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Abstract

The evolution of adaptations, some of impressive complexity, help organisms to survive
in a variety of environments. However, evolutionary innovations are often restricted to
certain taxonomic groups with evolutionary precursors. Evolutionary novelties usually
arise through the co-option of pre-existing genes into new functions and by comparing
organisms with and without the trait of interest, the ancestral state of the co-opted
elements can be inferred. This allows us to identify the properties that facilitated their
co-option, and therefore increase the evolvability of the complex trait itself. Such
comparative studies can gain their power by comparing convergent phenotypes, which
provide natural replicates. One example of a convergent complex trait is Cy
photosynthesis, an adaptation that results from the coordinated action of multiple
enzymes to boost primary productivity in tropical conditions. It evolved more than 62
times in flowering plants, with at least 22 independent origins within the grass family
alone. I studied the molecular evolution of coding genes and differential expression
patterns in C, and non-C, grasses and my research showed: I) that ancestrally highly
expressed genes copies had been preferentially co-opted for the C4 pathway; II) that the
emergence of a C, pathway in some taxa required the increased expression of just a few
key C, genes. In addition, III) some C,4 genes were transferred across species boundaries
and that IV) reticulate evolution punctuated the history of grasses, potentially promoting
the spread of adaptive features. Together, these results lead to a new model of C4
evolution, where some components are first accumulated for reasons unrelated to Ca,
but serve as preadaptations that then allow the transition to a rudimentary C4 pathway
via few changes. This event creates strong selective pressure for improvements of the C,4
trait over long evolutionary times, and involves important re-programming of gene
expression patterns, and impressive parallel adaptation of the translated proteins.
Biochemical predisposition likely explains the recurrent C4 origins, as seen in grasses.
The recurrent transfer of C4-adaptive loci across species might further have contributed

to the observed bursts of C4 lineages in some parts of the grass phylogeny.






General introduction

General introduction

Origins of complex traits
During the history of life, organisms came to fill almost all existing environments on
Earth, which in many cases necessitated specific characters to survive and prosper in
particular conditions (Huston 1985; Terborgh 1992; Rosenzweig 1995; Norris 2009).
For the past 150 years, research in evolutionary biology has tried to understand how
species acquired these characters to then diversify, adapt or expand their ecological
niche (e.g. Darwin 1859; Haldane 1915; Wright 1920; Fisher 1930; Dawkins 1976;
Lenski 2017). It is widely accepted that novel characters are acquired via the action of
natural selection, which leads to increases in frequency of those heritable modifications
that confer an advantage, while preferentially removing those that decrease the life-time
reproductive success, or fitness (Darwin & Wallce 1958). Over time, accumulation of
distinct mutations in different lineages leads to different characters appearing in distinct
species, and therefore the functional diversification of groups of organisms (Palumbi
1994; Dieckmann & Doebeli 1999; Rundle & Nosil 2005). These concepts of species
diversification were initially formulated based on the observation of homologous
morphological traits shared across species that helped biologists reconstruct the
evolutionary steps between trait states linked to different environmental requirements
(Darwin & Wallce 1958; Ruff et al. 1994; Zwieniecki & Newton 1995; Brischoux &
Shine 2011). While not initially built in an evolutionary framework, the same concepts
were implicitly used by taxonomy, which grouped those species sharing more
similarities into hierarchical entities (Linnaeus 1735), and these groups were later
recognized as those derived from a single ancestor in a branching genealogical tree
(Darwin 1859; Cronquist 1968; Boudreaux 1979; Artyukhin 2006). The presence of
different versions of equivalent functional traits across species helped Darwin and
others after him to infer the gradual evolution of anatomical traits to reach new
functions, which was the foundation of the field of evolution. However, many questions
remain about the origins of adaptive traits of surprising complexity.

As Darwin proposed in his theory of evolution, the evolutionary recycling of

traits is the main driver of adaptive innovation, and in practice, each extant organism is



General introduction

a modified version of its ancestors (Gilbert 1986; Orgel 1994). In simple cases, for
example a trait varying in length across species, the evolutionary history of the trait can
be interpreted as the emergence of individuals exhibiting intermediate lengths of the
trait, allowing subsequent changes in different directions. If certain lengths are adaptive
in distinct environments, the emergence of different lengths in different groups can then
be linked to divergent natural selection under different environmental pressures
(Lovejoy 1988; Xiao 2014; Jogesh et al. 2016). As an example, the neck of the giraffe is
longer than that of its relatives and provides access to leaves at the top of the trees to
avoid competition with shorter herbivores (Cameron & du Toit 2006). It is likely that
slightly longer necks appeared by chance, but because individuals bearing them could
reach leaves higher in the trees, they were more likely to survive and passed their traits
to more offspring, so that the frequency of longer necks increased. After repeating this
process over numerous generations, impressively long necks had appeared in one
species, but not in its relatives that experienced different selective pressures or a distinct
set of random changes (Cameron & du Toit 2007). The origin of many traits and
functions can similarly be explained by this process of continuous directional selection,
such as the evolution of hearing in early terrestrial vertebrates from rudimentary
auditive systems in aquatic ancestors (Christensen et al. 2015; Knight 2015). In contrast,
when traits do not represent simple quantitative variation, understanding their origins is
more challenging as intermediate evolutionary steps can remain elusive (Lange et al
2000). Indeed, some traits acquire their function only when multiple underlying
components are modified. This is classically the case of the camera eye (Gehring &
Ikeo 1999), the ability to fly (Heers et al. 2014), or complex biochemical cycles (Lange
et al 2000). If a trait only gains its function when it is fully assembled and functional,
how can natural selection gradually assemble the different components? Over the years,
different scenarios have been proposed and supported by various lines of evidence. In
the first scenario, successive modifications of each of the components can sequentially
improve the function of the trait, providing directional selection toward the more
complex version of the adaptation (Gillespie 1994; Ohta 1992). This is famously the
case of the camera eye, which is thought to have emerged from light-sensitive cells via
gradual addition of new components (Gehring & Ikeo 1999). Simple modifications led

to different stages of complexity, which can still be observed in some organisms
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(Nilsson 2013). Each of these successively more complicated stages improved light
capture compared to the previous one, incrementally improving vision. Therefore, there
exists a path composed of single steps that leads from organisms without any visual
organ to species with their complex camera eye through stable stages that are
successively advantageous. However, such paths do not necessarily exist, and some
traits represent massive functional leaps compared to their ancestral stages as flowers
(Albert et al. 2002) or the shell of turtles (Cebra-Thomas et al. 2005). In this second
scenario, the underlying components are accumulated for unrelated reasons under a
variety of selective pressures, and once enough of these components are present the
complex phenotype can emerge (Kimura 1983; Barret & Schluter 2008). This is the case
of the ability to fly, which in birds requires limbs, light bones, and feathers among
others (Heers et al. 2014). All of these evolved independently, and for reasons unrelated
to flight, but when combined enabled some primitive birds to glide, providing an entry
point into a selectively driven evolutionary trajectory toward complex flight (discussed
in Gauthier and Padian 1989; Heers et al. 2014). In such a case, feathers and light bones
are traits that were used, or co-opted, to produce the flight apparatus. They therefore
represent preadaptations or exaptations sensu Gould & Vrba (1982). In reality, the
processes of continuous directional selection and exaptations are often combined, and
the case of flight origins involved directional selection after multiple components were
co-opted.

Establishing the evolutionary trajectories underlying the origins of complex
traits is crucial to understand the forces that shape organism functional diversification
and how this allows species to cope with changing environments. In many cases
however, the order of the successive changes toward complex traits and the stage at
which an emerging trait provides a selective advantage remain unknown. Ancestors
could be investigated to study each step in detail. This can be achieved using a few
microorganisms that can be rapidly propagated in laboratory conditions, in what is
called experimental evolution (Cooper et al. 2003; Lenski 2017). However, for larger
organisms, evolutionary processes can only be inferred based on the comparative study
of extant species and the fossil record, using historical approaches (Albert et al. 2002;
Cebra-Thomas et al. 2005; Heers et al. 2014). In addition to comparing anatomical and

biochemical traits, it is now possible to study in depth DNA, which encodes instructions
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for each component of any trait. Keys to the origins of novel adaptations lie in the
genomes, shaped by heritable random changes in DNA, forming the substrate of natural
selection. These can be deciphered via genome analyses, which have revealed complex
evolutionary processes but also opened new avenues for inferring the evolutionary

origins of novel functions.

Molecular origins of novel adaptations

From the origins of the theory of evolution via natural selection, a key point is that
changes have to be heritable to allow for natural selection (Darwin 1859). Hence only
the variation arising from modifications of the heritable material, the DNA or genome,
will play a role in the origin of new functions. The genome carries instructions to
produce a large variety of transcripts, many of which can then be translated into proteins
(Raven et al. 2006). The amount of transcripts per gene varies among genes and through
space within the organism (i.e. among organs and cells) and through time (i.e. during
the development and once the organism is adult). In addition, the amount of translation
of transcripts into proteins varies, providing an extra filter on the transcripts and
proteins that will be present in every cell (Orphanides 2002; Nolis et al. 2009). The
information about transcription and translation are also contained in the genome and can
be influenced by the environment (Tobin & Suttie 1980; Tobin & Silverthorne 1985;
Gallie, 1993; Floris et al. 2009). The genome therefore contains the code to produce the
phenotype of the organism, taking into account the environment.

The genome is duplicated during each cell division, and organismal
reproduction produces a new copy of the genome, with a possible reshuffling in the case
of sexual reproduction. Because the copying process is not perfect, errors will be
inserted at each step, which will introduce variation in the populations (Duret &
Mouchiroud 2000). Regardless of the tolerance to genetic variation that biological
systems exhibit (discussed in Fares 2015) each of these changes, or mutations, will be
tested by natural selection and the fate of mutations over generations will depend on
their effect on the phenotype and in particular the reproductive success of individual
bearing them (Gillespie 1994; Perfeito 2007; Barrick et al. 2009). Mutations in
regulatory sequences will affect when and where a gene is expressed, potentially

determining tissue specialization and the rhythm of developmental and metabolic

-4-
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processes (Wray 2007). If the mutation happens within a coding sequence, which is
transcribed into messenger RNA and translated into amino acids composing proteins by
the ribosomes, it might affect the biochemical properties of the protein and therefore its
functional characteristics (Bowie et al. 1990; DePristo et al. 2005; Tokuriki and Tawfik
2009). Because the protein sequence undergoes postranslational regulation, mutations
can also affect the rate of accumulation of the protein and impacting largely in the
phenotype, which can contribute to changes in cell and tissues structures, homoeostasis
or coloration (Scroggins & Neckers 2007; Pennuto et al 2009; Janke & Bulinski 2011).
Natural selection will preferentially remove those mutations that decrease survival
and/or reproduction and keep the more beneficial ones (Muller 1932; Gerrish & Lenski
1998; Perfeito et al. 2007). At the extreme of the spectrum of potential effects, deadly
mutations will never be passed on to future generations. The fate of neutral mutations
will depend on the population dynamics, and specific conditions (e.g. small population
sizes) can lead to their fixation by chance, a process known as genetic drift (Remold &
Lenski 2001; Barrick et al. 2009). Finally, the few mutations that will provide an
advantage will generally increase in frequency as individuals bearing them will tend to
produce more descendants (Perfeito et al. 2007) if they escape genetic drift. Over long
evolutionary times, the accumulation of mutations in regulatory regions and those
encoding proteins is responsible for the functional diversification of organisms, with
natural selection acting as a filter that can be powerful and responsible for the
emergence of adaptive traits.

Different types of errors, or mutations, can occur during the process of
replication of the genome. For instance, point mutations are substitutions of one
nucleotide for another. If occurring in regulatory regions, these can affect the DNA-
binding specificity of transcription factors, and therefore the patterns of gene expression
(Sayou et al. 2014; for a review of the topic see Gregory 2007 and Jarvela & Hinman
2015). Among substitutions occurring within protein-coding regions, some will change
the encoded amino acids. This can drastically change the properties of the protein,
including its activity, stability, and interactions with cofactors (Daugaard et al. 2007). In
addition, some substitutions will introduce stop codons, rendering the protein non-
functional. Other mutations will introduce or remove some bases from the nucleotide

sequences. These insertions/deletions, known as indels, can alter the regulatory



General introduction

sequences, but will have the strongest effect within coding sequences. Indeed, indels are
likely to alter the reading frame, leading to completely different, and in most cases non
functional, proteins (Hu & Ng 2012). While indels represent short losses or gains, large
regions of the genomes can be lost or duplicated, resulting in losses of entire genes or
gains of duplicates, which can be important for long term evolutionary dynamics (see
below). Finally, mutations include rearrangements that move a DNA fragment to a
different position in the genome (Bennetzen 2000). These can create chimeras between
genes, but are more likely to alter the expression patterns by placing the gene in a
different chromosomal context (Coen et al 1986; van de Lagemaat 2003) (see Pal &
Papp 2017 for a comprehensive discussion about the role of mutations in the evolution
of complex traits). It is widely accepted that beneficial mutations are rare. In the case of
amino acid substitutions, it is estimated that 70% are detrimental in Drosophila, and the
rest neutral, with only a few slightly beneficial (Sawyer et al. 2007; reviewed in Barrick
& Lenski 2013). Therefore, most new mutations will quickly disappear from the
populations. The frequency of mutations during reproduction and their rate of fixation
are consequently disconnected. The link between the two will moreover vary among
phases of population dynamics, with periods of adaptive evolution seeing an
overaccumulation of advantageous mutations (Desai & Fisher 2007).

Over large evolutionary scales, the creation of new genetic material is of the
utmost importance for the origins of novel adaptations. Some genes can appear ex nihilo
in a genome, but most protein-coding genes evolved a long time ago in bacteria fuelling
early evolution (Duboule & Wilkins 1998; True & Carroll 2002; Bergthorsson et al.
2007; Kaessmann 2010; Carvunis et al. 2012). These genes were continuously copied
under a birth-death dynamics where genes get duplicated and duplicates are lost (Brunet
et al. 2006; Kondrashov & Kondrashov 2006; Katju & Bergthorsoon 2013). These
duplications can happen during whole genome duplications, which occurred
episodically during the history of life (Dehal et al 2005; Aury et al 2006; Tank et al.
2015; Soltis et al. 2015). Alternatively, single chromosomal regions or single genes can
be duplicated, via illegitimate recombination, the action of transposable elements, or the
reinsertion of messenger RNA (retrotransposition) (Zhang 2003). Independently of the
mechanisms, gene duplications are seen as important processes for phenotypic

diversification (reviewed in Kaessmann 2010). On the short term, the presence of
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duplicates can lead to dosage effects, and duplications placing one of the copies in a
different genomic location can have drastic effects on the expression patterns (Force et
al. 1999; He & Zhang 2005). On the long term, duplications are important for the
evolution of new functions. Indeed, the presence of two copies leads to functional
redundancy, so that one of the copies can acquire new properties while the other
maintains the ancestral function (Zhang 2003). This process is termed neo-
functionalization, and has been described as key to functional diversification of
organisms (Ohno 1970). Alternatively, the two copies can each maintain parts of the
ancestral function, in a process of subfunctionalization (Lynch & Force 2000). In both
cases, if retained, the two copies will accumulate different mutations, and diverge under
either neutral or adaptive evolution. After divergence time, this will create a pool of
genes encoding similar proteins, but with differences in expression patterns and/or
catalytic properties of the encoded enzymes. Fascinating examples of increases in
copies of genes associated with traits under selection include olfatory receptors in
honeybees, visual proteins in dragonflies and heat-shock response proteins in intertidal
oysters (reviewed in Holland et al. 2017) or floral pigmentation in plants (Brockington
et al. 2015). Gene duplication then has been widely linked to the origin of specific

complex traits, but the mechanisms underlying this process remains debated.

Accessibility to novel phenotypes

The evolutionary origins of a given trait cannot be understood without considering the
ancestral state, as the number of changes needed to access a new phenotype will vary
among groups and will determine their accessibility to the trait (Marazzi et al 2012;
Edwards & Donoghue 2013). Indeed, most traits evolved by recycling structures and
genes that already exist, so that the properties of an organism will affect its capacity or
accessibility to evolutionary innovations, sometimes defined as evolvability (Wagner &
Altenberg 1996; Kirschner & Gerhart 1998; Edwards & Donoghue 2013). Globally, the
adaptive potential of populations defines their capacity to respond to selective pressures,
and depends on the effective population sizes, mutation rates, and generation times,
among others (Wagner & Altenberg 1996). From a genomic point of view, the adaptive
potential is likely to be influenced by the number of gene copies (Lenormand et al.

1998; Flagel & Wendel 2009; Tank et al. 2015; Soltis et al. 2015; Wendel 2015) and
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genome dynamics (Cooper et al. 2003; Crozat et al. 2005), with, for example, whole
genome duplications seen as promoting functional diversification (Tank et al. 2015;
Soltis et al. 2015). However, when a specific phenotype is considered, the evolutionary
distance between the ancestral and derived states is likely to be important, whether
considered at the phenotypic or genomic levels (Edwards & Donoghue 2013).

The likelihood to develop specific adaptations depends on the ecology, as a
complex trait requiring multiple changes will not emerge in conditions where it is not
advantageous. In addition, the potential of adaptation, or the degree of similarity
between the ancestral and derived phenotypes, is likely to ease or prevent the evolution
of certain functions (Marazzi et al. 2012). As an obvious example, light, feathered
dinosaurs were more likely to evolve the ability to fly than large-bodied animals or
those lacking limbs. The features present in some groups that evolved for a different
reason but increase the accessibility to given phenotypes are commonly referred to as
preconditions or pre-adaptations that act as evolutionary facilitators (Bock 1959). For
instance, forelimbs enabled the evolution of gliding and/or flying in diverse groups of
tetrapods, hence the mere presence of forelimbs facilitated the acquisition of the new
functions. While the discussion initially focused on anatomical precursors, genetic
elements can act as cryptic facilitators, if they allow the emergence of a new phenotype
via a few changes (Hayden et al. 2011). For example, in a long-term experiment with E.
coli growing on different substrates, a mutation without apparent effect was shown to be
necessary for the later origin of the adaptive ability to digest different food sources
(Blount et al. 2008; 2012) and that presumably increases the likelihood to evolve the
function. The impact of genetic precursors on evolutionary trajectories is, however, still
poorly understood, mainly because the information is difficult to access and,
consequently, model.

From a theoretical viewpoint, evolutionary trajectories have often been
described using the allegory of the adaptive landscape, in which the fitness depends on
the state of multiple variables, creating a multi-dimensional landscape. This concept
was first conceived by Wright, who plotted the different versions of a gene along a
fitness gradient in a two dimensions map (Wright 1932). This idea has been largely
expanded and modified through the years by adding numerous dimensions, including

additional genes, protein sequences, morphological traits, and landscape modifications
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(reviewed in Gerlee 2015). In all cases, populations can move across the adaptive
landscape in small steps, and those increasing the fitness are more likely to be fixed in
the population (Blount et al. 2008). Over time, drift and natural selection can lead
populations to adaptive peaks. However, depending on the shape of the landscapes,
some peaks might be out of reach of natural selection, because they require intermediate
stages that are highly deleterious. In the context of complex trait evolution, the adaptive
landscape can illustrate the possible evolutionary trajectories leading from a given
ancestral state to the novel complex phenotype. The adaptive peaks that can be reached
will depend on the starting point, so that unrelated changes that moved the populations
in different parts of the landscape prior to the emergence of the complex trait affect its
accessibility. In addition, the adaptive landscape will vary with environmental
conditions, as well as with the current stage of the population. For instance, traits that
were not advantageous per se will become highly beneficial once others have been
acquired. A given complex trait can therefore evolve under natural selection acting on
random mutations only if there exists a path in the condition-dependant adaptive
landscape that connects successively advantageous or neutral intermediate stages. If
fewer steps are required and those steps are beneficial, the emergence of the complex
trait will be more likely (Blount et al. 2008).

