g29360
BdTRL22968

AcTRL16
AlTRL28763

548

BdTRL30
CrTRL27534

At2g29370
AcTRL24
AlTRL27996

752

CrTRL5
At2g29170
AlTRL53

735

At1g07450
BdTRL9

CsTRL9
CsTRL6

CsTRL5
CsTRL4801

863

BrTRL3
CrTRL23562

BrTRL2
BdTRL20
CrTRL18
CrTRL19

CrTRL15
At2g29320

BdTRL13
AlTRL38694

CrTRL20
CrTRL14795

505

BdTRL19
At5g06060
BrTRL1

AcTRL7
At2g29310

AlTRL35
AlTRL32 2

AlTRL32
At2g29340

At2g29300
AcTRL2

CrTRL21
At2g30670

AlTRL33
BdTRL18660

AlTRL33 2
At2g29330

647

BdTRL15
CsTRL3

CrTRL22
CsTRL1

CsTRL11
CsTRL10990

Figure 2.2: Phylogenetic relationship of TRL gene introns 1 and 4. Orthologous
groups, defined on phylogenetic reconstruction of TRL genes, are shaded gray.
Dark gray shading demarcates panorthologs, light-gray shading imparalogs.
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An interesting group, since it appeared to conserve its clustering in proteins, in-

tron 4 and promoter tree, is the one including the At2g29340 paralogs (upper clade

in Figure 2.1). In the FootPrinter analysis the five genes forming this clade have

at least two shared motifs. One of the identified motifs is the POLLEN1LELAT52,

which is expressed in pollen development, indicating TRLs play a role in develop-

ment. This is confirmed by expression data of At2g29340 from the AtGenExpress

database (105), where this gene displays higher than the mean normalized expres-

sion in the flower organs (Figure 2.3).

2.3.2 Comparative genomics of TRL intronic regions

Intron sequences have been shown to contain regulatory sequences (127; 128),

so we tested for correlated evolution of coding sequences and introns by using

phylogenetic methods. TRL genes depict various numbers and lengths of the gene

components (Table 2.1); most TRL genes display the pattern of 5 exons and 4 in-

trons, but 12 % of the genes analyzed have a different exon- intron count (Navarro-

Quezada, unpublished). Two TRLs of A. thaliana have been shown to have alterna-

tive splicing of the first intron retention type, and this might restrict the evolution

of intron 1 (129). The Mantel test of correlation (130) of the distance matri-

ces, shows the best correlation to be between the coding sequence and intron 4

(r=0.581), but intron 1 also showed a relatively high correlation (r=0.402). Con-

servation of intron 4 is also supported in the VISTA analysis. A VISTA alignment of

A. thaliana and Capsella rubella is depicted in Figure 2.4. Intron 4 has the lowest

variation in length but also appears to evolve slowly (Table. 2.1); therefore indels

might be restricted for this intron, indicating structural importance.

GenomeVista made possible a visual and qualitative comparison from which we

observed that conserved non-coding sequences (CNS) are shared for both UTRs

and introns between most of the Brassicaceae and A. thaliana. The number of CNS

decreased with phylogenetic distance to the reference species (see Brassicaceae

phylogeny in Figure 1.1, Chapter 1), as we had expected. Intron 4 was often

conserved among the A. thaliana genome and the analyzed Brassicaceae. It was
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Figure 2.3: Mean normalized values of two co-regulated genes: At2g29340 and
At2g29350 throughout the plants development. Data and graph were obtained
from the AtGenExpress Visualization Tool (AVT) at (105).
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Conserved intron count
Species intron 1 intron 2 intron 3 intron 4 intron 5
A. lyrata 5 5 3 6 0
A. cebennensis 1 - 1 4 0
Boechera divaricarpa 3 2 3 3 1
Capsella rubella 5 3 4 6 0
Brassica rapa - - - 1 0
total 14 10 11 20 1 56
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Capsella rubella and A. thaliana using GenomeVista. Genes from A. thaliana are
blue bars above the identity graphs. Percent indentity is plotted on the y-axis. The
window-size is 100 bp. TRL gene names were added by the authors.
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roughly twice as conserved than introns 2 and 3 (20 vs. 10 and 11 out of 56 times).

25 % of the times intron 1 was conserved, and only once did we find a conserved

fifth intron. The species Cleome spinosa shared the fewest CNS with A. thaliana as

expected.

2.3.3 Identification of regulatory elements by phylogenetic shad-

owing

In the FootPrinter and PLACE analyses we expected to identify shared regulatory

elements among recently duplicated genes and among orthologs. From the tree

and figure obtained with FootPrinter (Figure 2.5), we see that motifs identified are

shared either within orthologous groups, and more often among closely related

gene duplicates (17 out of the 51 shared motif stretches, 32%). The genes belong-

ing to A. thaliana and A. lyrata shared regulatory motifs more often than the other

species (7 out of 17 shared motifs). Unrelated genes did not share motifs among

them.

2.3.4 Analysis of co-expression of TRLs

The consensus tree obtained for the expression of TRL genes in Arabidopsis thaliana
(Figure 2.6) depicts three terminal clades with bootstrap values over 70 %. These

are the clades which were further analyzed as candidates for genes that are co-

regulated using Z-value plots over experiments. We found genes displaying PCC

correlation values close to +1, whenever both genes had almost null expression

2.2. This effect was lower though, when more experiments were added to the

analysis. We confirmed that the same gene pairs cluster together using PCC to Eu-

clidean distance trees among expression values (Figure 2.7). Both genes At2g29290

and At2g29310 show the best clustering value, with a bootstrap value of 98,7 %

(Figure 2.6), and the highest PCC value (Table 2.2, p=0.0011). Furthermore,

when plotting Z-values over all experiments for both TRL genes (Figure 2.8), we

can see a correlation in the expression pattern of these two genes for all the ana-
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Figure 2.5: Motifs identified with FootPrinter. We identified 362 motives, using a
minimal length of 12 nucleotides and no mutation. On the right, the promotor tree
is displayed.
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lyzed experiments. A good PCC value is also found for the cluster of At2g29340

