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Resumen

RESUMEN

La especie anual Brachypodium distachyon y otras especies del género Brachypodium
han sido seleccionadas como plantas modelo de gramineas y monocotiledéneas
durante la altima década. Su estudio ha aportado grandes avances en la compresion de
los procesos biologicos, evolutivos y ecoldgicos, siendo especialmente relevantes por

su posible traslacién a los cereales templados y a gramineas biocombustibles.

Dilucidar cuales han sido los origenes y los eventos de divergencia, hibridacion,
poliploidizacién, especiacidn y aislamiento intraespecifico que han experimentado
especies del género Brachypodium, especialmente las alopoliploides , ha supuesto un
desafio debido a su disploidia y a su compleja y reticulada historia evolutiva,
mostrando sucesivos eventos de introgresion y poliploidizacidn. En el presente estudio
se han desarrollado analisis tanto a nivel inter- como intra-especifico para tratar de

clarificar estos procesos.

La obtencion de grandes cantidades de datos gendmicos mediante tecnologias de
secuenciacion de alto rendimiento ha permitido pasar del estudio de unos pocos genes
de estas especies a sus genomas completos o parciales, con un coste de recursos
razonable. El analisis de Big Data supone un importante reto, por ello el desarrollo de
algoritmos y la aplicacion de herramientas bioinformaticas juega un papel
determinante en su procesado. El empleo de distintos modelos evolutivos y de analisis
filogenémicos han sido fundamentales para poder descifrar los intrincados procesos
historicos experimentados por los linajes de estas plantas y para tratar de responder a
las hipotesis de esta tesis sobre su origen, naturaleza y dindmica espacio-temporal, y

su funcionalidad en tratamientos de estrés hidrico.

La combinacién de estos tres factores, sistemas modelo, tecnologias de secuenciacion
de alto rendimiento y desarrollo de herramientas bioinformaticas, junto con los
analisis de genémica comparada y filogenémicos, nos ha permitido obtener un gran
conocimiento sobre la intrincada historia evolutiva y los complejos procesos biolégicos

que han tenido lugar en las plantas objeto de estudio.

Los estudios filogendmicos y biogeograficos llevados a cabo mediante secuencias tanto
génicas como de genomas y transcriptomas, nos han posibilitado la reconstruccién y la

datacion de arboles de especie y de subgenomas de todas o de la mayor parte de las
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especies reconocidas del género, incluyendo las complejas alopoliploides. Estos datos
nos han permitido inferir como tuvieron lugar las divergencias y las dispersiones de
los linajes, y sus posteriores introgresiones en un marco geografico y temporal. El
estudio filogendmico de los plastomas de un elevado numero de ecotipos de
Brachypodium distachyon y la comparacion del arbol infra-especifico con el obtenido
de los andlisis de sus genomas nucleares nos ha permitido identificar las divergencias
de los principales linajes de la especie, estructurados segin sus tiempos de floracién y
su geografia, y el descubrimiento de posteriores introgresiones y capturas
cloroplasticas entre esos linajes aislados que contrarrestan la potencial

microespeciacion.

El amplio uso de Brachypodium distachyon como planta modelo de gramineas
templadas y la amplia disponibilidad de recursos pan-genémicos de esta especie nos
ha incitado a llevar a cabo estudios de redes de co-expresion génica y de expresion
diferencial de genes en condiciones de sequia y de riego entre una amplia muestra
geografica de sus ecotipos. Los resultados nos han permitido identificar conjuntos de
genes reguladores de rutas biologicas implicadas en las respuesta al estrés hidrico
(sintesis de prolina, respuesta a la privacidon de agua, a la de fosfato inorganico y de
estimulo de la temperatura) que pueden ser también claves en procesos celulares de

sefalizacién y de respuesta a otros estreses.

El conjunto de los estudios de la tesis han dado lugar a un incremento en el

conocimiento sobre el género Brachypodium, tanto a nivel evolutivo como funcional.
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SUMMARY

During the last decade the annual species Brachypodium distachyon and other
congeners have been selected as model plants for grasses and monocots. Their study
has proportionated enormous advances in the knowledge of their biological,
evolutionary and ecological processes, fostered by their potential translation to the

temperate cereal crops and the biofuel grasses.