While adaptive landscapes are great conceptual tools, there are only specific
cases where they can actually be produced. First, simulations or other models can
directly produce such landscapes, with the associated evolutionary trajectories
(Bornberg-Bauer & Chan 1999). As with any model however, establishing whether the
conclusions apply equally to real-life examples cannot be known with certainty. Second,
in specific cases the fitness of different states can be measured and compared. For
instance, different combinations of mutations along a protein sequence can be produced,
and the properties of the protein can be assessed (e.g. Weinreich et al. 2006, Stiffler et
al. 2015). In the case of short-lived model organisms, repeated experimental evolution
trials can generate evolutionary trajectories, and directly compare the fitness of ancestral
and extant populations (de Visser & Lenski 2002). However, experimental adaptive
landscapes can only be produced for specific, simple study systems. For most other

study systems, a comparative approach represents the best strategy, and phylogenetic
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analyses can reconstruct past evolutionary trajectories, which in the case of convergent

traits can produce a proxy of an adaptive landscape.

Phylogenetic approaches to evolution

Phylogenetic trees depict the relationships among groups of organisms (e.g. Hug et al
2016; Letunic & Bork 2016). In a phylogenetic tree, the tips represent individuals (often
species), nodes represent divergence of two lineages, while branches indicate the
amount of change that happened in between distinct divergence events. The
phylogenetic relationships can be inferred using different methods that compare
homologous traits across the individuals under study. Historically, these relationships
were inferred by comparing morphological traits that were easily assessed, a method
known as phenetics, grouping those species that are similar in a way that minimizes the
amount of change inferred across the whole phylogenetic tree, under a maximum
parsimony criterion (e.g. Agnarsson 2004). This was later progressively replaced by
maximum likelihood, and later Bayesian methods, which identify the phylogenetic tree
that best explains the distribution of characters among the tips. Relying on
morphological characters, however, created problems because the same state can arise
in unrelated species by chance (i.e. convergent evolution) (Wake 1991; Wiens et al.
2003). Therefore today these methods have been replaced by molecular phylogenies.
Following the emergence of sequencing methods, protein sequences and later DNA
sequences became available as data. While the problem of convergent evolution still
exists, DNA sequences offer a large number of sites, each of which represents an
independent character, so that the signal of convergent sites will be masked by all
others. In addition, homology among DNA or protein sites can be easily established,
and suitable mechanistic models of their evolutionary dynamics exist (Schraiber &
Akey 2015). Molecular phylogenetics has consequently become the gold standard in the
field. The sequencing process was previously laborious, so that phylogenetic studies
were mainly limited to small number of markers, and the organellar genomes were
primarily targeted, as these are easier to isolate and extract. With the recent advent of
high-throughput sequencing and its increasing accessibility and reliability (Koboldt et
al. 2013; van Dijk et al. 2014), large genomic datasets became available allowing the

inference of phylogenetic trees using numerous markers spread across both the
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organellar and nuclear genomes (e.g. Zeng et al 2014; Kayal et al 2013; Desiro et al
2017).

Originally phylogenetic trees were mainly used for taxonomy purposes,
primarily to establish the relationships among organisms. Phylogenetic analyses later
became embedded in many aspects of evolutionary studies, such as comparative
analysis that allows the testing for correlation among traits while correcting for the
statistical non-independence of species (e.g. Reiss 2001; Shi et al. 2005; Herron &
Michod 2008); molecular dating that allows estimating the timing of divergence events
(Rutschmann 2006); and diversification analyses that can identify bursts of
diversification or other changes in the rates of speciation or extinction (e.g. Jetz et al.
2012). In the context of complex trait evolution, phylogenetic trees are crucial for the
accurate reconstruction of the history of transitions (Brockington et al. 2011). Indeed,
changes of character states can be inferred along a phylogenetic tree, either under a
maximum parsimony criterion of with different models implemented in maximum
likelihood or Bayesian frameworks (Edwards & Donoghue 2013). This potentially
allows the reconstruction of the history of independent characters that constitute
complex traits, which can establish the order of character transitions. Phylogenetic
methods can also identify evolutionary precursors of adaptive innovations, providing
insights into the factors that increase the accessibility of new phenotypes (Marazzi et al.
2012). Besides this importance of phylogenetic methods for inference of character
changes, these tools are instrumental to the study of gene and genome evolution.While
phylogenetic trees can be used to infer and study the species tree, as described above,
they are primarily based on genes, and therefore represent gene trees. These gene trees
are key components of the study of molecular evolution. Firstly, inferring the
relationships among homologous genes for a set of species provides insight into the
dynamics governing genomic diversification, via the inference and modelling of gene
duplications and losses (methods reviewed in Kristensen et al. 2011). In addition, these
analyses can identify past whole genome duplications (Dehal et al 2005; Aury et al
2006). Secondly, analyses of gene trees allows inferring changes in gene properties by,
for example, the comparison of homologous genes with varying characteristics (Christin
et al 2009). Indeed, changes in expression patterns and protein sequences can be

inferred along a phylogenetic tree, in a process similar to that used for morphological
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characters (e.g. Christin et al. 2013, 2015; Cohen et al 2016; Gerstein et al 2014).
However, changes in protein sequences can also be analysed with models that explicitly
model selective pressures across time (Yang 1998, 2007; Jones et al 2016). This can
identify past episodes of adaptive evolution and more generally can quantify the effects
of natural selection on the functional diversification of proteins (Yang & Bielawski
2000; Christin et al. 2007, 2008, 2009a, 2009b; Bielawski et al 2016). Finally, ancestral
states can be inferred, leading to reconstructions of likely ancestral proteins (discussed
in Williams et al. 2006). However, these analyses are more powerful when the
transitions are replicated, and traits that evolved repeatedly therefore constitute

outstanding systems to understand molecular evolution.

Convergent phenotypes as study systems
Differentiating causation and coincidence requires replicating experiments to verify that
the outcome is constant. While this is easily done in experimental biology, large-scale
evolutionary events cannot be directly repeated. However, some events happened
recurrently in different groups, providing natural replicates. These cases of convergent
evolution represent similar answers to a shared challenge by distinct groups of
organisms (Conway Morris, 2003; Christin et al. 2010, Stern 2013). Famous examples
include the ability to fly, which evolved in insects, bats, and birds, or the emergence of
similar features to prosper in aquatic environments in different mammal groups, and
turtles. The list of convergent phenotypes is long, and includes specific morphological
characters, biochemical cycles, and protein functions (Storz 2016; Reed et al 2011;
Protas et al 2006; Tuinenf 2001; Jones 2006; Bork et al 1993). These natural replicates
are necessary to assess the statistical association of different features with the emerging
trait, and are therefore instrumental to all comparative analyses, whether or not they are
specifically referred to as ‘convergent’ (Pagel 1999; Freckleton et al 2002). This
concerns association among morphological features, ecological factors, or
diversification rates.

In the context of complex trait evolution, evolutionary convergence provides
natural replicates that can be used to test macro-evolutionary hypotheses (Edwards and
Still, 2008) and allows assessing the likelihood of different evolutionary trajectories

indirectly. Indeed, the path that leads to a given trait in one group is not necessarily
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representative of a general pattern, but if the same path was repeatedly used by different
groups, it can be interpreted as representing a general rule. Therefore the study of
convergent traits can indirectly give insights into the adaptive landscape, including what
the most common peaks were and how they were attained (e.g. Heckmann et al. 2013;
Williams et al. 2013). In addition, studies of convergent evolution can assess the
constraints that act on the evolutionary potential, with regard to the order of the
acquisition of components and the importance of certain evolutionary precursors (e.g.
Protas et al. 2006; Weinreich et al. 2006; Christin 2013, 2015). Because convergent
phenotypes represent transitions to the same solution from a different starting point, the
effect of the ancestral state on the realized derived phenotype can be assessed.
Therefore, complex traits that evolved recurrently represent exceptional systems to
assess the factors increasing the accessibility to new phenotypes. Among eukaryotes,
one of the best examples of a complex trait that evolved recurrently is Cg

photosynthesis.

C, photosynthesis

During the light-independent phase of oxygenic photosynthesis, the energy stored as
ATP during the light-dependent phase is used to produce sugar and O, from CO, and
H,0. The first step of this pathway is the fixation by the enzyme Rubisco (ribulose-1,5-
bisphosphate carboxylase/oxygenase) of CO- into organic compounds (Sage & Monson
1999). In most plants, referred to as Cs plants, this CO; is extracted directly from the
atmosphere. However, Rubisco has a tendency to fix O, instead of CO, (Tcherkez et al.
2006), which produces different metabolites that need to be recycled in an energetically
costly process named photorespiration (Mallman et al. 2014). When Rubisco evolved
more than 2.8 billion years, the atmosphere was rich in CO,, with almost no oxygen so
that its dual CO»/O, affinity was not problematic for early photosynthetic organisms
(Christin and Osborne 2013). However, as atmospheric CO, decreased through time and
O, concentrations increased as a direct consequence of the success of photosynthetic
organisms, CO,:O, relative concentration dropped drastically, revealing the flaw of
Rubisco (Christin and Osborne 2013). In the low CO- atmosphere that prevailed for the
last 30 million years, photorespiration became especially important in warm and dry

conditions (Sage et al. 1999). Photorespiration increases in warm conditions as CO,
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solubility decreases faster than O, solubility with increasing temperature, a condition
that also lowers Rubisco CO,:0, specificity (Carmo-Silva et al. 2015). Similarly, aridity
triggers stomatal closure to limit water loss, which limits CO, input in the leaf and
increases the relative concentration of O, (Sage et al. 2001).

The problem of Rubisco and photorespiration was recurrently solved by the
evolution of Cs4 photosynthesis, a complex trait that evolved more than 62 times
independently in different groups of flowering plants (Sage et al. 2011). C, plants solve
the problem of Rubisco dual affinity by fixing atmospheric CO, via PEPC, an enzyme
without affinity for O,. This reaction happens in the mesophyll cells, and incorporates
CO; into organic acids, which are then transformed and transported to different types of
cells (Fig. 1; Hatch 1987; Sage & Monson 1999; Sage 2004). These latter cells are
separated from the atmosphere as they are usually nested deep within the leaf, and host
Rubisco and the Calvin cycle in C4 plants. CO, is biochemically released therein to feed
Rubisco (Fig. 1; Kanai and Edwards 1999). This concentrating mechanism saturates
Rubisco with CO,, which effectively suppresses photorespiration and increases the
carbon gain per light absorbed (Hatch et al. 1987; Tcherkez et al. 2006). C,
photosynthesis consequently boosts carbon assimilation in warm, high-light conditions
(Atkinson et al. 2016). In addition, because the CO, concentrating mechanism allows
plants to function with a lower stomatal conductance, C, photosynthesis increases water
use efficiency. C4 photosynthesis also improves nitrogen-use efficiency because the
higher CO, concentration achieved around Rubisco allows plants to function with less
of this enzyme (Evans et al. 1994; Ghannoum 2005, 2010; von Caemmerer 2008). The
advantages of C, result in its success in open biomes in tropical and substropical areas.
Although only 3% of extant plant species are C4 (Sage et al. 2004), C4 photosynthesis is
responsible for one fifth to one quarter of global terrestrial primary production

(Ehleringer et al. 1997; Still et al. 2003).
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Figure 1: Simplified biochemical pathways of the light-independent phase of photosynthesis in a C,
plant.

The main biochemical reactions of the light-independent photosynthesis phase are presented. The two
cellular compartments are indicated (MS: mesophyll cell; BSC Bundle sheath cell). C; photosynthesis is
delimited inside a dashed rectangle. In C, plants, the C; cycle is shifted to BSC. The C4 biochemical
cascade concentrates CO, around RuBisCO and suppresses photorrespiration. Squares represent enzymes;
PEPC: phosphoenolpyruvate carboxylase; PPDK: pyruvate phosphate dikinase; RuBisCO: ribulose-1,5-
bisphosphate carboxylase. Reproduced from Mallman et al. (2014).

The recurrent origins of the C, trait despite its apparent complexity constitutes
a paradox, which can be solved by studying the trajectories from C; ancestors to Cs
descendants. Comparative analyses have indeed shown that some C; groups possess
gross leaf anatomies that are similar to those of C, plants (Lundgren et al. 2014).
Because of shared ancestry, these characteristics tend to be clustered in some
phylogenetic groups, and C, evolved recurrently within these same groups (Christin et
al. 2013; Griffiths et al. 2013). These traits were therefore interpreted as evolutionary
enablers, which increase the accessibility of the C4 phenotype. Once these traits, which
include large bundle sheath areas and high vein density, are in place and some
organelles are present in the bundle sheath, a CO»-recycling mechanism can emerge.

This photorespiratoy pump has been reported in a number of plants species, which were
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originally referred to as 'Cs-C,' intermediates, because they are physiologically
intermediate between the two types (Ku et al. 1983; Monson et al. 1984, Mallman et al.
2014; Edwards and Ku 1987, Kennedy and Laetsch 1974; Rajendrudu et al. 1986;
Hylton et al. 1988; Morgan et al. 1993; Sage et al. 2012). In these plants, the last step of
the photorespiratory pathway, which consists in the release of CO, by the enzyme
glycine decarboxylase, is segregated in the bundle sheaths, so that the photorespired
CO; can be refixed by the Rubisco present there instead of diffusing back to the
atmosphere (Monson et al. 1984; Edwards and Ku 1987). The evolution of this cycle is
thought to be initiated by slight modifications in the cell-specificity of glycine
decarboxylase (Rawsthorne et al. 1988a; Engelmann et al. 2008; Schulze et al. 2013).
Because this trait relies on a mesophyll/bundle sheath segregation of carbon fixation, it
likely constitutes an evolutionary stable stage between C; and C, states, in which
enlarged bundle sheath areas with a high concentration of organelles are favoured
(reviewed in Brautigam and Gowik 2016).

The emergence of a C, biochemistry in plants with anatomical enablers has
only recently started to be understood. The main enzymes of the C, biochemical
pathway were identified long ago (reviewed in Hatch 1987; Kanai and Edwards 1999).
All of these enzymes also exist in Cs plants, but are responsible for non-photosynthetic,
mainly anaplerotic functions (Monson 2003; Aubry et al. 2011). In evolutionary terms,
the emergence of a C, biochemistry therefore corresponds to the co-option of several
enzymes, with modifications of their levels, tissue specificity, and catalytic properties
(reviewed in Brautigam and Gowik 2016). Because an abundance of only some of the
Cs enzymes will not trigger a C, pathway, as evidenced by knock-down of some C,4
genes in C, plants or introduction of some C4 enzymes in C; plants (Dever et al. 1995;
Dever et al. 1997; Pengelly et al. 2012; Fahnenstich et al. 2007; Hausler et al. 2001;
Hausler et al. 2002), the order in which these enzymes were co-opted is intriguing. It
has recently been observed than the CO,-recycling mechanism of C3-C, intermediates
creates an imbalance of nitrogen among cell types, which can be circumvented by an
increase of some enzymes that are also involved in the C, pathway (Mallmann et al.
2014). Based on several models, a weak rudimentary C, cycle might therefore emerge in
Cs-C, plants for unrelated reasons (Mallmann et al. 2014). Once this pathway exists, any

increase of flux through the C, cycle will theoretically result in fitness gain, leading the

-16-



General introduction

authors to describe the C; to C, trajectory as a smooth, continuous upward trajectory
(Heckmann et al. 2013). These models, however, did not consider individual genes and
enzymes when describing metabolic modules. The order and amount of genetic changes
underlying the emergence of a C4 pathway therefore remain poorly understood.

Similar to the majority of plant enzymes, most enzymes of the C, pathway are encoded
by multigene families, where gene lineages emerged via repeated gene-specific and
whole genome duplications (Wang et al. 2009; Hibberd and Covshoff 2010; Christin et
al. 2013). The co-option of genes into the C, cycle involved changes in their expression
patterns, to reach very high, cell- and time-specific levels (e.g. Brautigam et al. 2011
2014; Kiilahoglu et al. 2014). Recently, it was shown that this was achieved via the
recruitment of pre-existing regulatory mechanisms (reviewed in Reyna-Llorens &
Hibberd 2017). In addition, the catalytic properties of the encoded enzymes were
modified to fit the new catalytic context and its high concentrations of substrates and
products and high fluxes related to photosynthesis (Svensson et al. 2003; Besnard et al.
2009; Christin et al. 2009; Wang et al. 2009; Mallmann et al. 2014). Comparative gene
studies have shown that this was achieved via adaptive changes of the amino acid
sequences of proteins linked to the C, pathway (Christin et al. 2007 2009; Huang et al.
2016). Intriguingly, previous work in both grasses and Caryophyllales, two groups with
a high concentration of C, origins, has shown that some of the multiple genes encoding
C4 enzymes had been co-opted for C4 more often than expected by chance (Christin et
al. 2013b, 2015). This suggests that these genes were more suitable for the C4 function,
and the observation that the co-opted genes were the most abundant in some Cs; species
indicates that the predisposition might stem from their expression patterns (Christin et
al. 2013b; Emms et al. 2016). However, the genetic information available to study C4
evolution remained limited. On one hand, complete genomes were available, but only
for a few distantly related C; and C, species. On the other hand, sequence data had been
generated for large samples of C; and C, taxa, but only for a limited number of genes,
and without associated expression data (Christin et al. 2007 2009). Consequently, there
was a need to study in detail the history of genes related to C4 photosynthesis in closely

related C; and C, species.
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1. 7 Grasses

The grass family (Poaceae) includes more than 10,000 species, which are found all over
the world, in habitats ranging from the tropics to the Arctic circle and from the shade of
rainforests to the high-light open biomes (Kellogg 2000). Grasses constitute the main
component, and the main food source, in numerous ecosystems (e.g. Fig. 2) and in
agriculture, as many major crops are grasses (rice, wheat, barley, maize, sorghum,
millet), as are most biofuel or fodder species (Byrt & Furbank 2011). While the age of
the grasses is debated (Christin et al. 2014), it is generally estimated between 70 and
100 Ma, based on molecular dating analyses that take into account fossil evidence.
However, the origin of grasses was not directly followed by diversification, and the first
three splits in the grass phylogeny lead to species-poor, tropical groups (Grass
Phylogeny Working Group 2012). The large majority of grass species occurr in two
large sister clades, named 'BEP' and 'PACMAD' clades, whose names are based on the
subfamilies that compose each of them (Soreng et al 2015). These two clades are
roughly similar in size. The BEP clade consists of tropical lineages (i.e. bamboos and
rice relatives), as well as the large subfamily Pooideae that mostly dominate temperate
and cold regions. The PACMAD clade mainly consists of tropical lineages, and includes
all C, grasses, together with a number of C; species (Grass Phylogeny Working Group
2012).