and At2g29350 (Table 2.2, p=0.0059), but correlated expression in the Z-value

plot is less evident (Figure 2.8).
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At5g06060 1 0.37495 0.26612 0.27148 0.25096 0.25521 0.38788 0.00106 0.39567 0.16013 0.14942 -0.01653 0.34157 -0.17633 0.32958 0.20174
At1g07450 0.37495 1 0.18100 0.04504 0.13786 0.08348 0.10252 0.09650 0.25471 0.02217 0.11800 0.12045 0.27424 -0.17579 0.27679 0.20678
At1g07440 0.26612 0.18100 1 0.17294 0.29467 0.06907 0.28467 0.31078 0.40585 0.14567 0.18899 0.29198 0.18265 -0.18404 0.17006 -0.01244
At2g29340 0.27148 0.04504 0.17294 1 0.17780 0.03410 0.21145 0.19784 0.17313 0.06547 0.00028 0.04445 0.19230 0.31996 0.07461 0.19394
At2g29370 0.25096 0.13786 0.29467 0.17780 1 0.02360 0.24817 0.33977 0.16980 0.14774 0.23631 0.23875 0.04871 -0.00480 0.14375 0.06906
At2g29330 0.25521 0.08348 0.06907 0.03410 0.02360 1 -0.15383 0.03110 -0.11198 0.15016 0.14302 -0.18999 0.09650 -0.30925 0.01511 0.09738
At2g29310 0.38788 0.10252 0.28467 0.21145 0.24817 -0.15383 1 0.09277 0.66399 0.01679 0.05761 0.10245 0.22252 -0.12834 0.26405 0.04432
At2g29300 0.00106 0.09650 0.31078 0.19784 0.33977 0.03110 0.09277 1 0.32301 -0.02013 0.26804 0.17124 0.02030 -0.13141 0.10940 -0.05843
At2g29290 0.39567 0.25471 0.40585 0.17313 0.16980 -0.11198 0.66399 0.32301 1 0.05541 0.25192 0.14706 0.30433 -0.23073 0.39760 0.02471
At2g29260 0.16013 0.02217 0.14567 0.06547 0.14774 0.15016 0.01679 -0.02013 0.05541 1 -0.05332 -0.03558 0.06936 -0.09999 0.11907 0.00489
At2g29170 0.14942 0.11800 0.18899 0.00028 0.23631 0.14302 0.05761 0.26804 0.25192 -0.05332 1 0.34945 -0.04606 -0.10442 0.19547 -0.06478
At2g29150 -0.01653 0.12045 0.29198 0.04445 0.23875 -0.18999 0.10245 0.17124 0.14706 -0.03558 0.34945 1 -0.05049 0.17722 0.10027 0.09923
At2g29320 0.34157 0.27424 0.18265 0.19230 0.04871 0.09650 0.22252 0.02030 0.30433 0.06936 -0.04606 -0.05049 1 -0.11922 0.22180 0.01922
At2g29350 -0.17633 -0.17579 -0.18404 0.31996 -0.00480 -0.30925 -0.12834 -0.13141 -0.23073 -0.09999 -0.10442 0.17722 -0.11922 1 -0.16567 0.26489
At2g29360 0.32958 0.27679 0.17006 0.07461 0.14375 0.01511 0.26405 0.10940 0.39760 0.11907 0.19547 0.10027 0.22180 -0.16567 1 0.00701
At2g30670 0.20174 0.20678 -0.01244 0.19394 0.06906 0.09738 0.04432 -0.05843 0.02471 0.00489 -0.06478 0.09923 0.01922 0.26489 0.00701 1
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Table 2.2: Comparison of normalized PCC values among genes. Different degrees
of red indicate co-regulation, different degrees of blue mean antagonistic expres-
sion.

In the analysis of PCCs including all the A. thaliana genes available on the ATH1

chip, we identified 40 genes in the genome that have a stronger PCC correlation

with a TRL gene than any of the correlated pairs of TRLs (not shown). Our results

are confirmed by online databases (see discussion).

Gene expression ratios for TRLs in co-regulated clusters helped us identify ex-

perimental factors that induce TRL genes significantly. The expression profile (Z-
values) of At2g29340 and At2g29350 shows that this pair of genes with a sig-

nificant PCC value responds similarly to pathogen induction, wounding and heat

stress, but it appears to be expressed antagonistically in the rest of the experiments

(Figure 2.8). We chose this pair of genes for further study in qPCR experiments to

establish the relationship of these genes under three experimental conditions (see

next paragraph). We identified significant induction of At2g29290 and At2g29310

by light of different wavelengths (Figure 2.8). Individually, At2g29290 appears

to respond significantly to pathogen induction and cold, and to be downregulated



80 2.

At5g06060	

At2g29330	

At2g29260	
477

At2g29360	

At1g07450	

At2g29320	
287

At2g29370	

At2g29300	
424

At1g07440	

At2g29290	

At2g29310	
987

222

129

At2g29340	

At2g29350	

At2g30670	
915

776

161

At2g29150	

At2g29170	
723

211

196

213

Figure 2.6: Neighbor joining consensus tree of the TRL expression profiles. Con-
sensus tree based on Euclidean distances of Z-values, bootstrap is n=10000. Only
four nodes display values >500. These are co-regulated genes that also had high
PCC values and keep co-expression over multiple experiments, as shown later in
paired expression profiles (Figure 2.8).
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(a) Protein tree of A. thaliana (b) Promoter tree of A. thaliana
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Figure 2.7: Comparison of expression trees based on PCCs and Euclidean distance
of Z-values. The program Treejuxtaposer displays differences in red. Independent
of the method, the terminal nodes of both trees are the same.
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by osmotic stress, whereas At2g29310 is upregulated significantly by genotoxic,

oxidative stress and UV-B.

We found that different types of stress changed the expression of TRLs (light

induction, hormone and pathogen treatments). The effects of different treatments

on pairwise recently duplicated genes of A. thaliana are summarized in Figure 2.11.

2.3.5 Transcript abundance of TRLs following pathogen stress,

cold stress or salicylic acid (SA) treatment

A. lyrata is an outcrosser and therefore displays a higher number of heterozygous

loci. It proved difficult to find ideal primers for amplifying single primer cDNAs,

which in turn made it difficult to evaluate expression. Nevertheless, we found two

primers for orthologous genes in A. thaliana that worked well in this species. An

extra primer pair was tested for which we did not have the orthologous gene in

A. thaliana. There is evidence that at least one of the TRLs, At2g29350 associ-

ated with cell death (SAG13) which is one of the best-known markers for senes-

cence (33) is regulated by SA (131). Furthermore, induction by cold and heat

in Arabidopsis thaliana has previously been reported (35; 61), consistent with the

microarray data (Figure 2.8, and Figure 2.12). Given that Pseudomonas syringae
infection induces senescence and SA response (121), it is not surprising that both

treatments elicited expression of TRLs. After one to three days of being infected

with Pseudomonas syringae, plants of both species showed yellow and brownish

spots, signs of senescence, on the inoculated leafs. A. lyrata TRLs do not appear

to respond in the same way as A. thaliana when induced by the pathogen, except

for AlTRL54 after 24h of elicitation (Figure 2.9). All A. lyrata TRL genes tested