Untapping the origins and the divergence, hybridization, polyploidization, speciation
and intraspecific isolation events experienced by the species of the genus
Brachypodium has been a challenge due to their dysploidy and complex reticulate
evolutionary history. Different allopolyploid Brachypodium species have shown
successive introgression and genome duplications. We have developed both inter and
intraspecific analyses aiming to clarify these events. The production of large amounts
of data using high-throughput sequencing technologies has allowed researchers to
move from the study of a few genes to complete or partial genomes with reasonable
resource costs. The analysis of the Big Data is a main challenge, and for this reason the
development of algorithms and the application of bioinformatic tools play an important
role in the process of the data. The application of different evolutionary models and of
phylogenomic analyses has been a fundamental step to deciphering the inextricable
historical processes experienced by the lineages of these plants and to answering the
main hypothesis of this thesis about their origin, nature and spacio-temporal dynamics,

and their functionality under drought stress conditions.

The combination of those three factors, model systems, high-throughput sequencing
technologies and development of bioinformatic tools, and comparative genomics and
phylogenomic analyses, has allowed us to acquire a large knowledge about the intricate
evolutionary history and the complex biological processes related to the plants under

study.

The phylogenomic and biogeographic studies undertaken with the Brachypodium
species using both genetic, and genomic and transcriptomic data, has facilitated the
reconstruction and the dating of the species tree and the subgenomic tree of all or the
main part of the species, including the complex allopolyploid taxa. The data allowed us

to elucidate the divergences and dispersals of lineages and their subsequent mergings
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within a geographic and temporal evolutionary framework. The phylogenomic
analysis of plastomes from a large number of B. distachyon ecotypes, and the
comparison of the infraspecific plastome tree with the nuclear genome tree, allowed
us to identify the main diverging lineages. They were structured according to their
flowering times and geographic distribution; the discovery of latter introgressions and
plastid captures between those isolated lineages counteracted their potential

microspeciations.

The ample use of Brachypodium distachyon as model plant for temperate grasses and
the vaste availability of pangenomic resources stimulated us to conduct analysis of co-
expression networks and of differentially expressed genes under drought and water
conditions among a large geographic sampling of its ecotypes. The results detected
groups of regulatory hub genes implied in the response to the drought stress (synthesis
of proline, responses to water deprivation, phosphate starvation and stimulus to
temperature) that could also be key in the regulation of other signaling pathways and

on the response to other stresses.

The compilation of studies developed in this thesis has contributed to increase the
current knowledge on the evolution and functional responses of species of the genus

Brachypodium.
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PhD THESIS STRUCTURE

The PhD thesis is structured in four general chapters (Introduction,

Materials and Methods, Objectives, Conclusions) and four specific chapters

related to the research conducted during the PhD work (Chapters 1 to 4).

A further section of References lists all the references mentioned in the

general and specific chapters, and another section of Appendices includes

supplementary information from each of the research chapters. The last

section of the thesis lists the Publications obtained from the PhD research.

The order of the chapters and sections is as follows:

» Introduction: State of art on the genomic, evolutionary and systematics

investigations in the genus Brachypodium.

> Material and Methods: General review of material and methods used in the thesis.

» Objectives: Main and specific objectives of the PhD work.

» Chapters of studies conducted in the thesis (each chapters contains the Summary,

Introduction, Material and Methods, Results and Discussion sections):

Chapter 1. Reconstructing the origins and the biogeography of species’
genomes in the highly reticulate allopolyploid-rich model grass genus
Brachypodium using minimum evolution, coalescence and maximum likelihood
approaches.

Chapter 2. Reference-genome syntenic mapping and multigene-based
phylogenomics reveal the ancestry of homeologous subgenomes in grass
Brachypodium allopolyploids.

Chapter 3. Comparative plastome genomics and phylogenomics of
Brachypodium: flowering time signatures, introgression and recombination in
recently diverged ecotypes.

Chapter 4. Co-expression network features and differentially expressed genes
explain drought-response patterns in the model grass Brachypodium

distachyon.
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» Conclusions: General conclusions of the thesis.

> References: This section includes all the bibliographic references cited in the
thesis.

» Appendices: This section includes supporting information from each research
chapter (supplementary methods, results, tables and figures):
e Appendix I: Supporting Information of Chapter 1
e Appendix II: Supporting Information of Chapter 2
e Appendix III: Supporting Information of Chapter 3
e Appendix IV: Supporting Information of Chapter 4

» Publications of the PhD thesis: This section lists the publications obtained from
and contributed to by the PhD thesis.
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INTRODUCTION - STATE OF THE ART
Contribution of Grasses to Earth ecosystems and human

development

Grasses have played a fundamental role on human development being a main source
of human nutrition, directly or indirectly as animal nutrition (Jacobs & Everett, 2000),
and providing textile fibers during miles of years. The grass subfamilies with greater
economic importance for human nutrition are Pooideae (e. g., Triticum aestivum, T.
turgidum, wheats; Hordeum vulgare, barley; Secale cereale, rye), Oryzoideae (Oryza
sativa, rice), and Panicoideae (Zea mays, maize; Sorghum bicolor, sorghum; Saccharum
officinarum, sugar cane). More recently, grasses have also acquired a new important
role for human development as a source of renewable biomass for the sustainable
production of bioenergy and liquid biofuels in the form of cellulosic biomass, starch

from crops, and sugar from cane (Bhattacharya & Knoll, 2012).