Figure 2: The grass Alloteropsis semialata in a grassland in South Africa. Photo by Marjorie

Lundgren.
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Based on phylogenetic evidence, the C, pathway evolved independently 22-24
times in the PACMAD clade of grasses (viz. Grass Phylogeny Working Group II),
making it the family with the largest number of C, origins (Sage et al. 2011), and by far
the largest number of C. species (Grass Phylogeny Working Group II; Soreng et al.
2015). In addition, C4 grasses are the most important C, group, as the high total
productivity linked to C, plants mainly reflects that of C4 grasses, which dominate
savannas and other tropical biomes (Lehmann & Parr 2016). Several of our most
productive crops, such as maize, sugarcane, sorghum, and elephant grass, are C, grasses.
Understanding the details of C, genetics could yield knowledge useful for the
improvement of C, crops, and also Cs crops by the intogression of this trait to boost
productivity. In particular, engineering C, photosynthesis into rice is predicted to lead to
strong yield improvements (Hibberd et al. 2008; von Caemmerer et al. 2012). This
interest means grasses are an important study system for economic reasons, but the
group is also well suited for comparative analyses. The multiple origins of C, in the
family means that closely related C4 groups can be compared, together with close Cs
relatives that are available. In addition, a number of 'Cs-C,' intermediates exist in the
same family, and in some cases these are closely related to C4 lineages (Christin et al.
2012). Of special interest, grasses include the only species known to have Cs, C4 and Cs-
C, populations, namely Alloteropsis semialata (Ellis 1974; Lundgren et al. 2016). The
grasses as a whole are therefore well suited to study C4 evolution in an ecologically
meaningful context. When coupled with studies conducted in parallel on groups of
eudicots that are ecologically marginal but genetically, physiologically, or biochemically
more tractable (e.g Flaveria species in Mallmann et al. (2014) and in Lyu et al. (2015),
or Cleomaceae species in Brdutigam et al. (2011)), comparative genetic studies of Cs;
and C, grasses can shed new light onto the factors that increase the accessibility of

novel, complex phenotypes.

Hybridization and lateral gene transfer might provide evolutionary

shortcuts
Historically, macroevolutionary changes have been studied considering changes along
the species tree. Indeed, for eukaryotic organisms at least, the widespread dogma was

that species represent distinct entities that cannot exchange genes. This dogma has been
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challenged with the accumulation of large genomic datasets, which have revealed
recurrent gene flow among related species (Martin et al. 2013; discussed in Nadeau
2014), and in some cases, lateral gene transfers among distant relatives (reviewed in
Andersson 2005; Zhaxybayeva & Ford Doolittle 2011; Hotopp et al. 2007). In several
cases, gene flow among related species has been linked to adaptive evolution, either by
spreading adaptive loci or by increasing the genetic diversity, and therefore adaptive
potential of populations (Hendry et al. 2002; Ford et al. 2005; The Heliconius Genome
Consortium, Dasmahapatra et al. 2012). Several recent studies have provided new
examples of gene exchanges among more distant relatives (reviewed in Soucy et al.
2015). Whoever, the implications of this mechanism are still debatable.

In the context of C, evolution, some potential cases of transmission of C,
genes across species boundaries have been identified. This is especially the case of
some populations of Alloteropsis semialata, which acquired key C, genes from distantly
related C, grasses, via an unknown process (Christin et al. 2012). Other candidates
include the genus Neurachne (Christin et al. 2012b) and the sedge Eleocharis (Besnard
et al. 2009). In each of these cases, discrepancies between phylogenetic trees for genes
encoding a C4 enzyme and the species tree suggested reticulate evolution. Because the
coding regions of C4 genes undergo adaptive changes to adapt the encoded protein to the
C4 context, receiving a gene that is already optimized for the C. function might offer an
adaptive evolutionary shortcut (Christin et al. 2012). However, these cases were studied
with few sequences and a wider evaluation of the significance of this phenomenon is
required.

In addition to C, evolution, cases of reticulate evolution have been reported in
some small groups of grasses, including hybridization and allopolyploidy (Mason-
Gamer & Linder 2004; Mason-Gamer et al. 2010). However, such studies were limited
by the small number of species in the studied subgroups of grasses. On a family level,
discrepancies between organelle markers and a couple of nuclear sequences (Christin et
al. 2009b) might suggest ancient or recurrent events of reticulate evolution, although
similar patterns might arise from incomplete lineage sorting or phylogenetic errors.
There is therefore a real need to evaluate the possibility that hybridization and/or lateral

gene transfer contributed to the spread of adaptive loci among grasses.
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Thesis plan

In this project, I study the origins of the C; biochemical pathway in grasses, using
phylogeny-based approaches. 1 wuse transcriptome data, which are sequences
corresponding to the messenger RNA present in a tissue at the time of sampling.
Transcriptomes provide a sample of the coding sequences of each species, which are the
only markers useful at a taxonomic scale corresponding to a 70 million years old family.
In addition, they provide estimates of the transcript level of each gene, which is
fundamental to understand the origins of the C4 biochemical pathway. Different datasets
have been generated using this approach, and all have been analysed using state-of-the-
art phylogenetic tools or analyses developed for this project. Four distinct,
complementary studies have been conducted, which represent independent research
papers.

The first chapter (Chapter I) assesses the factors affecting the likelihood of
different genes being co-opted for C, evolution. Capitalizing on the recurrence of C; to
C4 transitions in the grass family, I sampled species representing multiple C, origins as
well as their close C; relatives. Analyses of leaf transcriptomes identified the genes used
for C4 by each of the considered origins. Based on the data from Cs species, the
abundance and tissue-specificity of these genes were then inferred for the C; ancestors,
and modelling showed that the most highly expressed genes had been preferentially co-
opted, providing a relatively easy first step toward a rudimentary C4 pathway.

In the second chapter (Chapter II), conducted in collaboration with Dr Luke
Dunning, we evaluate the number of changes that are needed to evolve the C,
biochemical pathway once the evolutionary precursors identified in Chapter I are in
place. As distant species are distinguished by a high number of features that are not
related to photosynthetic differences, we addressed this question using a species that
contains C;, Cs and Cs;-Cs populations, the grass Alloteropsis semialata. Based on
transcriptomes capturing the diversity within and among each photosynthetic type, we
demonstrate that, once enablers are present, the transition to a rudimentary C,
biochemical pathway requires the modification of very few components, with most
changes occurring later, once the plants are already in the Cj state.

To understand the impact of reticulate evolution on adaptive evolution, I
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performed a detailed study on the history of C, genes within the genus Alloteropsis. In
this third chapter (Chapter III), conducted in collaboration with Dr Luke Dunning and
Dr Marjorie Lundgren, we use innovative approaches to the problem of identifying C4
origins, establishing when each of the C, genes acquired its Cs-specific properties, and
how the gene was transmitted with respect to the species. We demonstrate that the
transition to C, happened three times in the genus from ancestors possessing some Cy4
components. Surprisingly, reticulate evolution spread key C4 genes among the three C,
groups, so that the number of origins varies among C, components.

Finally, in the fourth chapter (Chapter IV), I assess the importance of
reticulate evolution across the Panicoideae subfamily of grasses, which contain most of
the C4 origins in the family. Using a spectrum of phylogenetic analyses to the
transcriptome data generated in Chapter I, I present for the first time evidence that the
history of the group involved multiple events of reticulate evolution, which could have
contributed to the spread of adaptive novelties, including C4 photosynthesis and other
adaptations.

Overall, my work combines large-scale comparative analyses, with small-
scale, detailed investigations, bridging the evolutionary processes over different time
scales. My results provide insights into the processes underlying the recurrent
emergence of the C4 biochemical pathway in grasses, as well as the importance of

reticulate evolution for the evolutionary diversification of plants.

-22-



Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Chapter I: Highly expressed genes are preferentially co-opted

for C, photosynthesis

Jose J. Moreno-Villena', Luke T. Dunning', Colin P. Osborne', Pascal-Antoine

Christin*?

! Animal and Plant Sciences, University of Sheffield, Sheffield S10 2TN, United
Kingdom.
* Corresponding author: Pascal-Antoine Christin, p.christin@sheffield.ac.uk, +44-114-
222-0027

This work has been published in 2018 in Molecular Biology and Evolution, Volume
35, Issue 1, Pages 94-106.

Personal contribution: I generated and analysed the data, after helping design the

study. I wrote the paper with the help of my co-authors.

-23-


mailto:p.christin@sheffield.ac.uk

Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Abstract

Novel adaptations are generally assembled by co-opting pre-existing genetic
components, but the factors dictating the suitability of genes for new functions remain
poorly known. In this work, we used comparative transcriptomics to determine the
attributes that increased the likelihood of some genes being co-opted for Cg
photosynthesis, a convergent complex trait that boosts productivity in tropical
conditions. We show that independent lineages of grasses repeatedly co-opted the gene
lineages that were the most highly expressed in non-C,4 ancestors to produce their C,
pathway. While ancestral abundance in leaves explains which genes were used for the
emergence of a C, pathway, the tissue specificity has surprisingly no effect. Our results
suggest that levels of key genes were elevated during the early diversification of grasses
and subsequently repeatedly used to trigger a weak Cs cycle via relatively few
mutations. The abundance of Cs-suitable transcripts therefore facilitated physiological
innovation, but the transition to a strong C. pathway still involved consequent changes
in expression levels, leaf specificity, and coding sequences. The direction and amount of
changes required for the strong C, pathway depended on the identity of the genes co-
opted, so that ancestral gene expression both facilitates adaptive transitions and

constrains subsequent evolutionary trajectories.

Keywords: C, photosynthesis, evolvability, grasses, phylogenetics, transcriptomics,

gene co-option
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Introduction

The evolution of novel physiological adaptations occasionally requires the development
of new biochemical cascades, which are generally achieved via the co-option of pre-
existing genes into new functions (Duboule & Wilkins 1998; True & Carroll 2002;
Monson 2003; Monteiro & Podlaha 2009). Rewiring of biochemical pathways can
require both modifications of spatial and temporal gene expression patterns and
alterations of the coding sequences to adapt the encoded enzymes to the new catalytic
context (Duret & Mouchiroud 2000; Carroll 2008; Aubry et al. 2014). In cases where
numerous modifications are needed, the novel pathways can be assembled by natural
selection only if a functional version can emerge through relatively few changes,
allowing subsequent selection to fix mutations that increase the efficiency of the
pathway. Genomic factors that reduce the phenotypic distance between ancestral and
novel physiologies, thereby enabling the emergence of novel cascades via few
mutations, would consequently be expected to increase accessibility to novel
phenotypes. However, in most cases these factors remain poorly understood.

The ability of given genes or genomic features to trigger evolutionary innovation
can be investigated via experimental evolution (e.g. Weinreich et al. 2006; Blount et at.
2012), but such studies are restricted to short-lived organisms that do not encapsulate
the existing diversity of phyla. For larger organisms with long generation times, a
historical approach is the most appropriate. Indeed, phylogenetic inference allows
explicit tests of how specific features affect the accessibility of new phenotypes (e.g.
Marazzi et al. 2012). Conversely, genomic features that have recurrently contributed to
independent origins of a given phenotype can be safely assumed to be suitable for the
trait of interest, and their origin can be regarded as potentially facilitating later adaptive
transitions (Huang et al. 2016b). For example, the same autosome pairs were repeatedly
co-opted to evolve sex chromosomes in turtles (Montiel et al. 2017), the same gene
families encoding crystallins were used to evolve camera eyes in cephalopods and
vertebrates (Zinovieva et al. 1999; Yoshida et al. 2015), and homologous genes
recurrently contributed to the diversification of coloration patterns in butterflies (Jiggins
et al. 2017). While such evidence indicates that some genomic regions or genes
preferentially contribute to specific evolutionary transitions (Tenaillon et al. 2012),

multiple factors might increase the adaptive potential, and their identification requires
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the comparison of the ancestral condition of genes or genomic regions that were
recurrently co-opted, to those that were not.

An excellent system to study the factors that increase gene adaptive potential is C4
photosynthesis. This novel physiology requires a biochemical cascade arising from the
high activity of multiple enzymes in specific leaf compartments, and improves
autotrophic carbon assimilation in tropical conditions (Pearcy and Ehleringer, 1984;
Hatch 1987; Sage et al., 2012, Atkinson et al. 2016). The C, trait is ecologically and
agronomically extremely important (Ehleringer et al., 1997; Still et al., 2003; Byrt et al.,
2011). It evolved more than 60 times in independent lineages of flowering plants (Sage
et al. 2011), via the co-option of multiple genes that were present in non-C. ancestors
(Hibberd and Quick 2002; Aubry et al. 2011; Brown et al. 2011; Kajala et al. 2012).
Most enzymes of the C, pathway are encoded by multigene families, whose members
differed in their expression patterns and catalytic properties of the encoded enzymes
before their involvement in C, photosynthesis (Wang et al., 2009; Hibberd and
Covshoff, 2010; Aubry et al. 2011; Christin et al., 2013, 2015). Previous comparisons of
a handful of C, species have shown that a subset of gene lineages were recurrently co-
opted for C, evolution, both among grasses and among the distantly-related
Caryophyllales (Christin et al. 2013, 2015). However, the co-opted genes differed
between grasses and Caryophyllales, suggesting that factors predisposing some genes
for a C4 function are specific to subgroups of angiosperms (Christin et al. 2015). It has
been noted that the co-opted genes appeared to be highly expressed in the non-C, taxa
available at the time for comparison, which might have contributed to their preferential
co-option (Christin et al. 2013; Emms et al. 2016). However, systematic tests of the
factors underlying the observed co-option bias are still lacking.

In this study, we compare transcriptomes across ten independent C, origins in
grasses, and their non-C, relatives. Through a combination of phylogeny-based
analyses, we test (i) whether a bias in the gene lineages co-opted exists across the whole
set of grasses. To determine the causal factors underlying the bias, we then test (ii)
whether the expression level in leaves and/or (iii) whether the tissue specificity in the
non-C, ancestors explain variation in the co-option probability among gene lineages. In
addition, we analyse coding sequences to test (iv) whether adaptive changes in the

coding sequences occurred during or after the emergence of the C, physiology.
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Together, our investigations shed new light on the factors that increase the adaptive
potential of some genes, focusing on a complex trait of ecological and agronomical

importance.

Results

Sequencing, read mapping and transcriptome assembly

In total, 74 individually sequenced RNA libraries from 19 species generated over 550
million 100bp paired-end reads. This represents 98.87 Gb of data, with a mean of 1.34
Gb per library (SD = 0.95 Gb; Table 1.S1). Over 81% of the reads were kept after
removing low-quality reads and ribosomal RNA sequences. Transcriptomes were
assembled with a mean of 2.23 Gb per species (SD = 1.40 Gb), resulting in a mean of
54,255 Trinity 'unigenes' (SD = 17,218.35), 79,566.12 contigs (SD = 23,038.61), and a
1560.05 bp N50 (SD = 184.95 bp).

The Cs-related gene families considered in this study constitute 5.1% (SD =
2.02%) of the reads in the leaf libraries of C4 plants, versus 2.34% in non-C, plants (SD
= 0.75%). On average, 1.05% of the reads from the root libraries mapped to C4-related
genes (SD = 0.48%).

Phylogenetic trees and identification of genes co-opted for C, photosynthesis

A total of 533 nuclear core-orthologs were used to infer the species tree, which was well
resolved (Fig. 1.1). The relationships among grass subfamilies mirror those retrieved
previously with other datasets (GPWG II, 2012). However, relationships within the
Paniceae tribe (the group most densely sampled here) differ in several aspects from
those based on plastid markers (GPWG 11, 2012), and were closer to previous analyses
that also included nuclear markers (Vicentini et al. 2008). The placement of the different
C, origins within the tree was largely congruent with previous studies, and their non-C,4

relatives separated them in the phylogeny as expected (Fig. I.1).
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Figure I.1. Phylogenetic tree based on nuclear orthologs.

C, taxa are in red, and C, origins are numbered. One of the tribe and the two main clades of grasses are
indicated on the right. The black circle highlights the node representing the common ancestor of the
sampled grasses. Bootstrap values are indicated near branches

For each gene family encoding C.-related enzymes, phylogenetic inference
confirmed previous conclusions about orthology (Vilella et al. 2009). The enzyme
phosphoenolpyruvate carboxykinase (PCK) and the Na*/H" antiporter (NHD) are each
encoded by a single gene lineage (Fig. SI.1). The number of grass co-orthologs in other
families varies from two (for pyruvate, phosphate dikinase - PPDK) to eight (for triose
phosphate-phosphate translocator — TPT; Fig. 1.S1). Groups of co-orthologs were named
as in Christin et al. (2015). Phylogenetic relationships inferred in these gene trees were
mostly congruent with the species tree. Exceptions include genes for PCK, where
Echinochloa stagnina and Alloteropsis semialata grouped with those of Setaria barbata.
This pattern has previously been reported for Alloteropsis species and this, together with
a number of other lines of evidence, was interpreted as the fingerprint of a lateral gene
transfer from Setaria or its close relatives (Christin et al. 2012; Dunning et al. 2017).
Other incongruences were observed in genes encoding PEPC, PPDK, NAD(P)-malate
dehydrogenase [NAD(P)-MDH], Sodium bile acid symporter family (SBAS), TPT, and

NDH (Fig. 1.S1), and could stem from a combination of reticulate evolution during
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grass diversification and phylogenetic bias due to adaptive evolution. Gene duplicates
specific to subgroups of grasses are evident for several genes, and can in some cases be
associated to recent polyploidy (e.g. in Zea mays genes pck-1P1, ppc-1P4, ppdk-1P2,
nadmdh-4P7; Fig. 1.S1). Our analytical pipeline cannot estimate the expression level
individually for each of these duplicates with very similar sequences, but these
duplications specific to subgroups of grasses are relatively recent and occurred after the
divergence of C; and C, clades (Fig. 1.S1). The inferred evolutionary changes in
expression patterns and co-option events are consequently not affected.

The most highly transcribed genes encoding C.-related proteins are those for [3-
carbonic anhydrase (BCA; Fig. 1.2; Table 1.S2), an enzyme that acts in the cytosol of
mesophyll cells in C4 plants. These genes are however equally abundant in non-Cy4
species (Fig. 1.2), where the enzyme plays a key role in the chloroplasts of mesophyll
cells (Tetu et al. 2007). Of the 31 other gene families encoding enzymes that can be
related to the C, pathway, 14 included gene lineages with transcript abundances above
500 rpkm in at least one C, species (Fig. 1.3; Table 1.S2). The transcript abundance of
ppa-4P4 reached 500 rpkm in some C4 species, but similar abundance was observed in a
number of non-C,4 taxa (Table 1.S2), and the gene was consequently not counted as C4
specific. For the rest of the gene lineages, such high values were not found in non-C,
species (Table 1.S2). Genes co-opted for C4 photosynthesis were identified in each C,
species for most core C4 enzymes, but putative C, transporters and regulators were not
always abundant in C4 leaves (Table 1.S2). Genes for enzymes of the photorespiration

pathway were downregulated in C, species, as expected (Table 1.S2).
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Figure I.2. Transcript abundances of the main C, genes in C, and non-C;, species.

Barplot indicate rpkm values (reads per kilobase per million of reads) in leaves of C, (in red) and non-Cy4
(in black species). Phylogenetic relationships among species are indicated at the top, and C, lineages are
numbered as in Fig. I.1. Species names are abbreviated as in Tables I.S1 and 1.S2.
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Figure 1.3. Gene expression profiles of C;-related genes in the studied taxa.
Colours indicate leaf transcript abundance and leaf/ratio abundance ratio for C,-related genes in C, and
non-C, species. Genes that have been co-opted at least once are at the top.