responded to induction by SA after 28 and 52 hours respectively. AlTRl29 did not

show any response to Pseudomonas syringae but was upregulated by SA in the qPCR

experiments, whereas its ortholog, At2g29350, responded to SA and Pseudomonas
syringae after 4h and 6h, respectively, of exposure.
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Figure 2.8: Expression profiles of corrected Z-values for microarray data from
databases. Expression profiles shown are for A) co-regulated genes At2g29340
and At2g29350 and B) co-regulated genes At2g29290 and At2g29310. For A)
there appears to be no significant correlation between these two genes, which ap-
pear rather antagonistic. In B) both genes show the best PCC correlation and highly
similar expression profiles. They are significantly upregulated as a response to light
(experiments 1-14). Other experiments are: 15- 44: pathogen induction; 45-56:
cold; 57-68: osmotic; 69-80: salt; 81-94: drought; 95-106: genotoxic; 107-118:
oxidative; 119-132: UV-B; 133-146: wounding; and 146-162: heat.
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Figure 2.9: Relative expression of At2g29340, At2g29350 and At2g29290 (Upper
panel) from A. thaliana and AlTRL29, AlTRL37 and AlTRL54 (bottom) from A.
lyrata obtained by qPCR experiments. Three biological replicates and three techni-
cal replicates are averaged for each time-point; error bars display standard erros.
Orthologs have the same symbols (At2g29350 and AlTRL29; At2g29290 and Al-
TRL37). Relative fold change to reference genes ATP1 or RP2ls was estimated with
the efficiency corrected model (122). At2g29350 responded to salicylic acid (SA)
and Pseudomonas syringae DC3000, confirming microarray results. Its ortholog
in A. lyrata responded only to SA. At2g29340 and At2g29290 also responded to
Pseudomonas but at different times; the latter showing an expression profile oppo-
site to At2g29350. A. lyrata TRLs showed responses to cold stress and to SA but
Pseudomonas failed to significantly induce TRLs in this species.
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The cold response of TRLs from A. thaliana correlated well with the microarray

results. Most of the genes were either not differentially expressed or were down-

regulated. We did not find, as in the microarrays, that At2g29290 was upregulated

after 1h of cold treatment. Its ortholog in A. lyrata, AlTRL37, was upregulated

after 1h of cold, as was AlTRL54, but neither gene responded to longer exposures

to cold.

2.4 Discussion Chapter 2

2.4.1 Identifying correlated evolution of proteins, cis-regulatory

regions and other non-coding sequences

Protein sequence homology alone is insufficient for predicting of specific enzyme

function. Therefore, more information about the genes and their evolution was

necessary to provide insight into TRL expression and their associations. To inves-

tigate if coding and non-coding evolution are related in the TRL gene family, we

compared phylogenetic relationships of protein, cis-regulatory regions (adjacent

promoter) and intronic sequences. Phylogenetic analysis of promoters is still one

of the methods of choice in bioinformatics, and phylogenetic trees are also used

for studying co-evolution. Our hypothesis was that promoters and proteins would

be evolving similarly if genes are subject to negative selection. Thus, if promoters

are selected to retain their function we would expect them to parallel changes in

their phylogeny. If promoters evolve differently, this would indicate the occurrence

of new functions (through either neo- and/or subfunctionalization).

We found CCOs in the phylogenetic analysis, but 60% of these groupings in-

clude only paired orthologous groups (Figure 2.1). This shows that promoter se-

quences and motifs might be conserved in sequences that are more closely related,

i.e. that have separated recently (<< 10 MY). Therefore, pairwise alignments of

promoter comparisons will only be effective within short evolutionary distances,

something that is confirmed in our study by the motif analysis (Figure 2.5). From
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the FootPrinter analysis we learn that conserved promoter regions have been pre-

served for ≈ 5− 10 MY, since we find most of the conserved motifs between A.
lyrata and A. thaliana, but also between Capsella rubella and Boechera divaricarpa
(Figure 2.5). Although the search might already be constrained by the input tree

used in FootPrinter, in this case the promoter tree, it is expected that shared regu-

latory elements are more often found among recently duplicated genes.

Regulatory regions can be found in first introns (127; 128). We found shorter

branch lengths among orthologs in introns 4. From the VISTA analysis we saw

that both introns 1 and 4 are conserved more often (Figure 2.4). Preservation

of intron 1 can be explained by potential function, as they appear to be involved

in alternative splicing, which has been shown to occur in two of the TRL genes,

At2g29340 and At2g29350 (36). Intron 4 might have some structural importance,

as they appear to be more conserved, but this needs to be tested experimentally.

2.4.2 Relationship of non-coding variation and expression of

TRLs in Brassicaceae

Divergence in function might not only correlate with divergence in regulatory re-

gions and motifs, but might be reflected in differences in expression of the TRL

gene duplicates (95). From the databases we obtained data from microarrays and

MPSS for A. thaliana. We also obtained qPCR data for this species and A. lyrata.

We found expression profiles of TRLs in A. lyrata to be different from its orthologs

in A. thaliana. Since A. lyrata is an outcrossing relative, different alleles of TRLs

add another level of variation, which could increase the number of functions.

In general, we observed in the qPCR and microarray analysis that expression

patterns of TRLs are divergent and do not necessarily reflect duplication history.

Our results agree with the study done by Casneuf et al. (54). They found that

genes that have emerged from local duplications have diverged more in expression

than have gene products of large scale tandem duplications. This contradicts the

pattern observed in other organisms, for instance Drosophila. Nevertheless, when

we looked at A. thaliana microarray data only, a positive correlation exists be-
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tween the distances of coding sequences and expression (Table 2.3), which might

be partly explained by effects of the position in the genome.

Table 2.3: Mantel test of correlation between coding and noncoding regions of TRL
genes.

Comparison Correlation r p-value
Coding vs. Promoter 0.422 0.0001
Coding vs. Intron1 0.402 0.0001
Coding vs. Intron2 0.288 0.0001
Coding vs. Intron3 0.080 0.0003
Coding vs. Intron4 0.581 0.0001
Coding (A.thaliana) vs. Expression (PCC) 0.668 0.0001
Coding (A.thaliana) vs. Expression (ED) 0.414 0.0001

2.4.3 Identification of putative functions of TRL genes through

in silico analysis of co-regulation and by qPCR

As the microarray and qPCR analyses show, TRL have diversified their expression

(Figs. 2.8 and 2.9). As we expect clustered genes to be co-regulated, i.e. those

physically closer to share regulatory regions, we tested for co-regulation in the TRL

gene cluster. Studies of gene order in different organisms have proved that physi-

cally linked genes might be in part co-regulated and that selection has played a role

in conserving gene order (132). In A. thaliana a tendency for clustered genes to be

co-regulated was described previously (133). Also, it implies that sequences of the

regulatory regions might be similar, if genes have recently duplicated, which was

shown in the FootPrinter analysis for some of the TRL genes. Numerous duplication

events of TRL genes have occurred in the Brassicaceae as a consequence of the tan-

dem duplication in the Brassicaceae-Cleomaceae ancestor, which occurred around

20 MY ago (106). Furthermore, we expected to detect epistatic interactions, such

as complementary expression, if genes show the same expression profile over all

experiments. If genes are expressed similarly but with opposite magnitudes, then
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one gene might be repressing the other.