As consequence of the capital importance of this family, a large number of breeding
programs have been developed to improve species such as wheat, barley, rice or maize,
generating new cultivars to ameliorate traits such as yield, nutrition value, and biotic
and abiotic stress tolerance (Bradshaw, 2017). Genetics and biotechnology techniques
like marker-assisted selection (MAS) or transgenic technology represent major
advances in plant breeding. Those technologies have allowed researches to regulate
the expression of genes across the germplasm of crop species or the transference of
target genes from a species into a crop (Brummer et al., 2009). Recently, a new group
of grasses of the cool season genus Brachypodium have emerged as model systems for
crops grasses (Vogel, 2016). Based on its optimal biological and genomic features and
its close phylogenetic relatedness to the temperate cereals, B. distachyon and its close
congeners have been proposed as suitable models for grasses and monocots (IBI, 2010;

Catalan et al., 2014; Gordon et al., 2016; Scholthof et al., 2018).
Evolution of Poaceae family

Grasses (Poaceae) have played a crucial role on Earth since their origin in the
Cretaceous-Paleocene transition (Prasad et al, 2005; Stromberg, 2011), and
definitively since their expansion into all continents and almost all terrestrial

ecosystems from the Oligocene onwards (Bouchenak-Khelladi et al., 2010; Pimentel et
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al., 2017b). Members of this family are currently part of grasslands and other grass-
and graminoid-dominated habitats (e.g., savanna, open and closed shrubland, and
tundra), which occur on every continent (Stromberg, 2005, 2011). Grasses occupy
about 30-40 % of Earth’s land surface, and account for 69 % of the world's agricultural
area; grasslands cover more terrestrial area than any other single biome type (O’Mara,

2012; Blair et al.,, 2014).

Comparative genomics studies indicate that all the Poaceae derive from a grass
ancestor that likely experienced a whole genome duplication (WGD) event between 90
to 70 Ma (Paterson et al., 2004; Salse et al., 2008; Murat et al,, 2010). Evidence suggests
that the ancient grass paleopolyploidization was followed by subsequent
“diploidizations”, involving differential losses of many duplicated heterologous copies
in the subgenomes (Paterson et al, 2004) or by profound distinct genomic
rearrangements (Salse et al., 2008), including successive centromeric chromosome
fusions (Murat et al., 2010), along the divergent grass lineages. The return to the
“diploid” state in plants is interpreted as the genomic reduction to disomic single copy
genes, downsized genomes and small chromosome numbers (Leitch & Bennett, 2004;
Ma & Gustafson, 2005). By contrast, new polyploidization events apparently led to the
rising of mesopolyploids, originated some million years ago, and of neopolyploids,
considered to have arisen during or after the Quaternary glaciations (Stebbins, 1985;

Marcussen et al,, 2015).

Allopolyploids account for 70% of the current grass species (Stebbins, 1949; Kellogg,
2015a). The Poaceae include approximately 12,000 species classified into 750 to 850
genera (Kellogg, 2001; Soreng et al 2015). Evolutionary studies of grass
representatives indicate a diverging grade of ancient Anomochlooideae, Pharoideae,
and Puelioideae subtribal lineages that preceded the split of the main BOP
(Bambusoideae, Oryzoideae and Pooideae) and PACMAD (Panicoideae, Aristoideae,
Chloridoideae, Micrairoideae, Arundinoideae, Danthonioideae) clades (Clark et al.,

1995; Zhang, 2000; Sdnchez-Ken & Clark, 2010; Kellogg, 2015a; Soreng et al., 2017).