Factors affecting gene co-option

Out of 58 gene lineages encoding the 14 enzymes used by the C, species sampled here,

only 18 have been co-opted at least once, and up to ten times independently for ppdk-

1P2 and tpt-1P1 and eight for ppc—1P3 (Table 1.1). Given the size of the different gene

families and the number of co-option events, fewer genes have been co-opted at least

once than expected by chance (p-value < 0.00001). This confirms the existence of a co-

option bias across the ten C, origins considered here, a result previously reported for

Caryophylalles and grasses (Christin et al. 2013, 2015).
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Table I.1. Number of times a gene lineage was co-opted, for genes co-opted at least once.

Gene lineage Times co-opted Main catalytic reaction

ak-1P1 8 AMP - ADP

alaat-1P5 3 Ala < Pyruvate

aspat-2P3 3 Asp - OAA

aspat-3P4 3 Asp - OAA

dit-2P3 1 Dicarboxylate transporter
nadpmdh-1P1 5 Malate « OAA
nadpmdh-3P4 1 Malate <« OAA
nadpme-1P4 7 Malate — pyruvate
nhd-1P1 5 Sodium proton antiport
pck-1P1 5 OAA - PEP

pepck-1P1 1 ATP ADP/P antiport
ppa-1P2.1 6 Pyrophosphate — phosphate
ppc-1P3 8 PEP - 0OAA

ppc-1P6 2 PEP - 0OAA

ppdk-1P2 10 Pyruvate — PEP

ppt-1P5 4 PEP phosphate antiport
sbas-1P1 8 Pyruvate sodium symport
tpt-1P1 10 3-PGA TP antiport

The ancestral state reconstructions inferred the abundance in leaves and leaf/root
specificity in the last common ancestor of the sampled grasses for each Cs-related genes
(Fig. 1.4). This approach comes with uncertainty, especially for deeper nodes in a tree,
but the confidence intervals associated with the inferred values are small compared to
the difference among members of the same gene family (Fig. 1.4). The inferred values
are moreover tightly correlated with averages of the values among C3 grasses (R*> = 0.98
for the leaf abundance and R* = 0.91 for the leaf/root ratio), and were consequently used
for modelling of gene co-option. Linear models showed that the ancestral transcript
abundance in the leaf significantly affected the co-option frequency (F=13.11, df=56,
p=0.0006336; R*=0.19), and this stayed significant when the gene family was used as a
co-factor (Table 1.2). The effect of the ancestral leaf/root transcript abundance ratio on
the co-option frequency was not significant when considered on its own (F=0.40, df=56,
p=0.54), or in combination with the ancestral leaf abundance and the gene family
cofactor (Table 1.2). Therefore, our modelling analyses indicate that genes were co-
opted for Cs photosynthesis based on their transcription level in leaves (Fig. 1.4),
independently of the specificity of this expression in leaves compared with roots. The
same conclusions were reached when using a threshold of 300, 1000 and 1500 rpkm for

the identification of co-opted genes (see Table 1.2).
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Figure 1.4. Ancestral leaf transcript abundance and number of co-option events.

Barplots on the left indicate the number of times each gene was co-opted, and those on the right indicate
the inferred abundance in the non-C, last common ancestor of grasses (see Fig. I.1), with the associated
confidence intervals. Genes are sorted by enyzme, indicated on the left.
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Table I.2. Results of analyses of variance on linear models of number of co-option events based on
ancestral leaf abundance (ala), leaf/root ratio, and gene family identity (family), with co-opted genes
identified with different rpkm thresholds.

rpkm

threshold
Factors ala leaf/root family ala  leaf/root family ala leaf/root family ala leaf/root family

300 300 300 500 500 500 1000 1000 1000 1500 1500 1500

p-value 0.00 0.52 0.38 0.00 0.57 0.56 0.00 0.88 0.21 0.01 0.77 0.10
df! 1,42 1,42 13,42 1,42 1,42 13,42 142 1,42 13,42 142 1,42 13,42
F-stat 17.07 0.78 0.95 12.65 0.32 0.90 14.46 0.21 1.37 829 0.009 171

! df = degrees of freedom. For each variable, the degrees of freedom for the residuals are given after the
comma.

Transcriptome datasets for clades containing C; and C. species other than grasses
are focused on small taxonomic groups, so that ancient evolutionary events cannot be
inferred yet outside from grasses. A test using published transcriptomes for one C; and
C4 species within the eudicot family Cleomaceae failed to detect any effect of
expression levels, on the identity of genes co-opted for C, (Tables 1.S3 and 1.S4), but the
availability of a single C4 origin and only one C; relative likely decreased statistical
power. Although the same statistical limitations applied to the Flaveria dataset, our
preliminary investigation suggested that the effect of leaf abundance on the co-option
probability might apply to multiple C4 origins across the angiosperms. Indeed, there was
a significant effect of the leaf abundance in the close relatives on the co-option

probability for Flaveria (Table 1.S4).

Marked differences in transcript abundance and coding sequences
While the ancestral transcript abundance significantly affects the probability of a gene
being co-opted, the evolution of C, photosynthesis is accompanied by major increases in
transcript abundance. The transcripts of genes encoding C. enzymes increase by a fold
change of up to 480 for ppc-1P6 in Alloteropsis semialata compared to related non-Cq4
taxa (Fig. 1.2). In addition, their leaf specificity increases, to reach leaf/root ratios of up
to 6204 after their co-option into C. photosynthesis, compared to a maximum of 257 in
non-C, taxa (Fig. 1.3).

Besides these changes in transcript abundance, tests for positive selection revealed
adaptive evolution in the coding sequences of a number of genes during or slightly after
their co-option into C4 photosynthesis. After correction for multiple testing, the test for a

shift of selective pressures along C4 branches (A1 vs. M1a comparison) was significant
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for nine genes out of 19 (Table 1.S5). The test specifically testing for a shift to positive

selection as opposed to a relaxation of selection (A1l vs. A comparison) was also

significant for four of these nine genes; ppc-1P3, ppdk-1P2, sbas-1P1, and tpt-1P1

(Table 1.S5). The sites identified by the Bayes Empirical Bayes analysis as being under

positive selection along C, branches showed widespread cases of parallel amino acid

replacements (Fig. 1.5).
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Figure L.5. Patterns of convergent adaptive amino acid replacements.
The phylogeny of the sampled species is indicated on the left, with species names abbreviated as in Table
I.S1. Branches leading to C, species in red. Amino acids at sites under positive selection (p<0.05%;
p<0.01**) are indicated on the right. Residues of co-opted genes are highlighted with a blue background.
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Discussion

Expression patterns determined which genes were co-opted for C,4

In this study, we analyzed root and leaf transcriptomes from grass species representing
ten independent origins of C, photosynthesis as well as the close non-C, relatives to
each of them (Fig. 1.1). As previously suggested based on smaller species samples
(Christin et al. 2013, 2015), the co-option of genes for the C4 pathway has been a non-
random process. Indeed, despite multiple gene lineages existing for most Cs-related
enzymes, a few of them were co-opted more frequently than expected by chance, while
most were never used in the ten C, lineages evaluated here (Table 1.1; Fig. 1.3 and 4). A
number of factors could explain the preferential co-option of some genes for a novel
function, including their availability via genomic redundancy, the suitability of their
kinetic properties, the fit of their expression patterns, and their evolvability (Aharoni et
al. 2005; Landry et al. 2007; Christin et al. 2010, 2015; Stiffler et al. 2015; Huang et al.
2016b). Our approach was specifically designed to test for the effects on co-option
probability of two dimensions of the expression patterns inferred for non-C,4 ancestors;
the transcript abundance in leaves and the leaf versus root specificity. Thanks to the
evolutionary-informed sampling (Fig. I.1), we were able to unambiguously show that
the likelihood of gene co-option into C4 photosynthesis was determined in a large part
by their transcript abundance in leaves prior to C4 evolution (Fig. 1.4), with no apparent
effect of the leaf to root specificity (Table 1.2).

The C4 biochemical pathway, like any complex pathway, is assumed to result from
many rounds of fixation of adaptive mutations (Sage et al. 2012; Heckmann et al. 2013;
Dunning et al. 2017). However, natural selection cannot gradually improve a pathway
before it exists, even in a rudimentary stage (Huang et al. 2016b). It is likely that a
primitive, weak C, cycle initially emerged in some species via a slight upregulation of
few genes, as observed in intermediate plants accumulating only part of their CO, via
the C4 cycle (Mallmann et al. 2014; Dunning et al. 2017). We show here for the first
time that some genes were already moderately abundant in leaves of non-C, plants (Fig.
I.4), a pattern that likely evolved for a number of reasons not related to Cg
photosynthesis, but eased its later evolution. This facilitator effect would have been
even stronger if Cs-related genes were upregulated in the low-CO, conditions that

prevailed until the Industrial Revolution, as has been suggested for the distantly-related
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Arabidopsis (Li et al. 2014). The encoded enzymes, present in the leaves of the non-C4
ancestors, constituted the building blocks needed to generate a weak, yet functional, C4
pathway following key mutations. These could have included further upregulation of
key C4 enzymes or alterations of the leaf structural arrangements, pushing the system
beyond a tipping point where the C, pathway could emerge. Models predict that, once a
C, pathway is in place, any increase in the rate of the C, pathway will increase
productivity in warm conditions (Heckmann et al. 2013; Mallmann et al. 2014). Any
rudimentary C4 pathway based on ancestrally abundant enzymes would therefore have
created the selective impetus for upregulation of enzymes, generating the striking
patterns observed in derived C, plants (Fig. [.2 and 1.3).

Besides elevated abundance of numerous enzymes, the C, trait is characterized by
a precise compartmentalization of the biochemical reactions in different parts of the
leaves (Hatch and Osmond 1976; Hatch 1987; John et al. 2014). Interestingly, transcript
abundance in non-photosynthetic tissues, such as roots, did however not prevent the co-
option of a gene lineage for C, photosynthesis (Table 1.2; Fig. 1.3), and previous
pairwise comparisons have established that orthologs to C4 genes have a diversity of
expression patterns in non-C, species (Kiilahoglu et al. 2014). We conclude that being
abundant in leaves was a sufficient condition for the C4 function, independently of the
presence in other tissues. Cellular and subcellular localization, which was not captured
by our whole-leaf transcriptomes, probably still contributed to determining which genes
were co-opted for C,. For instance, only one of the four gene lineages for NADP-ME
present in grasses encodes a chloroplast-specific isoform, and this gene lineage has been
recurrently co-opted for C, despite an ancestral abundance of a second gene (Fig. 1.4;
Christin et al. 2009). Similarly, the product of ppc-1P2, the most highly expressed gene
for PEPC in non-C, plants (Fig. 1.4), is chloroplast-specific (Masumoto et al. 2010),
which very likely prevented a function in C4 photosynthesis, since this enzyme is
cytosolic in the C, pathway. Independently of these specific cases, the mere moderate

abundance in leaves explains a large fraction of the co-option probability.
Despite genetic enablers, C4 evolution required massive changes

Our study is the first to scan the transcriptomes of a number of non-C, grasses closely

related to C, species, and showed that genes co-opted for C, tended to already be

-37 -



Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

abundant in non-C, ancestors (Fig. 1.3 and 1.4). Although transcriptomes in other groups
are not available for multiple C, origins and their Cj; relatives, our reanalysis of eudicot
datasets suggested that the preferential co-option of the most abundant genes might
underly C, origins in groups other than grasses (Table 1.S4). This suggests that the
abundance of some enzymes able to fulfil a C,4 function facilitated the emergence of a C4
pathway. However, massive changes in gene expression are still observed between non-
C, and G, relatives (e.g. Brautigam et al. 2011, 2014; Kiilahoglu et al. 2014). Indeed,
genes encoding C4 enzymes are orders of magnitude more abundant in C, leaves, and
leaf specificity strongly increased after the co-option of genes for C4 (Fig. 1.2 and 1.3).
In addition, evidence for widespread adaptive evolution of coding sequences for the Cy4
context, obtained here and in other studies (Fig. I.5; Besnard et al. 2009; Christin et al.
2009; Wang et al. 2009; Huang et al. 2016a), suggests important modifications of the
kinetic properties, shown for some enzymes (Blédsing et al. 2000; Tausta et al. 2002).
Instead of being involved in the initial emergence of a C4 cycle, we propose that these
massive changes were involved in the transition from a weak to a strong C4 pathway
able to match the high rates of the Calvin cycle, as suggested for specific study systems
(Svensson et al. 2003; Mallmann et al. 2014; Dunning et al. 2017).

Since the major requirement for a C, function was sufficient abundance in leaves,
the co-opted genes were not necessarily the best suited for the C, function, in terms of
the tissue specificity or kinetic properties of the encoded enzyme. The ancestral
abundance might therefore have constrained the initial emergence of a weak C4 cycle
based on specific sets of genes, forcing natural selection to later adapt their properties to
those required for a high-flux strong C, cycle. The recurrent co-option of the same co-
orthologs would have increased the likelihood of adaptation via similar changes,
explaining the observed parallel amino acid replacements among C, origins in grasses
(Fig. 1.5; Christin et al. 2007). It has been shown that C4 lineages belonging to distant
groups of angiosperms in some cases co-opted distinct genes (Christin et al. 2015; Table
1.S4). Because of the large evolutionary distances separating these groups, which are
further increased when different co-orthologs are co-opted (Table 1.S4), the encoded
enzymes likely varied in their kinetic properties in addition to their leaf and cell
specificities. The amount of optimizing adaptive changes might have varied among

major C4 groups as a consequence, explaining that the frequency and identity of
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selection-driven amino acid replacements shows high convergence among closely
related Cy4 lineages (Fig. 1.5), but varies between C, origins in grasses and those in the

distantly related sedges and eudicots (Besnard et al. 2009).

Conclusions

In this study, we sequenced the transcriptomes of species from the main C, grass
lineages as well as their close non-C, relatives, and used models to show that the
identity of genes co-opted for C. photosynthesis was largely explained by transcript
abundance before C, evolution. The co-option, likely dictated by the mere presence of
each protein in leaves, was followed by massive upregulation and widespread
adaptation of coding sequences. Both of these processes likely accelerated and
optimized a C4 pathway that initially emerged from the combined action of enzymes
already present in leaves. It is currently unknown why some gene lineages came to be
more expressed than others in non-C,4 plants but, despite variation among species, the
increased abundance of these genes seems to date back to at least the last common
ancestor of grasses. Comparison among distant groups of angiosperms indicates that the
preferential co-option of the most abundant gene lineages might be a recurrent pattern,
but the sampling is not yet dense enough across angiosperms to precisely determine
when increased transcript abundance first happened, among the ancestors of grasses and
other groups that recurrently evolved C, photosynthesis. When this information is
available, we might be able to test whether gene abundance combined with anatomical
variation determined which plant lineages were more likely to evolve C4 photosynthesis,
once environmental changes created the selective pressure for this physiological

novelty.

Material and Methods

Species sampling

Grass species were selected for analyses based on their photosynthetic type to include
multiple C, origins and their non-C, relatives, based on previous phylogenetic analyses
(GPWG 1I 2012). We sequenced eight C4 species and eleven non-C. species, which
separate them in the phylogenetic tree of grasses (GPWG II 2012, Fig. 1.1). Most of
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these belong to the PACMAD clade (subfamilies Panicoideae, Arundinoideae,
Chloridoideae, Micrairoideae, Aristidoideae and Danthonioideae), which contains all C,4
origins in grasses, and one non-C, Pooideae species was added as an outgroup for
comparisons.

The selected species were grown from seeds, using the material from Atkinson et
al. (2016) and Lundgren et al. (2015). Plants were maintained in controlled environment
growth chambers (Conviron BDR16; Manitoba, Canada), with 60% relative humidity,
500 pmol m™ s™ photosynthetic photon flux density (PPFD), and 25/20°C day/night
temperatures, with a 14-hour photoperiod. John Innes No. 2 potting compost (John
Innes Manufacturers Association, Reading, England) was used. Plants were watered
three times a week to keep the soil damp, and were fertilised every two weeks with
Scotts Evergreen Lawn Food (The Scotts Company, Surrey, England). After a minimum
of 30 days in these controlled conditions, two young roots and the most
photosynthetically active distal half of fully expanded leaves were sampled from two
individuals of each species (biological replicates) during the middle of the photoperiod,
and immediately frozen in liquid nitrogen. All samples were stored at -80 °C until RNA

extraction.

RNA extraction, sequencing and transcriptome assembly

Samples were homogenised in liquid nitrogen using a pestle and a mortar, and RNA was
extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), following the
manufacturer’s instructions. The isolated RNA was DNA digested on-column using the
RNase-Free Dnase Set (Qiagen, Hilden, Germany) and eluted in RN Ase-free water with
20 U/uL. of SUPERase-IN RNase Inhibitor (Life Technologies, Carlsbad, CA).
Extractions that yielded an RNA integrity number (RIN) greater than 6.5 and at least 0.5
pug of total RNA, as determined with the RNA 6000 Nano kit with an Agilent
Bioanalyzer 2100 (Agilent Technologies, Palo Alto, California), were used for upstream
procedures. Individual RNA libraries were prepared using TruSeq RNA Library
Preparation Kit v2 (Illumina, San Diego, CA), following the manufacturer’s protocol
with a target median insert length of 155 bp. A total of 24 indexed libraries were pooled
per lane of flow cell and sequenced on an Illumina HiSeq 2500 platform with 100

cycles in rapid mode generating 100bp paired-end reads, at the Sheffield Diagnostic
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Genetics Service.

Reads were filtered and assembled using the Agalma pipeline version 0.5.0, with
default parameters (Dunn et al., 2013). This pipeline removes low quality reads (Q
<33), and those that are adaptor-contaminated or correspond to ribosomal RNA. The
filtered reads are then used for de novo assembly using Trinity (version
trinityrnaseq_r20140413p1; Grabherr et al., 2011). One assembly was generated per
species, using all the libraries available. Leaf assembly and reads in duplicates from the
C4 Alloteropsis cimicina were retrieved from Dunning et al. (2017), and reads for the C4
Megathyrsus maximus and the non-C,4 Dichanthelium clandestinum, in triplicates and
without replicate, respectively, were retrieved from Brautigam et al. (2014). RNA-seq
reads for C, grasses with a completely sequenced genome were also retrieved from the
literature [Setaria italica without replicate from Zhang et al. (2012), Zea mays without
replicate from Liu et al. (2015), and Sorghum bicolor in duplicates from Fracasso et al.
(2016)]. The final RNA expression dataset included 12 non-C, species and 13 C4 species

of grasses.

Inference of a species tree based on core orthologs

Coding sequences (CDS) were predicted from the assembled contigs and those retrieved
from the literature using the standalone version of OrfPredictor (Min et al. 2005).
Protein sequences of eight publicly available genomes (Arabidopsis thaliana,
Brachypodium distachyon, Glycine max, Oryza sativa, Populus trichocarpa, Setaria
italica, Sorghum bicolor and Zea mays) were used as references to improve the
identification of open reading frames by providing the program with a pre-computed
BLASTX output file, using parameters suggested by the authors (Min et al. 2005). CDS
from contigs with “no hit” in the BLASTX output were predicted ab initio. The
predicted CDS were used for subsequent analyses.