With the PCC analysis we identified a few genes that are significantly correg-

ulated, for instance At2g29290 and At2g29310 (Figure 2.2). As shown in Figure

2.8, both genes display a highly similar expression profile. These two TRL genes

display the largest response in the experiments of varying light. The correlation of

this gene pair is confirmed when browsing for the function of these genes in the

ATTED-II database. There we found both genes to have targets in the chloroplast

and to be related to thylakoid lumen proteins. At2g29290 is also co-expressed with

phototrophic responsive enzymes (96).

A pair of antagonistic genes identified according to the PCC analysis and expression-

profiles would be At2g29350 and At2g29290 (PCC=-0.23073, Figure 2.2). Both

genes are very similar in their amino acid sequence and therefore share a more

recent common ancestor with each other than with other TRL paralogs. Diver-

gence in expression of this pair of genes is expected since they are not close in the

promoter phylogeny and the FootPrinter (Figure 2.1). Therefore, we decided to

perform quantitative real-time PCR (qRT-PCR) for both of the genes in the plants

we treated with cold, salicylic acid and Pseudomonas syringae. These experiments

confirmed what we had observed in expression profiles. Once one of the genes is

upregulated, the other appears to respond in the opposite way (Figure2.9).

At2g29330 and At2g30670 have been reported to be responding to brassinos-

teroids (62), and they appear close in the phylogenetic analysis of both protein

and promoter. Nevertheless, they do not display a significant PCC value and ap-

pear correlated only in reponse to pathogen (Figure 2.10 experiments 45-56).

2.4.4 Inferences about evolutionary processes by examining the

link between protein, non-coding sequences and expres-

sion

We found agreement between the qPCR experiments with microarrays in most of

the cases. Frequently, the induction happened at a later/earlier point in time.

Arabidopsis lyrata TRL orthologs do not replicate the pattern of their A. thaliana
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Figure 2.10: Graphic representation of the identification of differential gene ex-
pression. All significant Z-values for the experiment ’blue light’ after 4h of ex-
posure are shown as yellow dots. ’Darkness’ is used as a reference, shown as
pink dots. Non- significant values are blue dots, and red dots correspond to
tropinone-reductase-like (TRL) genes. Two of them are significantly overexpressed,
at2g29290 and at2g29310 (Z− value) > 1 · σ).

partners, and appear to have different expression patterns, as a response to cold

stress and salicylic acid after long times of exposure (Figure 2.9, Fig 2.12). Since

we have fewer data points for Arabidopsis lyrata in the SA and Pseudomonas sy-
ringae experiment, we might have missed the early responses that their orthologs

display. Another possibility is that selfing lineages, like A. thaliana contain variable

functional gene duplicates, which in the outcrosser A. lyrata is compensated for

by allelic variants; additionally, some TRLs might not be functional. We cannot

ascertain this by qRT-PCR.

Senescence can be induced by the hypersensitive response to pathogen Pseu-
domonas syringae (121); At2g29350 (SAG13) responded to this elicitor, as we ob-

served in our qRT-PCR experiments. SAG13 has been reported in the literature to

induce of senescence (33; 134). One A. lyrata TRL, AlTRL54, responded to P. sy-
ringae after 24h of exposure, although it was not the ortholog of At2g29350. This

might be due to the missing data for the early responses for this species. At2g29350

responded to salycilic acid after 4 h of exposure. Regulation by SA was expected
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for this gene, as SA induces of senescence. The ortholog of this gene in Arabidopsis
lyrata responded to SA after 28 and 52h of exposure. SA induction is consistent

with the discovery of higher than random average frequency of WRKY promoter

elements (yellow-green squares in Figure 2.5) (135). WRKY promoters have been

associated with induced expression of SAG13 (136).

The FootPrinter analysis might help identify neo- and/or sub-functionalization

events. In particular, when analyzing orthologous groups, different motifs can

argue for divergence, if protein sequences are very conserved. One case of neo-

functionalization among paralogs in the same species could be the case of AlTRL29

and AlTRL54. Both paralogs appear in neighboring groups both in the protein and

in the promoter trees (see Figure 2.1). Nevertheless, their regulatory motifs differ

and their expression has differentiated. We observe the same for its orthologs,

At2g29350 and At2g29150 respectively (Figure 2.12), in silico and in their qRT-

PCR expression profiles (see Figure 2.9).

In recent studies, sub-functionalization has been detected as a mutation in reg-

ulatory sequences of recently duplicated genes that have acquired transcriptional

specialization, for instance, in different tissues (104). Often, comparisons are made

over large evolutionary distances, for instance among fish and human. Our study

spans shorter evolutionary distances which allows more confident comparisons to

be made between coding and promoter evolution. Sub-functionalization might

be happening in the case where expression is significantly correlated among genes,

but one gene does not show expression that is significantly different from the mean

for any of the experiments analyzed. As can be seen in Figure 2.8, expression can

be correlated in two genes over multiple experiments, but they can differ in their

magnitude of expression. One example is the At2g29340-At2g29350 gene pair,

that appear co-regulated in qRT-PCR and microarray experiments. Their transcripts

may complement each other. Another possible sub-functionalization in recent gene

duplicates would be the case of At2g29150 and At2g29170 (Figure 2.11). The lat-

ter gene has significant expression only in a few experiments, but appears to show

similar pattern of expression of its co-expressed gene. These are hypotheses that

need experimental confirmation.
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We found promoter, motifs and expression analysis to be useful in the study

of gene families, as the combined analysis allowed us to set up hypotheses about

the evolutionary dynamics and of possible interactions among the members of the

gene family, that might otherwise not be evident from molecular evolutionary stud-

ies alone.
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Figure 2.11: Comparison of expression profiles of paired genes from A. thaliana.
All data were obtained from AtGenExpress. All axes are the same (-4;4), except for
the comparison At2g29350 vs. At2g29290, where the y- axis goes from (-8;8) as
both gene display higher differential expression than the other TRLs.
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Cold stress
1h 4h 12h 24h

A n.a. 0.47 0.12 0.24
B 2.40 -0.54 -0.98 -2.76
C -2.00 n.a. n.a. n.a.
D 0.64 0.71 0.28 0.05

AlTRL37 (Ortholog) D 2.35 n.a. 1.87 0.53

A n.a. 0.64 1.20 0.43
B 1.17 1.08 -0.80 -2.30
C n.s. n.a. n.s. n.s.
D 0.95 0.31 0.13 0.38

A n.a. 1.00 2.42 0.63
B -0.63 0.15 0.61 0.53
C 2.20 n.a. n.a. n.a.
D 1.29 1.61 0.39 0.72