The increase in the rate of diversification detected in the temperate C3 Pooideae
grasses, (Pimentel et al., 2017b) was correlated with the drop in global temperatures
that took place in the Middle to Late Eocene and the Oligocene (Beerling & Royer,

2011). Interestingly, this increase in diversification of the pooids occurred before the
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divergence and diversification of the ungulate families Bovideae and Cervideae in
moist Eurasian regions, which took place in the Late Oligocene (Matthee & Davis, 2001;
Bouchenak-Khelladi et al., 2009). By contrast, diversification of tropical, mostly C4,
PACMAD grasses concurred with the diversification of some mamalian herviborous
lineages like Antilopienae s.., Hippotragineae and Alcelaphineae within the Bovidae in
the Oligocene, despite the much older origin of the group (Late Eocene) (Bouchenak-
Khelladi et al, 2009). This difference could be explained by the heterogeneous
expansion and diversification of the C4 grasses, triggered mostly by local ecological
factors and disturbances rather than by changes in atmospheric conditions (Osborne
& Beerling, 2006). The diversification of the Pooideae during the Oligocene continued
during the Miocene and the Pliocene (Pimentel et al, 2017b) and developed into
primary temperate grasslands in both hemispheres (Bouchenak-Khelladi et al., 2009;
Edwards et al.,, 2010; Stromberg, 2011).

Several phylogenetic studies have been carried out with the aim of deciphering the
evolutionary history of Poaceae. Forty six structural characters, macro and micro-
morphological, grouped as culm (2), leaf (5), spikelet (10), floret (14), fruit and embryo
(9), seedling (6) characters, were defined to optimized the phylogeny of grasses
(GPWG, 2001). The refinement of genomic analyses led to using genes or intergenic
regions to conduct molecular phylogenetic studies. Chloroplast loci such as rbcL
(Barker et al,, 1995), ndhF (Clark et al., 1995), rpl16 intron (Zhang, 2000), rps4 (Nadot
et al.,, 1994) or matK (Liang & Hilu, 1996; Hilu et al., 1999; Ge et al., 2002), nuclear loci
such as phytochrome (Mathews & Sharrock, 1996; Mathews et al., 2000), or nuclear
and/or plastomes loci (Guo & Ge, 2005; Saarela et al.,, 2017), or a combination of
morphological characters, chloroplast and/or nuclear loci (Soreng & Davis, 1998;
CPWG, 2001) have been widely used in phylogenetic studies of grasses. Complete
chloroplast genomes have been used in several approaches (Daniell et al., 2016),
including the reconstruction of both inter- and intra-specific phylogenies and
comparative analyses in several grasses such as Hordeum, Sorghum and Agrostis (Saski
et al., 2007), Oryza sativa, Zea mays and Triticum aestivum (Matsuoka et al., 2002),
Cynodon dactylon (Huang et al, 2017b), Andropogoneae (Arthan et al., 2017),
Bambusoideae (Wysocki et al., 2015) or representatives of all Poaceae (Saarela et al,,
2018). The RNA sequencing technique has demonstrated to be a very useful tool for

phylogenetic studies (phylo-transcriptomics), including orthology inference and gene

~0~
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synteny (Yang & Smith, 2014; Washburn et al, 2017). Synteny-based orthology
determination is rooted in the assumption that orthologous genes will not only share
sequence similarity, but will also reside in similar locations within the genomes of
related species (Tang et al.,, 2008). Comparative transcriptomic studies focusing on
phylogenies and evolution of gene expression have also been conducted in grasses

(Davidson et al., 2012; Washburn et al., 2017; Zhou et al., 2017).
The grass subfamily Pooideae

The grass subfamily Pooideae comprises about one third of the grasses (ca. 177 genera
and ca. 3850 species sensu Kellogg (2015a) or ca. 197 genera and ca. 4234 species sensu
Soreng et al.,, (2015), including some of the most prominent crops such as wheat, rye,
oats and barley. Its phylogenetic structure has been thoroughly studied, but recent
revisions on this topic have called for larger datasets to increase the robustness of the
results (Grass Phylogeny Working Group, 2012; Soreng et al, 2015). Molecular
phylogenies support the monophyly of the Pooideae within the Poaceae, and recover it

as sister to the Bambusoideae in the BOP clade (Saarela et al., 2015).

The systematic positions of the different tribes and subtribes within the Pooideae are
currently under discussion, and their evolutionary relationships are not totally
resolved (Kellogg, 2015a; Soreng et al., 2015). The tribal arrangement of the Pooideae
has varied widely over the last century. In the most recent classification twelve
subtribes (plus the incertae sedis Avenula - Homalotrichon) belong to the Poeae-type
plastid DNA clade and seven tribes to the Aveneae-type plastid DNA clade (Soreng et
al,, 2015), all of them classified within supertribe Poodae. Different studies focusing on
some particular subtribes such as the Airinae, Loliinae, Poinae and Aveninae have
suggested that further changes to the taxonomy of the supertribe Poodae may be
necessary (Pimentel et al., 2017b). A supertribe Triticodae has also been proposed
including three tribes: Bromeae, Triticeae (encompassing subtribes Triticinae and
Hordeinae) and the recently created Littledaleeae (Soreng et al.,, 2015). The sister
Poodae and Triticodae constitute the “core pooids” (Catalan et al, 1997), a highly
speciose and recently evolved lineage formed by taxa showing some of the largest

genomes of grasses due to the accumulation of transposons (Kellogg, 2015a).