CDS homologous to an a priori defined set of plant genes were retrieved using a
Hidden Markov Model based search tool (HaMSTR v.13.2.3; Ebersberger et al. 2009).
The set of genes includes 581 single copy core-orthologs from plants and is derived
from the Inparanoid ortholog database (Sonnhammer and Ostlund 2014), using five
high quality genomes (Arabidopsis thaliana, Vitis vinifera, Oryza sativa, Sorghum

bicolor and Ostreococcus lucimarinus). Sequences were aligned as described in
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Dunning et al. (2017); alignments shorter than 100 bp after trimming were discarded,
and alignments including sequences from at least ten species were concatenated. The
resulting alignment was used to infer a maximum likelihood tree with Phyml (Guindon
and Gascuel 2003), using a GTR + G + I nucleotide substitution model, which was
identified as the best model using the Smart Model Selection (Lefort et al. 2017).

Support was evaluated by 100 bootstrap pseudoreplicates.

Identification of homologs and grass co-orthologs encoding Ca-related enzymes

For each gene family that encodes enzymes related to the C, pathway (identified based
on the literature; Mallmann et al., 2014; Li et al., 2015), homologous CDS were
retrieved from three publicly available genomes (Setaria italica, Sorghum bicolor and
Arabidopsis thaliana), based on the annotation and previously inferred homology
(Vilella et al., 2009). The same approach was used to analyse genes of the
photorespiration pathway, which are expected to be downregulated during C4 evolution
(Mallmann et al 2014). CDS from the sequenced transcriptomes or retrieved from the
literature that were homologous to any sequence in each gene family were identified via
BLAST searches. Positive matches with a minimal e-value of 0.01 and minimal
mapping length of 500bp were retrieved and added to the datasets. Only the first
transcript model was considered for complete genomes, and the longest CDS from each
set of Trinity gene isoforms was used.

A new alignment was produced for each gene family ensuring high quality
alignments while maintaining as many sites as possible. This approach requires manual
curation, and was consequently not used for the 581 sets of core orthologs described
above. A preliminary alignment was obtained for each gene family using MUSCLE
(Edgar 2004). The alignment was manually inspected in MEGA version 6 (Tamura et
al. 2013), and potential chimeras and sequences of ambiguous homology (false
positives) identified through visual inspection and comparison with other sequences
were removed. The remaining sequences were re-aligned as codons using ClustalW
(Thompson et al. 1994), and the alignments were manually refined. For each gene
family, the alignment was used to compute a maximum likelihood phylogenetic tree,
using PhyML (Guindon & Gascuel, 2003), and the GTR + G + I substitution model as

best-fit model identified previously for most of the gene families in this study (Christin
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et al. 2015). Support values were evaluated with 100 bootstrap pseudoreplicates.

Groups of grass co-orthologs, which include all the genes that descend from a
single gene in the last common ancestor of grasses through speciation and gene or
genome duplications (including the ancient polyploidy in the common ancestor of
grasses; Tang et al. 2010), were identified based on the phylogenetic trees inferred for
each gene family. Duplicates specific to some groups of grasses, which might have
emerged via gene or genome duplication (whether via auto- or allopolyploidy) after the
diversification of grasses, would be grouped in the same co-orthologs, so that our
orthology assessment and subsequent expression analyses are not influenced by
polyploidization events. Cleaned reads were mapped back to sequences belonging to
any of the gene families as single reads, using the local alignment option in Bowtie2
(Langmead & Salzberg, 2012). Our approach allows reads to map back to sequences
from the same species, but also allows sequences from other closely related species to
serve as the reference. The number of reads mapped to each group of co-orthologs was
reported as reads per kilobase of aligned exons per million of cleaned reads (rpkm).

These proxies for transcript abundances were obtained for each replicate.

Identification of co-opted genes and factors increasing co-option rates

Enzymes of the C, pathway are abundant in the leaves of C4 species because high
catalytic rates are needed to match the fluxes of the Calvin cycle (Furbank et al. 1997,
Mallmann et al. 2014). Transcripts encoding enzymes known to act in the C, pathway
were consequently identified as those that reached an abundance of at least 500 rpkm in
leaves of a given C, species. Because this threshold is arbitrary, subsequent analyses
were repeated with other thresholds (300, 1000, 1500 rpkm), which did not affect our
conclusions (see Results). Previous investigations comparing a limited number of
species have shown that, within a given taxonomic group, independent C, origins tend
to co-opt the same gene lineages (Christin et al. 2013, 2015; Emms et al. 2016). To test
this expectation across our larger species sample, the number of genes co-opted at least
once in our dataset was compared to the number expected by chance given the size of
the different gene lineages and the number of co-option events, following the
resampling approach of Christin et al. (2015).

Once a bias in gene co-option was confirmed (see Results), we tested for factors
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potentially affecting the probability of a given group of co-orthologs being co-opted for
Cs. We used the values inferred for the last common ancestor of grasses as proxies for
the condition before C, evolved, with two different dimensions of the expression
patterns. First, we inferred the leaf transcript abundance. Second, we inferred the
leaf/root ratio of abundances as a proxy for leaf specificity. For each group of co-
orthologs, the values of these variables in the common ancestor of grasses were
estimated using the phylogeny obtained with HaMSTR and the 'ace' function in the R
package ‘ape’ version 3.5 (Paradis et al. 2004). The maximum likelihood method was
selected, with a Brownian motion model. In this approach, the value of the continuous
variable that maximizes the likelihood is calculated for each node, with the associated
confidence intervals. Only non-C, species were included in the ancestral state analyses
to avoid biases caused by high levels in C, taxa. Considering only the gene families co-
opted at least once, linear models, as implemented in the ‘Im’ function in R version
3.3.2 (R Development Core Team 2016), were used to test independently for an effect of
ancestral leaf transcription abundance and of ancestral leaf/root ratio on the number of
times each group of co-orthologs has been co-opted. An analysis of variance on multiple
linear models was then used to determine whether the effect of ancestral leaf abundance
and/or leaf/root ratio remain when the gene family was included as a co-factor.
Transcriptome datasets available for groups of closely related C; and C, species
outside of grasses were used to assess whether the observed patterns are valid across
flowering plants. Data for one Cs; and one C; Cleomaceae were retrieved from
Brautigam et al. (2011), and the phylogenetic annotation of Cs-related genes in these
datasets was deduced from the identity of orthologs from the -closely-related
Arabidopsis and the phylogenetic trees from Christin et al. (2015). For Flaveria,
RNAseq data were retrieved for two Cs; species from Mallmann et al. (2014) and for one
C, species from Lyu et al. (2015). The reads were annotated in the original study based
on their similarity to Arabidopsis sequences, but the evolutionary distance between
Flaveria and Arabidopsis can potentially mislead orthology assessments. We
consequently performed de novo assemblies using the published reads, and obtained the
transcript abundance for Cs-related genes using the previously published phylogenetic
annotation pipeline (Christin et al. 2015). Groups of co-orthologs co-opted for C4 by

Flaveria or Cleomaceae were identified based on the literature (reviewed in Christin et
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al. 2015) or based on leaf abundance reaching 500 rpkm in C, species for the genes not
included in previous reviews. The effect of the abundance in the C; relatives on the co-
option probability was modelled as for grasses, independently for Cleomaceae and
Flaveria. Because two C; species are available for Flaveria, their average abundance
was used. Root abundance was not available for the same species, so that the effect of

leaf specificity in these groups of eudicots could not be tested.

Positive selection tests

Codon models were used to test for positive selection following the co-option of genes
for C, photosynthesis. For each group of co-orthologs that has been co-opted at least
once for C4, the inferred alignment was truncated as needed to remove poorly aligning
ends and a new phylogenetic tree was inferred with phyML, considering only 3™
positions of codons to remove potential biases due to adaptive evolution. The inferred
topology was used to optimize three different codon models, using codeml as
implemented in PAML (Yang 2007). These models rely on the ratio of non-synonymous
mutation rate per synonymous mutation rate (w; Yang and Nielsen 2002, 2008; Yang
and Swanson 2002). In the null model M1a, codons evolve under either purifying or
relaxed selection in all branches (o smaller than and equal to one, respectively). In the
branch-site models, some codons still evolve under neutral or purifying selection in all
branches, but others shift from purifying or relaxed selection in background branches to
relaxed (in model A) or positive (in model A1) selection in foreground branches. These
foreground branches are defined a priori. In our case, all branches descending from
each C, co-opted gene (identified above for the species sequenced here and from the
literature for the rest of species) were set as the foreground branches. Because genes for
B-carbonic anhydrase (BCA) were present at similar abundance in non-C, and C, species
(see Results), but these are known to be part of the C, pathway (Budde et al.,1985;
Hatch and Burnell, 1990), all branches leading to C. species in these gene families were
selected as foreground branches. The fit improvement of the model assuming changes in
selection pressures was evaluated using likelihood ratio tests (LRT). The model A1 was
first compared to the model M1a, to test for selective shifts following the co-option
event, and then to the model A to specifically test whether the shift corresponded to

positive selection. P-values were corrected for multiple testing.
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Figure 1.S1: Phylogenetic trees for C;-related gene families.

For each gene family with members potentially involved in the C4 or photorespiratory
pathways, a maximum phylogenetic tree is shown. Name of the enzyme is indicated at
the top. Bootstrap support values are indicated near nodes, when higher than 50. Gene

lineages are indicated on the right, with brackets.
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Phosphoenolpyravute carboxykinase (PCK)
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Phosphoenolpyruvate carboxylase (PEPC)
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Pyruvate, phosphate dikinase (PPDK)

60 Oryza sativa 0S05T0405000.01 7 7

Brachypodium distachyon BRADI2G25745.1

Poa sp. c31453 g1 il

Stipagrostis hirtigluma ¢31536 g1 il
Dactyloctenium aegyptium ¢23719 g1 il
Danthonia californica c24927 g1 il

Chasmanthium latifolium c20955 g1 i1
102|—_Hymenachne amplexicaulis ¢5569 g1 i1

76 Steinchisma sp. c9044 g2 i2

Paspalum fimbriatum c50066 g1 i1
98 Sorghum bicolor Sb099019930.1
100 Zea mays GRMZM2G097457.T01
98 Zea mays GRMZM2G306345.T05
— Homopholis proluta ¢23341 g1 i1
r— Dichanthelium clandestinum Contig 12555 ppdk-l P2
55| rog Cyrtococcum patens c42968 g1 i1
E_asiacis sorghoidea ¢32275 g1 il
Panicum pygmaeum ¢30908 g1 il
Acroceras zizanioides 33481 g1
[ Bacciolepis striata 25396 g1 i1
Alloteropsis semialata c25441 g1 i2
Alloteropsis cimicina ¢22684 g1 i1 p pd k -1
Echinochloa stagnina ¢32521 g1 i1
Megathyrsus maximus Contig 14569
Digitaria ciliaris c31358 g1 il
Panicum queenslandicum ¢19605 g1 i1
Setaria barbata ¢32578 g1 i1
Setaria italica Si021240m
100" Setaria italica Si021332m
Steinchisma sp. ¢15529 g1 i2
Hymenachne amplexicaulis ¢10473 g2 i1
Paspalum fimbriatum c20500 g1 i1
Sorghum bicolor Sh01g031660.1
Cyrtococcum patens ¢36025 g1 i1 ppdk_l P1
Acroceras zizanioides ¢18121 g1 i2

Acroceras zizanioides ¢18121 g2 i1
Cyrtococcum patens ¢36025 g2 i3

Setaria italica Si034163m

Arabidopsis thaliana AT4G15530.6

100 Populus trichocarpa POPTR 0010s02860.1
100 Glycine max GLYMA07G38390.2
100 — Glycine max GLYMA17G02371.1 _
[ —
0.1
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Alanine aminotransferase (ALA-AT

Poa sp. ¢22140

Dactylocteniu

Oryza sativa 0S10T0390500-01

Brachypodium distachyon BRADI3G23160.1
Danthonia californica c22982 g1 i1
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Oryza sativa Of 7

g1id
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Homopholis proluta c23389 g1 i1

Panicum pygmaeum c24877 g1 i1

57 Cytococcum patens c39689 g1.i1
Lasiacis sorghoidea ¢20394 g1 2
Alloteropsis cimicina c22499 g1 i1
Alloteropsis semialata 12380 g1 i2
Sacciolepis striata 19209 g1 i1

Panicum queenslandicum c16744 g1 i1

Setaria barbata c31634 g1 i2

Contig 3193
lum ¢19953 g1 12

sp.c23752g1i1
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lor Sb01g023750.1
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s maximus Contig 6491
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Stipagrostis hirtigluma cd4068 g2 i1

Danthonia californica c9497 g1 il
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Lasiacis sorghoidea c15856 g2 i1

Stipagrostis hirtigluma 44068 g1 i2
Cyrtococcum patens c35284 g1 i1

Dactyloctenium aegyptium c14957 g1 13
Danthonia californica c9497 g2 i1

Alloteropsis cimicina ¢19211 g1 i1

52
™ Zea TO1
Sorghum bicolor Sb01g023740.1
il o Zeamays To1
Paspalum fimbriatum c35437 g1 il
o] — Hymenachne amplexicaulis ¢15847 g1 i1
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. Homopholis proluta c11083 g1 i1
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Acroceras zizanioides c269 g2 i1
Cyrtococcum patens c35284 g2 il
74— Lasiacis sorghoidea c15856 g1i2
Oryza sativa 0S07T0617800-01 |
distachyon BR, 1
Poa sp. c20593 g1 12
Dactyloctenium aegyptium c20390 g1 i1
Stipagrostis hirtigluma c42090 g1i1
Danthonia californica ¢22677 g1 i2
Chasmanthium latifoilum 18403 g1 12
Paspalum fimbriatum c16736 g1 i2
Hymenachne amplexicaulis ¢10194 g2 i1
92 Steinchisma sp. ¢6597 g2 i1
Sorghum bicolor Sh02g039340.1
Zea mays GRMZM2G053999 T01
Zea mays GRMZM2G124963 T02
— Sacciolepis striata c24563 g1 i1 alaat-1P2
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Cyrtococcum patens c39847 g1 i4
Actoceras zizanioides 31602 g1 i1
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Alloteropsis semialata c2831 g1 i1
Panicum queenslandicum c16561 g1 12
Eomopho\ls proluta ¢10106 g2 il
Echinochloa stagnina c26327 g2 i
t— Panicum pygmaeum c27181 g1 i1
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89 L— Panicum pygmaeum c20521 g1 i1
100 Arabidopsis thaliana AT1G72330.1
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Glycine max GLYMA16G01630.1
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100 I_—

Populus trichocarpa POPTR 0001516300.1

———
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B-carbonic
anhydrase (BCA)

Sorghum bicolor Sh03g029190.2

100|

Setaria italica Si002148m
Setaria italica Si002140m
Sorghum bicolor Sb03g029170.2
Paspalum fimbriatum ¢23102 g1 i1
Lasiacis sorghoidea c26787 g1 i3
Digitaria ciliaris c28667 g1 i2
Panicum queenslandicum ¢15188 g1 il
109Megathyrsus maximus Contig 14884
Megathyrsus maximus Contig 15947
Setaria barbata 28867 g2 i4
96" Setaria italica Si003882m
58 Zea mays GRMZM2G121878.T03
Sorghum bicolor Sh03g029180.2
6: Zea mays GRMZM2G348512.T06
Zea mays GRMZM2G094165.T01
100 Brachypodium distachyon BRADI2G44856.1

86|

67

Oryza sativa 0S01T0639900.01
Stipagrostis hirtigluma c43369 g1 i3
Danthonia californica c21981 g1 i3
Chasmanthium latifolium ¢17926 g1 i1
98Hymenachne amplexicaulis ¢32060 g1 i1
Steinchisma sp. ¢37388 g1 i1

100|

Arabidopsis thaliana AT1G70410.2
92

Populus trichocarpa POPTR 0010s05080.3
Glycine max GLYMA02G03990.2

Glycine max GLYMA01G03720.3

Glycine max GLYMA08G39510.2

Arabidopsis thaliana AT3G01500.2
Arabidopsis thaliana AT5G14740.1
Glycine max GLYMA05G08590.1
93 Populus trichocarpa POPTR 0001s34950.1

stagnina c28955 g1 i4
83Acroceras Zizanioides c24668 g1 i1

Alloteropsis cimicina 20220 g1 i1
“EAlloteropsis semialata c27263 g111

Cyrtococcum patens 34183 g1 il

Panicum pygmaeum c23769 g1 i1
Sacciolepis striata ¢17516 g1 i1

7¢- Homopholis proluta c2369 g1 i1

Dactyloctenium aegyptium c19066 g1 i1

Acroceras zizanioides ¢8724 g1il
Echinochloa stagnina c62005 g1 i1

Cyrtococcum patens ¢27805 g1 i3

Megathyrsus maximus Contig 1632

Bca-2P3

Lo Setaria taica Si002669m Bca-2P2

Alloteropsis semialata c21151 g1 i1
Steinchisma sp. c9168 g1 i2
Brachypodium distachyon BRADI2G44870.1

Arabidopsis thaliana AT1G23730.1

 Populus tri POPTR 0015508720.1
100! Populus trichocarpa POPTR 0015508710.1

5 Paspalum fimbriatum ¢15997 g1 i2
—EESorgnum bicolor Sb02g026930.1
99'— Zea mays GRMZM2G145101.T02
100[ Setaria barbata ¢31904 g1 i2
‘I{Visselaria italica Si030616m
Setaria italica Si030803m
Echinochloa stagnina ¢29552 g1 i5
Megathyrsus maximus Contig 15893
Digitaria ciliaris 28922 g1 i1
Panicum queenslandicum c18279 g1 i1
Lasiacis sorghoidea c28033 g1 i2
‘goCyrtococcum patens 36185 g1 i3
Panicum pygmaeum c28620 g1 i1
Alloteropsis semialata c27234 g1 i3
Esacciolepis striata 21738 g1 i2
Homopholis proluta c2383 g1 i2
LAcmceras zizanioides c30883 g1 i1
Alloteropsis cimicina c21287 g1 i1
L] ’{— Zea mays GRMZM2G414528.T01

12

Steinchisma sp. 37129 g1i1
Danthonia califomica c24406 g1 i1

%8

hirtigluma c38062 g1 i2

69(— Chasmanthium latifolium ¢19932 g1 i1
Oryza sativa 0S09T0464000.02

Dactyloctenium aegyptium c21898 g1 i2

Brachypodium distachyon BRADI4G32480.1

99 Poa sp. ¢30140 g1 i6
981 Glycine max GLYMA15G06280.1

Glycine max GLYMA13G33080.1
Arabidopsis thaliana ATAG33580.2
Populus trichocarpa POPTR 0007s03330.1
Populus trichocarpa POPTR 0017s07220.1

Populus trichocarpa POPTR 0005517860.1

psis thaliana AT1G58180.4
Glycine max GLYMA14G36000.2

100" Glycine max GLYMA02G37710.1
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NAD-malate dehydrogenase
(NAD-MDH)
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NAD-malate dehydroge
(NAD-MDH)

nase

01

83

Digitaria ciliaris ¢25578 g2 i4

Setaria italica Si019533m

Lasiacis sorghoidea c29632 g1 i4

Sorghum bicolor Sh04g000590.1
D.