AlTRL29 (Ortholog) D 0.17 0.31 0.23 0.63

A n.a. 0.87 1.37 1.56
B 0.69 -0.31 0.30 0.50

AlTRL54 (Ortholog) D 3.55 0.31 0.55 0.74

SA
4h 28h 52h

A 0.46 n.a. n.a.
B -2.24 0.88 1.71
D 0.48 1.06 0.68

AlTRL37 (Ortholog) D n.a. 2.14 1.46

A 1.29 n.a. n.a.
B -0.97 -1.01 0.13
D 0.87 0.71 0.80

A 1.57 n.a. n.a.
B 1.04 2.12 1.02
D 3.72 0.29 0.68

AlTRL29 (Ortholog) D n.a. 3.02 5.36

A 0.43 n.a. n.a.
B -1.96 -1.82 0.51

AlTRL54 D n.a. 1.04 2.86

P. syringae
2h 6h 12h 24h

A n.a. 0.36 n.a. n.a.
B -2.14 -1.71 n.a. -2.35
D n.a. 0.73 1.00 2.03

AlTRL37 (Ortholog) D n.a. n.a. 0.29 0.82

A 0.66
B -1.00 -0.95 n.a. 0.00
C n.a. n.a. n.a. n.a.
D n.a. 3.62 2.58 0.73

A n.a. 11.96 n.a. n.a.
B 1.54 0.98 n.a. 4.65
D n.a. 4.14 0.84 1.03

AlTRL29 (Ortholog) D n.a. n.a. 0.17 0.23

A n.a. 2.17 n.a. n.a.
B -0.54 -0.72 n.a. -0.18

AlTRL54 D n.a. n.a. 0.08 1.57
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Figure 2.12: Relative expression values obtained with various methods com-
pared to those obtained by qRT-PCR for co-regulated genes (from PCCs)
At2g29340, At2g29350 and At2g29290. The colors follow the rules of expres-
sion heat-maps, red for induction and green for repression. Z-value corrected
expression is displayed for A) Genevestigator (37), B) microarrays (105), C) bbc
Botany Array Resource (bbc, (137)) and data from (35) D) qRT-PCR; n.a.= not
available; n.s.= not significant. In all databases cold induces the downregulation
of At2g29340 and At2g29290; SA and Pseudomonas induce At2g29350. In the re-
sponse to the plant pathogen, AlTRL54 and AlTRL37 follow a different expression
pattern than their orthologs.
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3.1 Abstract Chapter 3

We studied genes belonging to the tau glutathione-S-tranferases, a gene family special to

plants, in six Brassicaceae species. The members of the tau GST gene family duplicated in

tandem in all the studied species, ranging from four to nine copies. Tau GST genes radiated

in Brassicaceae independently from other plants. These genes have been subject to posi-

tive selection, which supports that they have diversified in function. GSTs are important

plant defense enzymes, and we had expected to see them evolving according to positive

selection, although in the present they appear to be evolving slower due to co-regulation

of closely related tau GST enzymes.

3.2 Introduction Chapter 3

In theory, gene families tend to cluster according to function (138). In the model

plant Arabidopsis thaliana 10% of its genes are within large, co-expressed chro-

mosomal regions. 40% of these co-expressed genes have also high sequence simi-

larity (139). Functional similarity is true in the case of the sequenced BACs from

Chapter 1. We found a gene family upstream from the tropinone reductase like

(TRL) genes, the genes coding for glutathione-S-transferases (GST), which are en-

zymes typically associated with stress response (38).

Although less numerous as the TRL genes in the same genomic region, GST

genes are numerous in plant genomes. The GST gene family is very large in all

organisms where it has been analyzed. In A. thaliana 48 GST and GST-like genes

are found. The functions of these enzymes are also largely different (140), they

range from catalyzing detoxification reactions to binding flavonoid natural prod-

ucts prior to excretion. GSTs are involved in detoxifying and are often used as

markers of stress. In insects, GSTs have been shown to play an important role in

the detoxification of many substances including plant allelochemicals (141). GSTs

are ubiquitous enzymes that bind glutathione to reactive oxygen molecules, which

are toxic to cells, so that these molecules can be excreted. Two plant-specific GSTs

have been described in the literature: phi- and tau GSTs (140). Only the first
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type of GSTs have been crystallized, and the structure appears conserved among

phi GSTs and the other known GSTs (140). Enzymatic tests on both plant-specific

GSTs have shown that the enzyme types respond differently to one of the major

plant defense signals, salicylic acid. The response is also different among in tan-

dem duplicated genes. Recent reviews indicate that a large number of GSTs might

be due to the substrate specificity of each enzyme needed to detoxify diverse toxic

compounds (142).

Tau class GSTs were first identified as being induced by auxins, and have re-

cently been shown to be involved in the response to a variety of endogenous and

exogenous stresses including pathogen attack, wounding, heavy metal toxicity, ox-

idative and temperature stress (143). Their genes contain a single intron at a con-

served position. Using phylogenetic methods, we analyzed if tau GSTs evolve in a

similar way as its neighboring genes, the TRLs, which underwent positive selection

at the origin of the duplications.

3.3 Materials and Methods Chapter 3

3.3.1 Sequencing the tau GST genes on Chromosome 2

Tau GST genes were obtained in our effort to isolate the TRL genes from Bras-

sicaceae, as they are localized 3’ upstream from TRL genes in the species se-

quenced: Arabidopsis lyrata, Arabidopsis cebennensis, Boechera divaricarpa, Capsella
rubella, and a more distantly related species, Cleome spinosa (Capparales). For

the origin of the BACs, the sequencing and annotation procedure, we refer to

the Materials and Methods section in Chapter 1. We learned from the literature

that Brassica rapa contains at least one GST encoding gene upstream from the

TRLs, although we did not have the sequence, thus we do not analyze GST genes

for this species (64). Repetitive elements were detected with REPEATMASKER

(www.repeatmasker.org).

www.repeatmasker.org
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3.3.2 Phylogenetic analysis

As for TRLs, (Chapter 1) alignment of tau GST genes was done initially with

CLUSTALX and checked for misalignments by eye. Phylogenetic trees were con-

structed from both coding DNA and amino acid sequences using SEQBOOT to pro-

duce 100 bootstrapped sets and DNAML and PROML programs from the PHYLIP

package, using default options for all 100 trees (73). We used the program NEIGH-

BOR to construct a neighbor-joining (NJ) tree of both DNA and amino acid se-

quences. Among all genes, we defined groups of orthologous genes as those that

grouped together in a clade whose supporting branches have a bootstrap value

higher than 50%. Neighbor-joining trees proved to be robust, and were used in

further analyses. The outgroups used in the phylogenetic reconstruction were ob-

tained by performing a search with the blastx program that compares six-frame

conceptual translation products of a nucleotide query sequence (both strands) to

a database of proteins. We identified those GSTs that were more closely related

to the A. thaliana tau GSTs (68), which all came from the species Glycine max
from the Leguminosae plant family at the time the sequences were obtained (May

2006) (144).