The pooids show a karyotype evolutionary trend of increasing chromosome sizes and

decreasing chromosome base numbers (Catalan et al., 1997) ranging from basal tribes
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with small chromosomes and high chromosome base numbers (Brachyelytreae=11;
Lygeae=10; Nardeae=13; Phaenospermatae=12; Meliceae=10, 9, 8; Stipeae=12, 11, 10;
Diarrheneae=10), through the intermediate ones of Brachypodieae (10, 9, 8, but also
5) (Catalan & Olmstead, 2000), to the large chromosomes and almost constant
chromosome base number of x=7 present in the more recently evolved Triticodae +
Poodae (Hsiao et al,, 1995; Salse et al,, 2008; Luo et al,, 2009), although x=6, 5, 4, 2

occasionally occur in Aveneae (Poodae) (Catalan et al,, 2016b).
Experimental and model organisms

Advances in biology have both benefited from and been predicated on model
organisms (Lyons & Scholthof, 2016). Many non-model crop species became research
tools because they were of economic importance (e. g., maize, rice, within the grasses).
These plants have their limitations, primarily due to their intrinsic domesticated-crop
genetic erosion, long seed-to-seed life cycles and the need for extensive growth
facilities (Scholthof et al., 2018). In the past two decades, several experimental plants
were also used as tractable genomic tools. Experimental organisms and model
organisms differ, although both are essential for advances in biology (Leonelli &
Ankeny, 2013). In particular, model organisms are systems with deep resources for
large-scale biology, ecology, evolution, genetics, cell biology, and availability of diverse
lines (wild, isogenic, strains, mutants), infrastructure (databases, seeds), and a culture
of sharing, as well as expected features of a short lifecycle, easy and inexpensive
cultivation, and readily manipulated in the lab with standard molecular biology
techniques. In contrast, experimental organisms, are used to solve a specific question,
or are interesting organisms or objects of scientific curiosity (Leonelli & Ankeny, 2013;
Scholthof et al., 2018). From this, Arabidopsis (for dicots) and Brachypodium (for
monocots) can be defined as model organisms for plant biology. Furthermore,
Brachypodium distachyon and other congeners represent a singular example of a model
group system for grasses in the post-genomic era of plant biology (Vogel, 2016;
Scholthof et al., 2018).

Brachypodium: a model system for biological research in grasses

Brachypodium distachyon was selected as a model organism for grasses based on its
suitability in extending our knowledge of grass biology, including fundamental

research on plant development, plant-microbe interactions, abiotic stress,
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evolutionary biology, ecology research, and for the development of new tools and
concepts towards improving other temperate C3 grasses, such as wheat and barley,
that are crucial small grains used world-wide for food, forage, and feed, and tropical C4
grasses, such as switchgrass (Panicum virgatum), and Miscanthus spp., that are widely
used as biofuel grasses (Kellogg, 2015b; Lyons & Scholthof, 2016; Vogel, 2016;
Scholthof et al., 2018).

Model organisms for laboratory research have primarily been used to dissect specific
aspects of host biology, such as growth, development or host-environment interactions
(abiotic or biotic), following a reductionist approach (Scholthof et al., 2018). With the
rise of Brachypodium, basic (theoretical, hypothesis-driven) and translational research
problems are being solved with the most up-to-date tools of next generation
sequencing (NGS), microscopy, and forward genetics that have demonstrated the
viability of Brachypodium as a tool for grass biology. Additionally, Brachypodium spp.
have maintained their wildness, providing incomparable resources for ecologists to
study the plant in situ. This in turn, will bolster fundamental laboratory studies
towards identifying and testing new hypothesis that will benefit agronomists and

breeders to improve food and bioenergy-related grasses (Scholthof et al., 2018).
The annual Brachypodium species

For more than a century B. distachyon (L.) P. Beauv. sensu lato (Palisot de Beauvois,
1812) was considered to be the single annual representative species of the genus
Brachypodium (Schippmann, 1991), and for more than three decades, three cytotypes
of 2n=10, 20 and 30 chromos