16648 g1 13
o Poa sp. c30832 g1 i3
Brachypodium distachyon BRADI3G15560.1
Oryza sativa OS06T0104900.01
Oryza sativa OS02T0105400.01

Stipagrostis hirtigluma c45226 g1 i2

Chasmanthium latifolium c18354 g1 i1

Paspalum fimbriatum c23059 g1 il
Hymenachne amplexicaulis c12844 g2 il

861 Steinchisma sp. 14688 g1 i2

Sorghum bicolor Sb04g000580.1

Zea mays GRMZM2G173192.T01

Zea mays GRMZM2G128929.T01

Sacciolepis striata c21561 g1 il

Setaria talica Si017639m

Acroceras zizanioides c32636 g1 i3
Echinochloa stagnina c31449 g1 i5

Cyrtococcum patens c40830 g1 i2

Panicum queenslandicum c18976 g2

I\ iomopholis proluta c15642 g1 i1

Panicum pygmaeum c23378 g1 il

H

—
’—”EC“SCTLT‘ZZ:??;ZZ;,

Poasp. catsasgrz

i

Glycine max GLYMA05G04520.2
Glycine max GLYMA01G41920.3
Populus trichocarpa POPTR 0001s00440.2
Populus trichocarpa POPTR 0003s11050.1
Arabidopsis thaliana AT4G17260.1

nadmdh-4P7

nadmdh-1P8

nadmdh-1

nadmdh-1P1

Glycine max GLYMA17G14950.1 |
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NADP-malic enzyme (NADP-ME)

Oryza sativa 0S0170183400.01
1
—E sp. c23799 g211
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Paspalum fimbriatum 50346 g1 i1
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NADP-malic enzyme (NADP-ME)

nadpme-1

nadpme-1P2

0.1
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NAD-malic enzyme (NAD-ME)

10¢~ Glycine max GLYMA07G08110.1
Glycine max GLYMA03G01680.1

Glycine max GLYMA09G39870.1
£ 101 Glycine max GLYMA18G46340.1
10 — Populus trichocarpa POPTR 0014s07570.1

is thaliana AT2G1.

o

10 Populus trichocarpa POPTR 0002s:
Brachypodium distachyon BRADI1G27000.1
Poasp.c16735g1il
Oryza sativa 0S07T0496200.02
Stipagrostis hirtigluma c48861 g1 i1

Danthonia californica 25485 g2 i1
Chasmanthium latifolium ¢23169 g1 i1
Sorghum bicolor Sh02g033920.1

Zea mays GRMZM2G406672.T01
godteinchisma sp. ¢14367 g2 il
Hymenachne amplexicaulis c30857 g1 i1
Paspalum fimbriatum 20159 g1 i1
Digitaria ciliaris 29235 g1 i1
Sacciolepis striata c23140 g1 i1
Homopholis proluta c6215 g1 il
Echinochloa stagnina ¢32146 g1 i2
56Laswacis sorghoidea 29942 g1 i1
Cyrtococcum patens c41687 g1 i2
Acroceras zizanioides ¢30605 g1 il
Alloteropsis semialata c15565 g1 i1
Setaria italica Si029215m

9 Setaria barbata ¢33262 gli3

Panicum queenslandicum ¢17600 g1 i1
Alloteropsis cimicina c25790
Panicum pygmaeum ¢30364 g2 i2

75

Glycine max GLYMA03G24630.1
6 Populus trichocarpa POPTR 0014s04320.1

Dactyloctenium aegyptium c22761 g3 i5

Chasmanthium latifolium c24671
Poa sp. c24494 g3 i1
Bract 1m di

106—— Populus trichocarpa POPTR 0002s15740.1
i is thaliana ATAG00570.1
Dactyloctenium aegyptium c24060 g1 i5

gli5

1 BRADI3G30230.1

% Paspalum fimbriatum c3675
‘EHymenachne amplexicaulis c:

99— Steinchisma sp. ¢17845 g2 i7

66— Lasiacis sorghoidea ¢31206 g

s 5APanicum pygmaeum c30446 g
tAIIotempsis semialata c14999 g1 il
o:

Alloteropsis cimicina c25381 g3 i1

— Homopholis proluta c12572 g1

Oryza sativa 0S10T0503500.01
Stipagrostis hirtigluma c44366 g1i2
Danthonia californica c25485 g1 i3

og— Sorghum bicolor Sh01g017790.1

Zea mays GRMZM2G085747.T05

g1il
11463 g1 i3

Echinochloa stagnina 29625 g1 i1
Acroceras zizanioides ¢30702 g1 i1
Cyrtococcum patens c43534 g2 il

1il
1il

i1

— Digitaria ciliaris c29886 g1 i2

Sacciolepis striata c23176 g1 i3
70 Dichanthelium clandestinum Contig 6422
Dichanthelium clandestinum Contig 12232
6! Panicum queenslandicum ¢20346 g1 i9

Setaria italica Si034747m

97— Setaria barbata 32752 g1 i2
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NAD(P)-malate
dehydrogenase
(NAD(P)-MDH)

100 Populus trichocarpa POPTR 0904500200.1

70|
100

74|

Megathyrsus maximus Contig 4540

Brachypodium distachyon BRADI3G28820.1
Stipagrostis hirtigluma c46862 g1 i2
Danthonia californica c24006 g1 i1

60_ |:1
h Chasmanthium latifolium 18521 g1i1

Dactyloctenium aegyptium c18292 g1 i1
Steinchisma sp. c23490 g1 i1
Hymenachne amplexicaulis ¢32165 g1 i1
% paspalum fimbriatum ¢59389 g111
Zeamays GRMZM2G415359.T02
L sorghum bicolor Sb019019280.1
Sacciolepis striata c22002 g1 i1
Digitaria ciliaris c28916 g1i1
Homopholis proluta c11274 g1 i1
Acroceras zizanioides c29703 g1 i1
Echinochloa stagnina c25810 g1 il
Cyrtococcum patens ¢36113 g1 il
Alloteropsis semialata c12936 g1 i1
Alloteropsis cimicina c26306 g1i1
Panicum pygmaeum 25917 g1 i1
Panicum queenslandicum ¢15361 g1 i1
Setaria italica Si036550m

Setaria barbata c29660 g1 il

100/ | populus trichocarpa POPTR 0010508180.1
Populus trichocarpa POPTR 0008516670.1
Glycine max GLYMA10G00920.1

Glycine max GLYMA02G00810.1

Arabidopsis thalianaAT1G04410.1

Arabidopsis thaliana AT5G43330.1
Oryza sativa OS10T0478200.01 T
7— Poa sp. c24755 g21i1

g

Setaria italica SI036876m

Populus trichocarpa POPTR 0002514270.1

Glycine max GLYMA13G16440.1

psis thaliana

sop- Hymenachne amplexicaulis c15935 g1 i1

7|
o8]

Steinchisma sp. ¢185 g1il

Paspalum fimbriatum c2939 g1 i1 nadpmdh-2P3
Setaria ftaca Si010442m

Brachypodium distachyon BRADISG17700.1

05
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o7 Glycine max GLYMA10G34150.1
Glycine max GLYMA20G33380.2

Arabidopsis thaliana AT5G58330.1

——— Populus trichocarpa POPTR 0008503160.1

Stipagrostis hirtigluma 46359 g1 i3
Steinchisma sp. c14518 g1 i2

[~ Homopholis proluta ¢10564 g3 il

[— Acroceras zizanioides c20178 g2 il
a1 5 Saceiolepis striata c14817 211
Homopholis proluta ¢10564 g1 i1
Panicum pygmaeum 17661 g3 2

is cimicina 21394 g1 i4
Panicum pygmaeum c17661 g1 il
Lasiacis sorghoidea c51860 g1 i1

Cyrtococcum patens 38542 g1 i2
Setaria italica Si029817m

100l Setaria barbata c30648 923
Oryza sativa OS08T0562100.02
Brachypodium distachyon BRADI3G12460.1
Poa sp. ¢28935 g2 4
Stipagrostis hirtigluma ¢35639 g1 il

Danthonia californica c22815 g1 i2

" Dactyloctenium aegyptium c20485 g1 i1

Chasmanthium latifolium c25350 g1 i2

o) DE[Hymenachne amplexicaulis ¢13102 g1 i1

Steinchisma sp. 14518 g2 i2

Egynucoccum patens ¢37709 g1 i1
Lasiacis sorghoidea ¢27549 g1 i1

I—— Dichanthelium clandestinum Contig 4739
Panicum pygmaeum c28783 g2 il

L Acroceras zizanioides ¢32011 g1 il

00| 5 Alloteropsis cimicina ¢21297 g1 i4

Alloteropsis semialata c20279 g1 i1

Homopholis proluta 291 g1 i1
Digitaria ciliaris 29177 g1i2
t— sacciolepis striata 21155 g1 i1
71— Zea mays GRMZM2G129513.T01
00 Sorghum bicolor $b079023910.2
Sorghum bicolor Sh07g023920.1
Panicum queenslandicum ¢17112 g1 i1
Echinochloa stagnina c25742 g1 i1
{Setav\a italica Si013711m

1001 Setaria barbata c30648 g1i4.

nadpmdh-3P4

Hymenachne amplexicaulis ¢13102 g2 il

Echinochloa stagnina c24328 g1 i1
o3 | [ Dichanthelium clandestinum Contig 7128
Dichanthelium clandestinum Contig 15241

nadpmdh-2

nadpmdh-2P2

nadpmdh-1P1

nadpmdh-3

T-ypwdpeu
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enylate kinase protein (AK)

94 Setaria barbata c30017 g1 i4
Setaria italca Si023101m

Digitaria ciliaris ¢28925 g2 i1

Panicum pygmaeum c26953 g1 2
Homopholis proluta c13385 g2i1
Echinochioa stagnina c21379 g1i2
Cyrtococcum patens c36710 g2 il
6jL- Lasiacis sorghoidea c25023 g1 i1
|- Acroceras zizanioides c25983 g1 i1
Panicum queenslandicum c13552 g1 il
Sacciolepis striata c22482 g2 i1
Alloteropsis cimicina ¢20369 g1 13
Alloteropsis semialata c25701 g2 i1
Zea mays GRMZM2G173209.T01

Zeamays GRMZM2G086882.T01
Sorghum bicolor Sb08g008360.1

o5 2@ mays GRMZM2G125193.701
Sorghum bicolor Sb03g029120.1
Hymenachne amplexicaulls ¢12553 g1 i1
Chasmanthium latifolium ¢22585 g1 2
Stipagrostis hirtigluma c49425 g1 15

Poasp. c26775 g1i1

Oryza sativa 0S12T0236400.01
100/ Oryza sativa OS11T0312400.01
Oryza sativa 0S11T0312220.00
Danthonia califorica c26252 g1 2

Steinchisma sp. c33883 g1 il
Hymenachne amplexicaulis ¢12553 g2 i1
Paspalum fimbriatum c23051 g1 2
Homopholis proluta c13385 g1i1
Lasiacis sorghoidea 25023 g2i1
Digitaria ciliaris 28925 g1 15
Setaria talica $1026747m

Panicum queenslandicum c13552 g2 i1

95— Populus tiichocarpa POPTR 0012509720.1
Populus trichocarpa POPTR 0015510490.1
98 Glycine max GLYMAO5G03140.1
Glycine max GLYMAQ5G03120.1
99L Glycine max GLYMA17G13760.1
Avabidopsis thaliana AT5G50370.1
e Avabidopsis thaliana AT5G63400.1

o[ Arabidopsis thalanaATSG35170.L
lus trichocarpa POPTR 0018512140.1

\—|,2 [Glyclne max GLYMA15G24680.1
1001 Glycine max GLYMA09G13220.2
o, Brachypodium distachyon BRADI3G19850.4 7]
Poa sp. c30359 91 16

Oryza sativa OS08T0288200.01
16680 g1i1

Dactyloctenium aegyptium c22666 g1 i4
Stipagrostis hirtigluma c51406 g1i5
Chasmanthium latifolium 24748 g1 3
Paspalum fimbriatum c21884 g1 2

Steinchisma sp. 12179 g1 i1
Hymenachne amplexicaulis c12554 g1i3
Sorghum bicolor Sb07g017810.1
Zeamays GRMZM2G030628. T01
Acroceras zizanioides ¢31368 9111
Echinochloa stagnina 29726 g1 13
Digtaria cillaris 29039 g2 11

Lasiacis sorghoidea c29580 g115
Cyrtococcum patens 38225 9113

ak-2

ak-2P2

|— Dichanthelium clandestinum Contig 9834
Alloteropsis cimicina c25700 g4 i2

EAlmempsls semialata c29539 g6 7
Sacciolepis striata c16902 113

I— Panicum queensiandicum c4514 g1 i1

Setaria barbata c32968 g1 5

Setaria italica Si013366m

Setaria italica Si013365m

Setaria itaca Si013380m

R
v

Oryza sativa OS08T0109300.01

0.2

Poa sp. c4062 g1 i1
Stipagrostis hirtigluma c41101 111

Dactyloctenium aegyptium c17865 g1 i1

Danthonia calfornica ¢19094 g111

Chasmanthium latifolium 18943 g1.11

Sorghum bicolor Sb07g000980,1

Zea mays GRMZM2G178192T03
Paspalum fimbriatum c50585 g111

Steinchisma sp. ¢1694 g1 i1

%L Hymenachne amplexicaulis ¢34762 9111

Alloteropsis semialata c29007 g2 i1

Alloteropsis cimicina ¢17204 g1 i1

Dichanthelium clandestinum Contig 2137

Panicum queenslandicum c15685 g1 i1
Panicum pygmaeum c23899 g1 i1
Lasiacis sorghoidea c29445 9112
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Dactyloctenium aegyptium c17953 g1 i1

Brachypodium distachyon BRADIAG39600.1

Dactyloctenium aegyptium 17953 g2 il

ak-3P3

ak-1P1

ak-3P4

ak-3

ak-1
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Sodium bile acid symporter
family (SBAS)

100~ Glycine max GLYMA11G03100.2

Arabidopsis thaliana ATAG12030.2
[ Stipagrostis hitigluma c52593 g1 12 7

. Oryza sativa 0S09T0520600.01
"__{: Poa sp. 230229111

92| 99— Brachypodium distachyon BRADI4G35477.1

. | panthonia calfomica 1550 5213

Dactyloctenium aegyptium c19443 g113

(— Chasmanthium latifolium c21192 9113
5,Z€a mays GRMZM2G149619.T01
‘Sorghum bicolor $5029030200.1

- 20 paspalum fimbriatum c12077 g1 il

25| - Hymenachne ampistcauts 1853 g1 1. sbas-4

o¢{[ - Steinchisma sp. c14815 115

[— Sacciolepis striata c22879 g1 11

[~ Panicum pygmaeum c23915 g1 3 shas-4P4
Digitaria ciiaris ¢26656 g1 i1

Panicum queensiandicum c613 111

Alloteropsis semialata c13634 111

8

Alloteropsis cimicina 23964 g3 2
Lasiacis sorghoidea c26863 9112
Cyrtococcum patens 38679 g1 11
Acroceras zizanioides c26568 g111

100

Echinochioa stagnina c23156 g1 i1
Homopholis proluta c8136 g1 2

Dichanthelium clandestinum Contig 13018
Setaria barbata c31678 9111
951 setaria talica $i030031m
o Glycine max GLYMAQBGA5790.1 7
95 Arabidopsis thaliana AT3G25410.1
17
Poa'sp. c18943 g1 i1
Oryza sativa 0S02T0475400.01
Chasmanthium latitoliom c21753 g113
Danthonia californica 21489 g1 i1

Dactyloctenium aegyptium c16610 9112
Steinchisma sp. ¢11063 g1 12
Hymenachne amplexicauls 31136 g1i1
% paspalum fimbriatum c4670 g1 2
Alloteropsis cimicina c23589 112 sbas-3
Sacciolepis striata c24507 g113

Acroceras zizankides 31754 g1 2 shas-3P3
Panicum pygmaeum c26130 g1i1

Panicum queenslandicum c16668 g1 i2
Dichanthelium clandestinum Contig 15391
100
100 Glycine max GLYMA12G36310.2
52| Glycine max GLYMA13G33940.1
Arabidopsis thallana AT1G78560.1

Populus trichocarpa POPTR 0011510450.1
Poa sp. c9207 g1i1

Brachypodium distachyon BRADISGA1190.1
Oryza sativa 0S04T0381100.02
‘Stipagrostis hirtigluma c49366 g1 2
Dactyloctenium aegyptium c36656 g1 i1
Danthonia californica c21314 g1 i3
Chasmanthium latfolium c3336 g1 i
100 Zea mays GRMZM2G123884.T01
. ‘Sorghum bicolor Sh019016820.1
Steinchisma sp. ¢13121 g2 il
Hymenachne amplexicaulis c10586 g1 2 sbas-2
197 paspalum fimbriatum ¢12750 g1 i2
Fsaccmaems striata ¢14194 g1 11 shas-2P2
98] |- Panicum pygmaeum c23837 g1i2
Echinochloa stagnina c26455 g1 il
Panicum queenslandicum c24589 g1 il
- Cyrtococcum patens 38673 g1i1

Lasiacis sorghoidea c28236 g1 id
- Homopholis proluta ¢9933 g1 11
[ Acraceras zizanioides ¢22151 92 i1
| Digitaria cilars 21724 g1 i1
Alloteropsis semialata ¢26308 g1i1
Setaria barbata c20895 g1i1
Setaria ffgfda SI036036m
Setaria tafi%a S1001762m
=~ Arabidopss thaliana AT2G26900.1 T
4|:[GN ine max GLYMA17G12890.1

921 Glycine max GLYMA05G08120 2
Stipagrostis hittigluma c50490 g1 i2 7

Dactyloctenium aegyptium c21214 111
Danthonia californica ¢24010 g1 4
Oryza sativa 0S01T0645200.03

Brachypodium distachyon BRADI2GA5100.1
Poa sp.c27631 g1 i1

Chasmanthium latifolium ¢23463 g2 5
90~ Steinchisma sp. ¢11527 g1 i1

sbas-1
Sacciolepis striata c24378 g1 i3

Dichanthelium clandestinum Contig 11953 | S bas-1P1

Homopholis proluta ¢12199 g1 i1
Lasiacis sorghoidea ¢14871 g1 il
Echinochioa stagnina c30102 g1 i1
Panicum queensiandicum c15461 g1 i1
Setaria barbata ¢32000 g1 12
Setaria tallca S1001598m
Setaria italica Si002495m
Setaria ftalica S1001591m
Setaria talica Si002251m
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Dicarboxylate carrier (DIC)

Setarla italica $1022797m
Setaria barbata c34926 g3 2
[— Echinochioa stagnina 30515 g1 11

mfﬁsmia talica S1023040m

Eamcum pygmaeum c24881 g2 i1
Cyrtococcum patens ¢29705 g1 12
Paspalum fimbriatum ¢21952 g1 15

Megathyrsus maximus Contig 4363
Panicum queenslandicum 11897 g1 i1
Sorghum bicolor Sh0BO16950.1
Zea mays GRMZM2G050394.T06
Hymenachne amplexicaulls c7740 g1 2 dic-3P4
970 Steinchisma sp. co308 91 12 dic-3
Brachy podium distachyon BRADIAG05917.1

Poa sp. ¢22252 g1 12
Lasiacis sorghoidea c22695 g2 i1

Alloteropsis semialata 28903 g1 16

Alloteropsis cimicina 17783 g112
Digitaria cilaris ¢24191 g1 i2
latifolium c23621 g113