3.3.3 Tests for positive selection

Tests for positive selection were performed using PAML, as described in Chapter

1. We performed M7 and M8 for the complete GST tree and for the three major

clades (labeled 1, 2 and 3 in Figure 3.2). For the branch-site analysis we labeled

those branches at the base of clades 1, 2 and 3, that separate these clades from the

other GST paralogs. Labeled branches are shown in Figure 3.3.
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3.4 Results Chapter 3

3.4.1 The tau GSTs on Chromosome 2 in A. thaliana and their

equivalents in other Brassicaceae

Among the six sequenced BACs, we identified four (in B. divaricarpa) to nine tau

GSTs (in C. rubella) that are located upstream of the TRLs (Figure 3.1). One quarter

(7 out of 28) of the A. thaliana tau GSTs are located in this genomic region(1),

which is equivalent to 25% of the total number of tau GSTs (7 out of 28 (145)).

We were able to identify all A. thaliana tau GSTs orthologs in Arabidopsis lyrata,

Arabidopsis cebennensis and Capsella rubella. The last species contains GST genes

that duplicated recently and independently from the Arabidopsis spp. (see Figure

3.2). We were not able to identify all orthologs for B. divaricarpa, as the BAC clones

of this species have smaller inserts (discussed in Chapter 1).

Amino acid sequence similarity ranges from 34 to 99.7% among orthologs, from

37 to 90% among paralogs within a species and from 26 to 85% among paralogs

from different species (’outparalogs’ (146)).

Many GSTs are flanked by retrotransposons, a list of the transposons associ-

ated the gene family is shown in Table 3.1. These mobile elements might have

contributed to their duplication. Nevertheless, as in the case of TRLs, Capsella
rubella is the only species that does not contain any transposons in this genomic

region, therefore this is not a possible duplication mechanism for this species. Fur-

thermore, all of the tau GST genes have one intron, as is expected for these type

of genes, and therefore duplication mediated by reverse transcription can be ruled

out. As in the case of TRL genes, we see that transposons are active in this genomic

region. They interrupt ORFs, as in the case of one TRL from A. lyrata, AlGSTU1,

where one LTR-retrotransposon is inserted into intron 2 (Figure 1.2).

Genes closer in the phylogeny are also closer physically, which confirms subse-

quent duplication (Figure 3.1). The patterns of divergence in the phylogeny are

consistent with single gene duplications that occurred at various times, probably

by non-equal recombination.



100 3.

LINE/L1

Ty1 (x2)

A. thaliana 

A. lyrata 

A. cebennensis 

Capsella rubella 

Boechera divaricarpa 

Brassica rapa

420

At2g29430At2g29390 -400 -410

440 450 460 470 480 490

GST7 GST6 GST5 GST4 GST3 GST2 Ty3 
GST1

LINE Ty1/copiaTy1/copia

Ty3 non-LTR 
GST1 GST2

LINE/L1
GST3 GST4 GST5 GST6 GST7

370

27

27

24

30

5 ψ

GST1 GST2 GST3 GST4

GST4

GST5 GST7

GST1 GST2

GST1

GST3

450 490

GST8

GST8

465ψ

GST9

clade 1

clade 2 clade 3

Figure 3.1: The tau glutathione-S-reductase-like genes in tandem from studied
Brassicaceae, aligned according to orthology. The A. thaliana genes are used as
a reference and shadowing indicates groups of orthologs. The phylogeny reflects
the succession of the genes on the chromosome, and the order probably reflects the
duplication history. No inversions or translocations have occurred, as in the TRLs.
Black lines lead to the clade containing the genes in cluster 1. Pink lines (middle)
indicate clade 2 and blue (left) lines clade 3. Tau GST genes are depicted by blue
arrows. The ORF of the first tau GST from the left from A. lyrata is interrupted by a
transposon, indicating AlTRL1 might be a pseudogene. Fine lines connect paralogs
from Capsella rubella.
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Table 3.1: Transposable elements identified within the tau GST gene cluster
Species Ty1-copia Ty3-Gypsy LINE Other number
A. lyrata 2 1 2 n.a. 5
A. cebennensis 0 1 1 non-LTR 3
A. thaliana 0 0 0 n.a. 0
C. rubella 0 0 0 n.a. 0
B. divaricarpa 5 0 0 n.a. 5
B. rapa 0 0 0 n.a. 0
C. spinosa 0 0 0 non-LTR 1

3.4.2 Phylogenetic analysis of GSTs

The neighbor-joining tree of GSTs constructed from amino acid sequences had high

values of bootstrap supporting the branches, and therefore we worked with this

tree for further analysis. As observed in the TRLs, the tau GSTs from Brassicaceae

have independent duplication histories from their homeologous GSTs in the out-

group species Cleome spinosa and Glycine max (Figure 3.2). Tau GSTs have dif-

ferentiated in three major clades (numbers 1 to 3 in Figure 3.2). Most of the

subclades we find within these major clades contain one representative of each of

the Brassicaceae species studied, except major clade 3 that does not contain any

Boechera divaricarpa sequence. Since we have smaller sequences inserted into the

B. divaricarpa BACs, and these GSTs are at the end of the BAC we think we do not

have all tau GSTs for this species.

The phylogeny accords with gene birth and death and divergent evolution.

Some species appear to have had recent duplications supporting gene birth, as

is the case for Capsella rubella. Although there are few pseudogenes as evidence of

gene death, one pseudogene is present in A. thaliana (light blue arrow in Figure

3.1) and one in A. lyrata, whose ORF is interrupted by a retrotransposon (Fig-

ure 3.1). Also Tau GST do not display large fluctuations in copy numbers among

species as do TRLs. Nevertheless, tau GST orthologs appear to be lost in some of

the subclades (grey lines in Figure 3.2), particularly in major clade 2. This can

also be seen more in the depiction of gene relationships and orthology of genes in

clade 2 (purple lines Figure 3.1), where A. thaliana appears to have lost one of the
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paralogs as well as Capsella rubella. Some paralogs of this last species appear to

evolve independently from the paralogs in clade 2 of the other tau GSTs from the

sampled Brassicaceae, although the phylogeny is not well resolved at the branches

leading to these genes, as show the low bootstrap support (CrGST2, CrGST3 and

CrGST4 in the tree in Figure 3.2).

3.4.3 Detecting positive and negative selection in the different

parts of the tree

When testing for selection in each separate clade in the phylogenetic tree (clades 1-

3 in Figure 3.2), we found that these appear evolving in a conserved fashion with

some sites evolving close to neutrality. M7 and M8 are equivalent, with ω values

between 0- 0.7 (Table 3.2). When we analyze the complete tree using tests M7 and

M8, we found M8 has a better probability than M7, where M8 estimates one extra

site with ω = 1.04 suggesting neutral evolution or slightly positive selection (Table

3.3).

From the previous results we observe that on the one hand it appears that

positive selection is not playing an important role among all the studied tau GSTs.

On the other hand, when we test the branch-site models for positive selection in

foreground branches, these tests were significant and we detected four selected

sites in two clades (Table 3.3). Only one of the positively selected sites remains the

same when allowing positive selection after the split of two basal branches in clade

2 (branches 3 and 4 in Figure 3.3).

Positive selection appears to have occurred at the basal branch that splits part of

clade 2 from the rest of the sequences in the tree, as MB has the highest probability

when the sequences following the split of BdGST2 and its orthologs from the rest of

the sequences (after square 3 in Figure 3.3). MA and MB have high likelihoods for

all of the trees tested with different foreground branches, although M8 performed

always better. Tau GSTs probably diversified in the past and in the present within

clade 2, in the other clades tau GSTs are evolving according to negative selection.
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divaricarpa and Cleome spinosa. We indicate nodes with bootstrap values >
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Table 3.2: Parameter estimates and tests of selection using branch-
site models for clades of closely related tau GSTs paralogs. Test for
selection is M7 vs. M8.

Model Parameter estimates ` 2∆l P
Clade 1, n=6
M7 ω1..n = 0− 0.49 -2.40418 5.32 0.0699

p = 0.6754 q = 3.525
M8 ω1..n = 0.004− 4.136 ωs = 4.136 -2.4015

p0 = 0.9887 p = 0.786 q = 4.714
Clade 2, n=15
M7 ω1..n = 0.0112− 0.791 -3.7861 1.613 0.4464

p = 0.7628 q = 1.702
M8 ω1..n = 0.0115− 145.2 ωs = 145.2 -3.7854

p0 = 0.996 p = 0.775 q = 1.7545
Clade 3, n=17
M7 ω1..n = 0.01− 0.69 -4.5896 4.802 0.0964

p = 0.8954 q = 2.4086
M8 ω1..n = 0.02− 1.59 ωs = 1.59 -4.5872

p0 = 0.9715 p = 1.1121 q = 3.448

3.5 Discussion Chapter 3

Most detoxification enzymes, as are GSTs, have been studied in the context of their

biochemistry. Recently, with the advent of genome data, comparative studies of

gene families have become numerous, and this has included studies on stress re-

sponsive enzymes, as are CYPA and cytochrome P450 (CYP450) (147; 148). Some

of these studies have identified positive selection as one of the mechanisms driving

the evolution of these clustered genes, which have originated by tandem duplica-

tions (148). One recent study in a numerous gene family with functions ranging

from signaling in development to detoxification, the CYP450 family, identified that

those enzymes involved with pathogen and toxin recognition are unstable, evolving

by positive selection rather than gene conversion (16).
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We do not know the functions of the studied tau GSTs, although we learned

from microarray data available online that they all respond to infection by the

fungus Botritys cinerea, to nitrate deprivation and salt stress (Figure 3.4, (37)).

Many of these clustered tau GSTs respond to the infection by plant pathogens,

as for instance Pseudomonas infestans, P. syringae. Furthermore, some of the tau

GSTs respond to salicylic acid (At2g29420, At2g29480 and At2g29490), and others

respond to methyljasmonate (At2g29440, At2g29450 and At2g29460). As these

plant hormones have antagonistic functions in plant defense signaling (149), this

might indicate the occurrence of subfunctionalization of the tau GSTs. Two closely

related tau GSTs, At2g29460 and At2g29470, respond to osmotic, oxidative, salt

and wounding stress more strongly than others, as can be seen in Figure 3.4, which

shows a graphical depiction of a microarray heatmap and MPSS expression values.

We obtained a list of function and gene targets of the tau GSTs from A. thaliana
from the ATTED-II database (96). We can observe that most tau GSTs are in cy-

tosol, and only two in the chloroplast (see Table. 3.4). These last two enzymes,

At2g29460 and At2g29470, appear to be co-expressed. A further group of co-

expressed tau GSTs are those mentioned previously, which respond to salicylic acid

(At2g29420, At2g29480 and At2g29490). Contrary to TRLs where co-regulation

was only the case for a few genes, the upstream tau GSTs appear to be significantly

co-regulated.

Table 3.4: Cellular targets and possible functions of the tau GSTs in chromosome 2
from A. thaliana.
Locus Target * Function (synonym)
At2g29440 O,Y glutathione S-transferase, putative ((ATGSTU6))
At2g29450 O,Y glutathione S-transferase (103-1A) ((AT103-1A, ATGSTU5))
At2g29460 O,C glutathione S-transferase, putative ((ATGSTU4))
At2g29470 O,C glutathione S-transferase, putative ((ATGSTU3))
At2g29480 O,Y glutathione S-transferase, putative ((ATGSTU2))
At2g29490 O,Y glutathione S-transferase, putative ((ATGSTU1))

Adapted from the ATTED-II project; targets are from TargetP and WolfPSORT

(refs. in (96)) * C=chloroplast ; Y=cytoplasm.
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Our results from the analysis for positive selection support what has previously

been reported for large gene families duplicated in tandem. We found that genes

coding for enzymes that are clustered underwent positive selection after they had

duplicated, as we could see over the whole tree and particularly for those genes

in clade 2. Despite conservation of their overall exon- intron number and amino

acid sequence similarities that can go up to 85% and 95% among outparalogs and

paralogs respectively within a species, these enzymes have diverged in function,

and this might be the reason they are preserved in the genome. The same mode of

evolution was shown for a gene family that is upstream from the tau GSTs in the

genome, the tropinone-reductase-like (TRL) gene family (106).

Although the mode of evolution of tau GST genes accords rather to birth and

death than divergent evolution, it appears that they have not lost their function as

often, as they might perform essential functions for the plants. Also, slower evolu-

tion of tau GSTs within clades, as compared to TRL genes, might be due to function

complementation of these enzymes, as we learned from the co-expression database

from the ATTED-II project (96) and as it appears to be the case in transcripts from

the microarray databases (37) (Figure 3.4).
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Conclusions

Chapter 1

We identified a large gene family containing from 4 to 15 members duplicated

in tandem that had been preserved in a syntenic region in species separated by

more than 20 MY. This gene family encoded short-chain dehydrogenases, highly

similar to tropinone reductases from Solanaceae. The function of these tropinone-

reductase-like (further: TRL) enzymes in Brassicaceae is puzzling, given that in

tests for production of tropane alkaloids from their substrates in Arabidopsis thaliana
and other Brassicaceae, no tropane alkaloids are formed (28). In this thesis we

identified the presence of multiple copies of TRLs not only in two Arabidopsis spp.,
A. lyrata and A. cebennensis, but also in three further relatives, Boechera divari-
carpa, Capsella rubella and Brassica rapa, as well as in another species from the

Cleomaceae family, Cleome spinosa. This hints at the preservation of these genes

in the plants’ genome due to functional importance. In Chapter 1, the phyloge-

netic reconstruction led to the conclusion that these genes are evolving according

to gene birth-and-death, as we find most of them in groups of orthologs. Futher-

more, most of the orthologs appear subjected to negative selection, indicating that

they are preserved due to functional importance. We identified positive selection

using phylogenetic analysis of maximum likelihood (PAML). The M8 test (PAML)

identified ≈ 8.5% of sites evolving under positive selection. When we contrasted

rates of evolution in the tree, we found ancestral TRL genes to be evolving under

evolutionary constraints. Positive selection was detected in branches separating
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’ancient’ TRLs from the ’modern’ clades, containing the genes generated from local

duplications. This observations led us to propose that TRLs have been preserved in

the Brassicaceae genome, as they differentiated early in their duplication history,

which could have led to different functions. One possible secondary function is

the reduction of tropine to produce tropane alkaloids, which was shown in some

Brassicaceae and is the normal function in Solanaceae.