100

L— Danthonia californica 16730 g1 i2

Dactyfoctenium aegyplum ¢17342 g1 1 i
1 Glycine max GLYMA0ZG17100.2
s tichocarpa PO 1
Avabidopsis thalana AT4GO3115.1
Echinochioa stagnina c28691 111
Megathyrsus maximus Contig 8384
Setara babata 29917 g1 12
Setara allca S014081m
Sorghum blcolor Sb07023340.1
Zea mays GRMZM2G426593.T01
o Stenchisma sp. 34064 9111
Hymenachne ampleicauis c9128 912
Paspalum fimbriatum c29347 g1 1
Actoceras zzaniodes 629326 9111
Panicum queensiandicum c18404 o1 i1
Paicum pygmaeum 27920 0111 . .
Alloteropsis semialata ¢21918 g1 i1 dK:-2P2+dIC-2P3
Cymosoccum paters c37184g1 12
Lasiacis sorghoidea c24554 g1 1
Homophols prouac19650 g1 1. i
Oryza sativa OS09TO465400.00 dic-2
Brachypodium distachyon BRADIGAZ510.1
Brachypodkum distachyon BRADISG3B410.1
Poa sp. c26995 9111
Chasmanthium latfollum 621040 9111
Danthonia calfomica c25455 111
Stipagrosts hitiguma c42624 91 11
L bactytostenium aegypiom c22119 g1 16 d
Gyeine max GLYMA0BG26370.1
Glycine max GLYMA01G02950.1
5oL Giycine max GLYMAC2G04620.1
Glyche max GLYMAOAGOS770.1
Populus tichocaipa POPTR 00025104601

5oy

7

Populus trichocarpa POPTR 0005517790.1
o) Arabidopsis 1
Arabidopsis thallana ATAG24570.1
bidopsis thaliana ATSG09470.1

Arabidopsis thallana AT5G19760.1
100 Populus trichocaipa POPTR 00035210701
&9 Populus trichocarpa POPTR 00015041701
Glycine max GLYMAOBG12200.1
&L Giycine max GLYMA05G29050.1
o 1007~ Poa sp. c31638 63 11
75 L Brachypodium distachyon BRADI2G06520.1
Oryza sativa 0S11T0432400.02
Stipagrostis hitigluma 37639 g1 i1
Dactyloctenium aegyptium c19588 112
‘Chasmanthium latifolum c21124 9111
Steinchisma sp. ¢12156 g2 1
[~ Homopholis proluta c8507 g1 i1

56

dic-1P2

8, =

morsecum e 588211

[ ———

| Actoceras zizanioides 27052 g1 12
U ————

Pk promacam 2744011

Altrops smiaa 57802411

Megathyrsus maximus Conig 7653
ol Paiamaecnsandometsoz g )
5o Brachypodium distachyon BRADIZG326002 dic-1
Poa sp.cas38 g1t
Oryza satia 0505T0208000.03
(— Danthonia calfornica 25589 917

— Chasmanthium latifolium c21124 g2 12
Dactyloctenium aegyptium c19588 g2 i1
Acroceras zizanioldes c24886 g2 1L

I

[ Alloteropsis cimicina 20678 g2 i6

|- Echinochioa stagnina ¢ 26986 91 i1 :

Megathyrsus maximus Contig 4809 dic-1P1

e 5091331

[ oot s czrza gt
R ———

L Lt sgotencouaot g2

Zea mays GRMZM2G051630.T01
100 Zea mays GRMZM2G042146.TOL

— Paspalum fimbriatum c23782 g1 i1

5|~ Hymenachne amplexicauls ¢15143 g1 i1
7L Steinchisma sp. c12156 9111

gLsuvgmm bicolor Sb09g006480.1

0.5
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Dicarboxylate

transporter (DIT)

Sacciolepis striata c24234 g2 12
Esevana italica i029415m
99— Setaria barbata c33688 92 3
' — Digitaria ciliaris c31118 g1 12
il Panicum queenslandicum ¢18021 g1 2

ichanthelium clandestinum Contig 6697

DI
E—————
Echinochloa stagnina ¢32753 9113

@ps\s cimicina c22760 g1 i1

Homopholis proluta c13166 g1 i1

— Alloteropsis semialata 19890 g2 i1
Panicum pygmaeum ¢26959 g2 i1

L— Lasiacis sorghoidea c29650 g1 2

Hymenachne amplexicaulis c2161 g1 11

Steinchisma sp. ¢13659 9111

Paspalum fimbriatum ¢23523 g1 11

Zea mays GRMZM2G040933.T01

Sorghum bicolor Sb029027290.1

Sorghum bicolor Sb04g003080.1
Chasmanthiumlatifolium ¢21179 g2 i1
Dactyloctenium aegyptium c17682 g2 i1
Stipagrostis hirtigluma c52186 g1 i1
Danthonia califorica 19893 g1 i1

Poa sp. 27625 g1i1

Oryza sativa OS09T0469950.00
Echinochloa stagnina c23661 g1 i1
Setaria barbata c25410 g2 i1
1001 Setaria italica Si013503m
Panicum queenslandicum ¢18021 g2 i1
—— Sacciolepis striata c24234 g112
Alloteropsis cimicina c18372 g1 11
‘E Alloteropsis semialata ¢19890 g1 i1
Digitaria cillaris ¢11925 g1 i1
I~ Homopholis proluta 13166 g2 11
Cyttococcum patens c42635 g3 i1
Lasiacis sorghoidea c29650 g3 4
Acroceras zizanioides ¢30180 g2 i1

3

Panicum pygmaeum c26959 g111
_Lsm nchisma sp. 13659 g2 i1
8 Paspalum fimbriatum c8804 g1 11

a— Sorghum bicolor Sb07g029170.1

dit-2P3

dit-2

dit-2P2

L 0] 5en mays GRMZM2G086258.T02
Chasmanthium fatifolium 21179 g3 i1
Dactyloctenium aegyptium c17682 g1 i1
Danthonia califorica c23002 g1 i1

Stipagrostis hirtigluma 19605 g1i1

Poasp. c18161g1 i1

BRADI3G28580.1

Oryza sativa OS0BT0481800.01

Hymenachne amplexicaulis 10502 g1 12
100,

Populus trichocarpa POPTR 0001531810.1
Glycine max GLYMA13G02146.1

Glycine max GLYMA8G18910.1

Glycine max GLYMA15G06110.1

Populus trichocarpa POPTR 0017507720.1

Arabidopsis thaliana AT5G64280.1

10|

L Arabidopsis thallana AT5G64290.1
Populus trichocarpa POPTR 0001526580.1 _

Giycine max GLYMA11G14210.1
Glycine max GLYMA12G06190.1
Oryza sativa 0S12T0515400.01
Poasp. c13118 g1 i1

Populus trichocarpa POPTR 0009505850.1
Arabidopsis thaliana AT5G12860.1

distachyon BRADI4G06300.1
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Danthonia californica c24429 g1 i1
Stipagrosts hirtigluma c52186 g2 i1
Dactyloctenium aegyptium c19355 g2 il
Chasmanthium latifolium ¢17301 g1 i1
Paspalum fimbriatum ¢23523 g2 i1
Hymenachne amplexicaulis c22510 g1 11
Steinchisma sp. ¢18196 g1 i1
Cyrtococcum patens c40602 g2 1
Lasiacis sorghoidea c28440 g1 11
Cytococcum patens c40602 g1 i1
Homopholis proluta 33793 g1 i1 dit-1P1
Panicum pygmaeum c26814 g1i1

Sacclolepis striata c22737 g111

Actoceras zizanioides c30331g1 i1
Dichanthelium clandestinum Contig 16013

Alloteropsis semialata c28684 114
Alloteropsis cimicina c21288 g1 11
Echinochioa stagnina c28989 g1 11
Panicum queenslandicum c16089 g1 i1
Digitaria cillaris 30166 g1 i1

Zea mays GRMZM2G383083.T01
1

Setaria barbata c33702 g1 i1

dit-1

Setaria italica 5i024403m
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Glyceraldehyde-
3-phosphate
Dehydrogenase
(GAPDH)

gapdh-3
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gapdh-1

gapdh-4

gapdh-2
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Sodium:Hydrogen antiporter (NHD)

100 Glycine max GLYMA20G26550.1

I: Glycine max GLYMA10G40920.1
9% 97 Glycine max GLYMA20G26381.1

I: Populus trichocarpa POPTR 0009s09960.1
100 Populus trichocarpa POPTR 0001s30830.1

|
10l Arabidopsis thaliana AT3G19490.1

Arabidopsis thaliana AT1G49810.1

Oryza sativa OS09T0109800.01
Brachypodium distachyon BRADI4G08260.1

85

100 Poa sp. c21963 g1il
58 Stipagrostis hirtigluma c49242 g1 il
Danthonia californica c22770 g2 i2

o0 Dactyloctenium aegyptium c22331 g1 il

Chasmanthium latifolium c24056 g1 i1
Sorghum bicolor Sb02g013050.1
Zea mays GRMZM2G053927.T02

100

100

Paspalum fimbriatum ¢50113 g1 i1
Hymenachne amplexicaulis c12448 g1 i1
100 Steinchisma sp. c13214 g2 il

'I: Alloteropsis semialata c26872 g2 il

Sacciolepis striata 23913 g1 il

IdT-pyu

g

Panicum pygmaeum ¢31145 g1 i2

Homopholis proluta c17436 g2 i2
Acroceras zizanioides ¢31725 g1 i3

_E_asiacis sorghoidea c29013 g1 il
100
Cyrtococcum patens ¢41819 g1 il

9
d)teropsis cimicina c21292 g1 il
Digitaria ciliaris c30083 g1 il

Panicum queenslandicum ¢17014 g1 i3

Echinochloa stagnina c28688 g1 il
88 Setaria italica Si029362m
100 Setaria barbata ¢30213 g1 i2

0.1
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Phosphoenolpyruvate carboxylase kinase (PEPC-K)

100|

100,
63]

Setaria barbata 629078 9111
Setaria ftakca $i006273m
Digiaria clais 28988 g1 2
Echinochioa stagnina c28012 g1 11
Sacciolepis striata c21447 g1i1
Panicum pygmaeum 27364 g111
Dichanthelium clandestinum Contig 6514
Cyrtococcum patens c3678191 12
Lasiacis sorghoidea c28162 g2 11

Homopholis proluta ¢10373 g1 i1
Alloteropsis semialata ¢24749 g2 2.
Acroceras zizanioides c30333 g2 11
Panicum queensliandicum ¢1396192 2.
Paspalum fimbriatum 16949 9111
Hymenachne amplexicaus c14608 g4 i1
Steinchisma sp. c11209 g3 i1

‘Sorghum bicolor Sb109001640.1
Zeamays GRMZM2G178756.T01
Chasmanthium latifollum 20085 52 2

pepck-3P6

pepck-3

‘Stipagrostis hitigluma c53528 91111
Poa sp. c30520 1 11

1

99— Populus trichocarpa POPTR 0003512080.1
L 1

Arabidopsis thallana AT1G12580.1

Populus rchocarpa POPTR 0012513820.1

Popuius trichocarpa POPTR 00155137902

Glycine max GLYMAL0G38456.1

Glycine max GLYMA16G32300.1

Glycine max GLYMA10G38463.1
100,

100,

Populus trichocarpa POPTR 000708570.1

Populus trichocarpa POPTR 0017507570.1
halana AT1G12680.1

%8
[ pote sebcaparor oo
1 max GL 1
78
Glycine max GLYMA04G10520.1
73| — Glycine max GLYMAL4G35700.2
100 Glycine max GLYMA02G37420.1

Brachypodium distachyon BRADI3G38440.1
Stipagrostis hirtgluma 649265 6211
Stipagrostis hirtgluma 049265 1. 12
Dactyloctenium aegyptium ¢10400 9111
Danthonia calffornica c9928 111

100,

[—— Chasmanthium latfollum c15416 g1 i1
acciolepis striata c17546 g112

s:
59) i Setaria ftalica $I013759m
01— Setaria barbata 29620 g2 12

18

csoratn
Hameshots o 081 g1 8
[ pmm pomaeimcastz s
Ogtata s c24684 1.1
Paricum querslndeun 1148 9111
E Aiterops cimicna 20853 g1 6
o5l Atteropss semaaacassazgz
Pasplu b c16663 6211
s ek 201 011

Steinchisma sp. 1310991 i1
Sorghum bicolor Sb07g023380.1

0L Zea mays GRMZM2G004079.T0L

6
Oryza safiva OS09T0466900.02
Brachypodium dstachyon BRADMG32590.1

Chasmanthium latfollum c20781 911
Zea mays GRMZM2G034065.T02
‘Sorghum bicolor Sb029027060.1

pepck-2P4

[ ———
| s oo
s saghotaceiz 1 3
ot i 56126113
ot lats 5600 1.1
Sacoieps s 25345112
Soata i S2014m J

61l
a1

-67 -

pepck-2P5

pepck-2




Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Phosphoenolpyruvate carboxylase kinase (PEPC-K)

Setaria falica S018012m

Sthagrosts higlume 52475 g1 i1
Homophols rokuta 9312 g2 1
LEAllmemps\s semalta c20676 g4 1

Lasiac sorghoidea c19108 012
Paricum pygmaeum c17956 g1 11
Steichisma sp. c2008g1 11
Hymenachne amplexicauls 10615 02 1.

pepck-1P3

‘Sorghum bicolor Sb04g036570.1
Zeamays GRMZM2G178074.T02
Oryza saiva OS02T0807000.01

Brachypodium distachyon BRADIIGS4760.1
Digtaria cllars ¢23024 912
551 cpcoocimptens csara a1
Zea mays GRMZM2G049541.T02
Sorghum bcolor Sb059022690.1

Lasiacis sorghoidea ¢11775 g112
Setaria falica S010613m

pepck-1P2

0.2

100

93

99 etara alca $1010637m
100 - Setara talica SI017915m

Setaria barbata c30938 02 2

Homophols proluta c6471 g1 1

Lasiacis sorghoidea c25695 111
Digiaria cillars c24628 g1 2
Echinochioa stagnina c25477 g1 1

Aloteropsis semialata 23263 g1 i1

Steinchisma sp. ¢1033 g1 i1
Sorghum blcolor Sb049026490.1

Zeamays GRMZN2G096753.T01L
Zea mays GRMZM2G135091.T02
Dactyloctenium aegyptum ¢17226 91 1
Chasmanthium lifolumc20921 1.2

Darthonia calforrica c19592 g1 4

Oryza sativa 0502706253000

Poasp. c20820 9111
Brachypodium distachyon BRADI3G49220.1

7 Brachypodium distachyon BRADISGL5780.1
y GLYMA3GA1190.1

Gicine max GLYMALOG30940.1
100 L— GYcine max GLYMA20G36520.1
100 Populus tichocarpa POPTR 0019503480.1
Populus tichocarpa POPTR 0013504320.1
Arabidopsis thaliana ATIGO4530.1
bidopsis thallana AT1G08650.1

79

1
Populus trichocarpa POPTR 0010508220.1
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Phosphogly

cerate Kinase (PGK)

Populus trichocarpa POPTR 0016509

300.1

Glycine max GLYMA13GO7735.5

Oryza sallva 0S10T0442100.00

Brachypodium distachyon BRADI3G27600.1

Poa sp. ¢32059 g1 14

Danthonia callfornica c15278 91 18

Dactyloctenium aegyptium c4857 g1 i1

Chasmanthium latifollum c16945 g111
Paspalum fimbriatum 19143 g1i4
Hymenachne amplexicaulis ¢11234 g1 i1
Steinchisma sp. ¢10289 g1 12
Sorghum bicolor $b019020930.1
Zeamays GRMZM2G003724.T01

— Echinochloa stagnina 29539 g1 12

| Setaria barbata c24394 g1 11

95 [— Sacciolepis striata c13498 91 i1

|- Laslacis sorghoidea c20091 g3 14

- Cyrtococeum patens 31069 g3 i2

[ Acroceras zizanioldes c27424 g111

Alloteropsis cimicina 17250 g112

Eomﬂpm\ls prolua 17492 g1 2
Alloteropsis semialata 20335 g111

LPanh:um Pygmaeum 26729 9117
Panicum queenslandicum c13355 91 i1

[— Alloteropsis cimicina c20377 g2 11

o Setaria talica S1021017m

ettt s 9105 113
E., I

Echinochioa stagnina c27438 9111
Panicum queenslandicum c15889 g1 2

L— Panicum pygmaeum 24825 g1 i1
[—— Acroceras zizanioides c26460 g2 11
Paspalum fimbriatum 6738 g1 i1
Hymenachne amplexicaulis ¢19650 g1 i1
Steinchisma sp. 37135 g1 i1

pgk-2P3.2

Paspalum fimbiatum c6738 g2 1 Dupl>

Lasiacls sorghoidea 625616 g1. 1
oL cpocamcumpens catsn g1 1

Zeamays GRUZM2G089136 T02
Sorghum bcolor Sb09g024340.1
7ea mays GRMZM2G083016 To1

Digharia cilrs c25480 91 1 pgk-2P
Chasmantium afollum 17683 g1 1
Danthoria caornica c20666 o1 1

Dactyloctenium acgyptium 21886 g2 1
Stpagrosts Hirtighuma cA4559 g1 1

Oryza satva 0S05T0496200.01

Brachypodium distachyon BRADI2G21120.2

Poa sp. 28282 g1 11
Zea mays GRMZM2G047028.T01

Paspalum fimbrialum c69454 g1 i1
Stipagrostis hirtigluma 33034 g1 22
Setaria italica Si001253m

pgk-2P3.1

Digitara ciarls c8849 g1 11
Homopholis proluta c3817 g1 12
Lasiacis sorghoidea 23120 g112
Glycine max GLYMAOBG17610.1

Glycine max GLYMA15G41540.1

%

ihaliana AT3G12780.1
Arabidopsis thaliana AT1GS6190.1
Populus trichocarpa POPTR 0008508410.1

Populus tichocarpa POPTR 001051786014
Giycine max GLYMAOBG17600.1

Glycine max GLYMAISGA1550.1

Populus tichocarpa POPTR 0008508400.1

Populus trchocarpa POPTR 0010517870.1

Arabidopsis thallana AT1G79550.2

100

Danthonia californica c24873 g1 12

Oryza sativa OS06T0668200.01
Chasmanthium latiolium c10042 g2 2
Paspalum fimbriaium c16160 g1 12
Hymenachne amplexcaulls ¢12888 g2 2
Sorghum bicolor Sb109026710.3
Dichanthellum clandestinum Contig 8706
Laslacis sorghoidea c3059193 i1

Echinochioa stagnina c27343 g2 11
Homopholis proluta ¢17694 g2 11
Chasmanthium latifolium 19042 g1 i1 pgk-l P2
Panicum queenslandicum ¢12965 62 12
Digtaria cars ¢20971 g4 11

pgk-3P4

Sacclolepis stiata c23457 g2 1
Digitaria cliars 20971 g6 1
Acroceras zizanloldes 21336 g2 i1
Echinochloa stagrina ¢27343 g3 i1
Aloteropsis cimicina c21573 g1 11
Alloteropsis semialata 9218 g1 i1
Setaria barbata c32925 g1 11

Setaria italica S1006583m B pg k-1
Oryza saliva 0S02T0169300.01 i

Poa sp. c26050 1 i2

Stipagrostis hirigluma 28649 g1 11

‘Chasmaninium laifofum c20421 g1 1

Dactylocterium aegypiium c18471 g1 i1

oa [~ Hymenachne amplexicauls ¢12888 g1 1
Steincrismasp. 16000 9113
Paspalum fimbriatum c4329 9111

Zea mays
‘Sorghum bicolor Sb049004690.2
Aloteropsis cimicina ¢23230 g1 i1

To4

Aloteropsis semiaata c22658 g1 11 Ppgk-1P1
100 Megathyrsus maximus Cortig 3050
Megathyrsus maximus Contig 13716
Setariabarbata 632925 g2 1
Setaria taca Si017405m
100 | Setaria italica Si017403m
Sacciolepis stiata 2347 9311

Acroceras zizaniodes c30514 g1 11
Lasiacis sorgnoidea c30591 g2 1.