Chapter 2

We learned from the phylogenetic analyses of promoters of the tropinone-reductase-

like gene family that they have not evolved at the same rates as the protein coding

regions they regulate, except for genes in species of recent origin (< 10 MY). In-

trons 1 and 4 appear to be constrained in their evolution, their phylogeny being

significantly correlated with the gene phylogeny. Patterns from expression profiles

are different in genes with closely related coding sequences and, in some cases,

with conserved regulatory motifs. We propose that variability in cis-regulatory re-

gions and interaction of transcripts, are needed to provide the variation that allows

the preservation of multiple conserved copies of TRLs in the genome for more than

20 MY.

Chapter 3

The GSTs are important plant defense enzymes. As other plant defense enzymes

(for instance, LRRs), we expected to see the tau GST gene family upstream from

TRLs evolving according to positive selection in the present. The genes coding for

tau GST enzymes radiated in Brassicaceae independently from tau GSTs from other

plants. These genes follow a very similar evolution to the TRLs. They appear to be

undergoing gene birth and death, although they are more conserved in gene order

than TRL genes. Some tau GST genes have been subjected to positive selection,

which supports that they have diversified in function. But most of the tau GSTs
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are evolving according to negative selection, which indicates the importance of

conservation of function of these enzymes.

General conclusions

We found that TRLs and GSTs, both enzymes participating in stress response, are

clustered in Brassicaceae genomes. These clusters in the genome are not neces-

sarily due to regulation linkage, since regulatory sequences differ among neigh-

boring and closely related genes, as is the case in TRLs. Thus, TRL (and possibly

GST) genes are not clustered due to unity in function, but might reflect their ori-

gin through non-equal recombination. A study of the population genetics could

elucidate if these clusters are dynamic in populations, and functional studies will

be needed to identify the divergence in enzyme function suspected from protein

sequence evolution and differential expression.

An open question left from this thesis is whether one of the functions that char-

acterized tropinone-reductase-like enzymes, which is the reduction of tropinone to

form tropane alkaloids, is a secondary acquired function. As some Brassicaceae are

capable of producing tropane alkaloids (shown in Figure 2), tropinone-reductase

function might have been selected in each species depending on the individual

requirements of the plant. Therefore, it would be interesting to test if the other

studied Brassicaceae are capable of producing tropane alkaloids from crude plant

extracts.

Our study proved to be a good first step in the identification of selection and

evolutionary dynamics of a region containing genes duplicated in tandem, which

did not appear to have an essential function at a first glance, such as TRLs. Fur-

thermore, it proved the importance of comparing gene families among multiple

species, as this allowed us to reconstruct the duplication history and to gain insight

into the duplication dynamics.
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Appendix 1

Tests for recombination: GENECONV and Splitstree

GENECONV by (77) is a command line software that accepts aligned sequences of

DNA or protein and carries out a test with 10,000 permutations to detect apparent

gene conversion events. Permutations consists in shuffling polymorphic sites and

assigning scores to sites that are more frequent than expected by chance. The test

is based on imbalances in the distribution of agreement of paired sequences, and

it automatically controls for variable mutation rates in the genome. The method

is sensitive even when monophyletic samples are chosen. The logic behind the

program is that if there has been no gene conversion since the most recent common

ancestor of the sequences, the distribution of bases at silent polymorphic sites have

been determined by independent neutral mutation at all sites within the same

pedigree. It estimates the proportion of times a sequence fragment is repeated.

This program was used with aligned coding sequences to detect possible gene

conversion among A. thaliana, Capsella rubella and Cleome spinosa genes. We run

GENECONV on the command line with the following parameters: -Skip_indels

-Dumpall /sp /lp (both produce lists of significant fragments involved in recom-

bination). Seqtype was set to SILENT (silent polymorphisms of coding sequences

are taken into account). The out put calculates shared fragments for single sites

and runs of sites. The longest fragment shared after permutation in Cleome spinosa
TRLs, where paralogs group always together, is between CsTRL9 and pseudogene

CsTRL8, which might be a relic of non-equal recombination. With two exceptions,
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TRLs of this species do not appear to have been subject to significant gene conver-

sion. Gene conversion was detected in A. thaliana, but the fragments are not long,

and this might be due to 49 shared polymorphic sites, as in the case of At2g29150

and At2g29370. Other cases are At2g29320 and At2g29310; these genes share 39

polymorphic sites and are neighboring genes, but also closely related phylogeneti-

cally.

Splits Tree (150) is a program that uses phylogenetic networks. The method is

based in on the mathematical method of split decomposition. For ideal data, this

method gives rise to a tree, whereas less ideal data are represented by a tree-like

network that may indicate evidence for different and conflicting phylogenies. The

tree-like network or reticulate tree is used to display events such as hybridization,

horizontal gene transfer, recombination, or gene duplication and loss, which can af-

fect normal tree reconstructions. It estimates recombination from the network con-

structed. We used the program Splitstree4 available online (www.splitstree.org) on

MacOSX. We constructed network trees for clades B and C of Brassicaceae TRLs.

Using Splitstree we performed a phi-test for recombination. It did not find sig-

nificant recombination for clade B (p= 0.666465) or clade C (p=0.9984). As an

example of a reticulate network, the reconstruction with clade C is shown in Fig.

4.
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Figure 4: Network phylogenetic reconstruction of genes on clade C built with the
program Splitstree4. Terminal branches of the tree are well separated, which sup-
ports the absence of recombination.
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Appendix 2

Accession numbers of sequenced BACs

Table 4: Accession numbers of sequenced BACs in the Genbank database
Species Accesion number
Arabidopsis lyrata EU162608
Arabidopsis cebennensis EU162612
Boechera divaricarpa 1 EU180847
Boechera divaricarpa 2 EU162610
Boechera divaricarpa 3 EU180848
Capsella rubella EU162611
Cleome spinosa EU162609
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