Panicum pygmaeum 26253 91 12
Echinochioa stagnina c27343 9112
Panicum queenslandicum c15836 g1 i1

Digitaria ciliais c29971 g5 i2
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PYRUVATE
KINASE (PK)

Setaria falca S001070m

ormeaampe g2
.

| Acroceras zizanoides 32063 g1 i1
L Echinochioa stagnina c29130 g111

[— Homopholis prokta c5956 g1 i1
L Digtara cilaris c27536 9112

I Zea mays GRMZM2G003883.T01
1001 Sorghum bicolor Sb08g011130.1

Steinchisma sp. 9894 g1 11

pk-3P4

Hymenachne amplexicaulis ¢S080 g1 i1
Paspalum fimbriatum c1370 g1 i1
Panicum queenslandicum c18879 g1 i1
Chasmanthium latfolium c20251 g2 1
Stipagrostis hirigiuma c54356 g1 i1
Dactyloctenium aegypiium 19296 2 i1
Poasp. c31612 g1 i1
Brachypodium distachyon BRADIZG10530.1
Oryzasativa OS01T0276700.02
EI:MEMM Semialata c2138 g1 il
o Panicum pygmacum c22857 g1 2
QQE Homopholis proluta c24934 g1i1
Setaria talica $i039110m
Sorghum bicolor Sb01g036690.1

100.

Pk-3P3

99)
100

‘Stipagrostis hitigluma c45018 g1 11

9 Brachypodium dstachyon BRADI1GE710.1
100~ GVGiNe Max GLYMADTG5110.4
o] Giycine max GLYMAZ0G02960 1
Populus tichocarpa POPTR 00035208001
s E Populus ichocarpa POPTR 0001503890.1
146263001
100 Arabidopsis thaliana ATSGS6350.1

Giycine max GLYMAO2GO7E05.1
Giycine max GLYMAI6G26830.1
Populus ichocarpa POPTR 00135056901
Populus trchocarpa POPTR 0019504800.1
Arabidopsis thaana AT3G04060.1
Arabidopsis thaana ATIG25960.1

Avabidopsis thallana AT3GSS810.1

100]
10

pk-3

100 Aratidopsis thallana AT3CS8650.1
Arabidopsis thaliana ATSG08570.1
Arabidopsis thaliana AT5G63680.1
Populus trchocarpa POPTR 0008500310.1
Glycine max GLYMASG09310.2
L Glycine max GLYMAL9G00870.2
Oryza sativa OS04T0677500.02
Brachypodium distachyon BRADISG26140.1

Poa sp. c31612g2 i1
Stipagrosti hirtgluma c55608 g3 i1

Danthonia califomica c25533 9112
- Dactyloctenium aegyptium 20586 g1 11

Chasmanthium atfollum c22975 g1 11

Steinchisma sp. c5319g1 i1
Paspalum fimbriatum ¢13780 g2 1
Hymenachne amplexicauls ¢30832g1 11
Zeamays GRMZM2G008714.T01
Zeamays GRMZM2G150096.To1
‘Sorghum icolor Sb069032940.1

Fcy,mm s itz s
e soponca3 g1

Panicum pygmaeum 28417 g1 it

pk-2P2

o Aloteropsis cimicina c20768 g1 i1
L Alloteropsis semialata c2513 g1 11
Acroceras zizanoldes c31744 91 11
Homopholis proluta ¢18742 g111

—— Panioum queenslandioum 18879 @2 2
‘Sacciolepis striata 23625 g1 i1

Digitara cllaris c30762 9111
Megathyrsus maximus Contlg 6959
Setaia italica $I021784m

‘Sefaria barbata 632689 g1 11
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PYRUVATE
KINASE (PK)

all Brachypodium distachyon BRADIAG22230.1 -
Poasp. ¢27977 g1 il

100) Oryza sativa 0S11T0216000.01

Danthonia californica ¢18668 g2 i1

51 Ij Dactyloctenium aegyptium c22749 g1 il
Stipagrostis hirtigluma c52770 g1 i1

86 ‘Sorghum bicolor Sh05g008760.1

Zea mays GRMZM2G124593.T01
Paspalum fimbriatum c13984 g1 i2
Hymenachne amplexicaulis c27156 g1 il
82— steinchisma sp. 13601 g1 i1
g5[~ Alloteropsis semialata c29616 g1 2 pk-1P12
Alloteropsis cimicina c23035 g2 i1 g
Dichanthelium clandestinum Contig 8479
Panicum queenslandicum c14609 g1 il
Echinochloa stagnina c31411 g1 il
Lasiacis sorghoidea c29327 g1 i2
Panicum pygmaeum c26315 g2 i1
Digitaria cillaris 30049 g1 i1
Setaria italica S1026403m
100 setaria italica Si026318m

Setaria italica Si026208m

Setaria barbata c28922 g1 i2
Arabidopsis thaliana AT3G52990.1

Arabidopsis thaliana AT2G36580.1

Populus trichocarpa POPTR 0008502740.1
Populus trichocarpa POPTR 0010523940.1
Glycine max GLYMA20G33060.1

Glycine max GLYMA10G34490.1
Populus trichocarpa POPTR 0006511860.1

Glycine max GLYMA05G21164.1
97
Glycine max GLYMA13G21360.1

Gyeine max GL 1 _ pk-1
ﬂ|l0ryza sativa 0S11T0148500.02

Oryza sativa 0S12T0145700.01

o Poa sp. c24245 g1 il
Brachypodium distachyon BRADI4G42810.1
63l Danthonia californica 27063 g1 i9
Dactyloctenium aegyptium c22868 g1 i2
Stipagrostis hirtigluma c53790 g1 i1

Chasmanthium latifolium c24905 g1i2
Sorghum bicolor Sh08g002890.1

Zea mays GRMZM2G004534.T01
Paspalum fimbriatum 22657 g1 i1
Hymenachne amplexicaulis c14561 g1 i1
Steinchisma sp. ¢16300 g1 i1
1007 Sorghum bicolor Sb05G002900.1
Zea mays GRMZM2G119175.T02
Acroceras zizanioides c34088 g1 il pk-1P1
Sacciolepis striata 26271 g1 i2
Alloteropsis semialata c29449 g1 i2
Alloteropsis cimicina c24678 g1 i1
Echinochloa stagnina ¢32882 g1 il
Dichanthelium clandestinum Contig 13582

Panicum queenslandicum c20089 g1 i1

Homopholis proluta ¢18233 g1 il
o8 Digitaria ciliaris ¢30162 g1 i2
Panicum pygmaeum c31292 g1 i1
6| Cyrtococcum patens c43966 g2 i1
Lasiacis sorghoidea ¢32677 g1i1
Echinochloa stagnina c32882 g2 i2
_— Setaria barbata c34542 g1 i1
02 Setaria italica SI009556m
Setaria italica S1026206m

Megathyrsus maximus Contig 4097
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Inorganic pyrophosphatase
(PPa)

Oryza sativa OS05T0438500.01 -
74 Oryza sativa OS01T0866500.01

Brachypodium di
Poa sp. c25510 g1 il

U — Danthonia califomica c25709 g2 i

Stipagrostis hirtigluma c47842 g1 i1

achyon BRADI2G24100.1

Chasmanthium latiolium ¢15767 g2 i1,
— Panicum pygmaeum c28839 g3 i2

79 Zea mays GRMZM2G026470.T01

L Sorghum bicolor Sb099021610.1
Hymenachne amplexicaulis c8295 1 i1
Steinchisma sp. c37746 g1 il
| Cyrtococcum patens c38394 g1 i1

ppa-4P1.5

9%

74
Lasiacis sorghoidea 26035 g115
Homopholis proluta ¢16984 g1 i5

54— Acroceras zizanioides 22362 g1 i1

Echinochloa stagnina c24926 g1 12
‘Sacciolepis striata ¢16339 111

Alloteropsis cirmicina c22082 g2 i1

871 Alloteropsis semialata c20274 g1 i2

i Setaria talica $i023175m
52— Panicum queensiandicum c14110 g1 i1

Brachypodium distachyon BRADISG27030.1

[ Poasp. c21573g1i1
[~ Oryza sativa OS04T0687100.01
Stipagrostis hirtigluma c47812 g1 i1

Danthonia californica ¢20120 9113

Dactyloctenium aegyptium ¢17343 g1 il
Chasmanthium latifolium c22157 g4 iL

Sorghum bicolor Sh06g033780.1
s s ppa-4
17076 Zea mays GRMZM2G061928.T03

Paspalum fimbriatum c17687 g1 i2
Hymenachne amplexicaulis c6529 g1 i1

Steinchisma sp. c2612 g1 i

ppa-4P1.4

C Acroceras zizanioides c49537 g1 il
Panicum pygmaeum c24519 g1i1
Homopholis proluta c28479 g1 i1
Lasiacis sorghoidea c22105 g1 i1
Echinochioa stagnina ¢22645 g1 i1
Cyrtococcum patens c33267 g1 i1
[~ Digitaria ciliais c24728 g1 i1
157 panicum queensiandicum ¢14045 g1. i1
gg_ESelaHa talica $i023207m

Setaria barbata ¢25998 g2 i1

Dichanthelium clandestinum Contig 10511
“_EAllmmpss semialata c18243 g2 i2

63— Alloteropsis cimicina c18811 9111
80| Arabidopsis thaliana AT1G01050.1

bidopsis thaliana AT4G01480.1

Arabidopsis thaliana AT2G46860.1
[~ Populus trichocaipa POPTR 00025182301
Populus trichocarpa POPTR 0014510280.1

e Glycine max GLYMA3GA42280.1

I
I
I
I
I
‘ Glycine max GLYMA19G45050.3
|
I
I
I

98

100l Giycine max GLYMAO7G05390.1

95— Zea mays GRMZM2G015418.T01
Sorghum bicolor Sh01g022340.1
" y ppa-4P1.3

Brachypodium distachyon BRADI3G25880.1
Oryza sativa 0S10T0406100.0116
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Inorganic pyrophosphatase
(PPa)

ppa-4P1.5

ppa-4

ppa-4P1.4

ppa-3P1.1

ppa-3P

ppa-1

ppa-1P2.1

ppa-2

ppa-2P1.2
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Inorganic pyrophosphatase
(PPa)

Oryza sativa OS05T0438500.01 7
74, Oryza sativa OS01T0866500.01

Brachypodium
Poa sp. c25510 g1 il

L — Danthonia califomica c25709 g2 i

Stipagrostis hirtigluma c47842 g1 i1

achyon BRADI2G24100.1

Chasmanthium latifolium c15767 g2 il
{— Panicum pygmaeum c28839 g3 i2
79 Zeamays GRMZM2G026470.T01

Sorghum bicolor Sb09g021610.1

Hymenachne amplexicaulis c8295 g1 i1
ppa-4P1.5
9% Steinchisma sp. 37746 g1 i1

R

Cyrtococeum patens ¢38394 g1 i1

Lasiacis sorghoidea 26035 g115

Homopholis proluta ¢16984 g1 i5

Acroceras zizanioides 22362 g1 i1
Echinochloa stagnina ¢24926 g1 2
‘Sacciolepis striata ¢16339 111

Alloteropsis ci

ina c22082 9211

871 Aloteropsis semialata 20274 g1 2

I Setaria talica $i023175m
52— Panicum queensiandicum c14110 g1 i1
Brachypodium distachyon BRADISG27030.1

[ Poasp. c21573g1il
[~ Oryza sativa OS04T0687100.01
Stipagrostis hirtigluma c47812 g1 i1

Danthonia califomica ¢20120 g113

Dactyloctenium aegyptium c17343 g1 i1
Chasmanthium latifolium 22157 g4 il
[—— Sorghum bicolor Sh06g033780.1

s o ppa-4
70]76 Zex

a mays GRMZM2G061928.T03
Paspalum fimbriatum ¢17687 g1i2
DEHymenachne amplexicaulis 6529 g1i1
98L— steinchisma sp. c2612 g1 i1 ppa-4P1.4
Acroceras zizanioides c49537 g1 i1
Panicum pygmaeum c24519 g1i1
Homopholis proluta c28479 g1 i1
Lasiacis sorghoidea c22105 g1 i1
Echinochioa stagnina c22645 g1 i1
Cyrtococcum patens c33267 g1 i1
[~ Digitaria ciliaris ¢24728 g1 i1
157 panicum queensiandicum c14045 g1 1
ag‘LSe:am talica $i023207m
Setaria barbata c25098 g2 i1
Dichanthelium clandestinum Contig 10511

631 Alloteropsis cimicina c18811 g1i1

80| Arabidopsis thaliana AT1G01050.1

bidopsis thaliana ATAG01480.1

Arabidopsis thaliana AT2G46860.1
[~ Populus trichocarpa POPTR 00025182301
Populus trichocarpa POPTR 00145102801
99 Glycine max GLYMA03GA2280.1
Glycine max GLYMA19G45050.3

98

100l Giycine max GLYMAO7G05390.1

95— Zea mays GRMZM2G015418.T01

- Sorghum bicolor Sh01g022340.1 4P1.3
Brachypodium distachyon BRADIIG25880.1 ppa
Oryza sativa 0S10T0406100.0116
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Pyruvate, phosphate dikinase regulatory protein

(PPDK-RP)

10%— Glycine max GLYMA20G27860.1

70 Glycine max GLYMA10G39830.2

Populus trichocarpa POPTR 0004s02210.1

Arabidopsis thaliana AT3G01200.1

Arabidopsis thaliana AT4G21210.1
Oryza sativa OS07T0530600.01
Brachypodium distachyon BRADI1G25816.2
10 Poa sp. 30408 g1 i4

Danthonia californica c23746 g1 i7

10

Stipagrostis hirtigluma ¢54239 g1 il

Dactyloctenium aegyptium ¢17640 g1 il

Chasmanthium latifolium c25718 g2 i4

o8 Paspalum fimbriatum c20972 g1 il
Hymenachne amplexicaulis 6411 g1 i1

57 Steinchisma sp. ¢13407 g1 i2

Sorghum bicolor Sbh02g035210.1

Sorghum bicolor Sh02g035200.1
100 1%/, mays GRMZM2G004880.T01
Zea mays GRMZM2G131286.T01
76 Sorghum bicolor Sh029g035190.1

Cyrtococcum patens c42459 g2 i3

Lasiacis sorghoidea ¢31767 g1 i3
Megathyrsus maximus Contig 9042
Digitaria ciliaris c27247 g1 i1
Echinochloa stagnina c29369 g1 il
Panicum queenslandicum ¢16184 g1 il
Setaria barbata 29108 g1 il
Setaria italica Si032116m

99

Sacciolepis striata c21251 g1 i3
Panicum pygmaeum c27952 g1 i3
Acroceras zizanioides ¢33781 g1 i7
Homopholis proluta c13648 g2 i1
Alloteropsis cimicina c14999 g1 i1
Alloteropsis semialata c21695 g1 i3

0.1
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Phosphoenolpyruvate-phosphate
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Phosphoenolpyruvate-phosphate translocator (PPT)/
Triosephosphate-phosphate
translocator (TPT)/

Glucose-6-phosphate/phosphate
translocator (GPT)

Onyza sativa OSOTT0523400.01 h
Oryza saliva OSO7T0523600.01
Oryzasativa 0S07T0523965.01
s p.c26769 9111
Brachypodium distachyon BRADIIGZ6000.2
Dactyloctenium acgyptum c19168 1 i1
Stipagrostis hirigluma c48558 02 1
Chasmanthium laifolium c24655 2 i1
63— Paspalum fimbriatum c19656 g111
100[1— Hymenachne ampiestcauts 15313 g111
Steinchisma sp. c9892 5212

[— Sorghum bicolor Sh029034980.1
Zea mays GRMZM2G009223.T01 gpt-1P7
Saccioleps siata c10565 g1 11
Homophols proiua c13780 g1 2

Digitaria cifaris c27242 g111
(0 Actoceras zizanioides 24678 g1i1
Cyrtococcum patens c35056 g1 11
Echinochioa stagnina c20913 922

2
E——————.
— Panicum queensiandicum c16473 g1 i2
******** ‘Setaria barbata 28293 9111
o s s
1001 setara alca $1030075m
Oryza sativa 0S08T0187800.01 n

98 0] 1
| [ pusp casmunn

Dactylocterium aegypiium c21169 g2 2
Danthonia calforica c26037 111
tipagrosts hirigluma c52682 9111
Chasmanthium latfollum 624278 g1 1
g [ SOrghum bicolor Sb07g005200.1 g p t_ l
68— zea mays GRMZM2G431314.T01

Hymenachne amplexicauls c14710 9112
o e oo

Paspalum fimbriatum c59952 91 11
pancum ecnstandun cisser g | IPELP8

[ Peroeras aanodes cngeogLia
4 Echinochioa stagnina c28074 g1i1

| I ———
R
D 25531 4
| oo wocciron
L Sarcins s 2101 g1
I Aarops e 2220 5.
] Atross cmaa 227515
Sy 72031 1
100 e sois00m

(s abopss vl TG0
Aabidopsis T 1
100, Gieine max GLYMAL7GO189L.1
% L Glycine max GLYMAO7G388302
o [— Glycine max GLYMA13G27680.1
1001 Giycine max GLYMALSG11270.1

Popuius trichocarpa POPTR 0004501930.1
Glycine max GLYMA02G25290.2

AT5G54800.1
Popuius trichocarpa POPTR 00015446101
100 Populus richocarpa POPTR 0011513920.1
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Tonoplast malate/fumarate transporter (TDT)

54

54

100

10!

e

Danthonia californica c19148 g1 i2

I: Chasmanthium latifolium c24663 g1 il

Acroceras zizanioides ¢32051 g1 i1
Lasiacis sorghoidea c30556 g2 il
Cyrtococcum patens ¢37383 g2 il

Zea mays GRMZM2G176430.T01
Sorghum bicolor Sh029g028200.1

10

Homopholis proluta c15263 g2 i2
Homopholis proluta c15754 g1 i1
Setaria italica Si029455m

Alloteropsis semialata c26984 g1 i2
Sacciolepis striata c652 g1 i1
Paspalum fimbriatum ¢22104 g1 i2
Sorghum bicolor Sh02g028210.1
Stipagrostis hirtigluma ¢52390 g1 i5

Oryza sativa OS09T0484900.01

tdt-1P2

Brachypodium distachyon BRADI4G33550.1 _ |

90,

Brachypodium distachyon BRADI3G39800.1

Oryza sativa OS08T0503700.02
Danthonia californica c27011 g3 i1

54
C Stipagrostis hirtigluma c49620 g1 i3

Chasmanthium latifolium ¢31288 g1 il
Sorghum bicolor Sb079028030.1

10
Zea mays GRMZM2G099382.T01

Paspalum fimbriatum c61682 g1 i1
Hymenachne amplexicaulis ¢8663 g1 il
Steinchisma sp. ¢13367 gl il
Acroceras zizanioides ¢18505 g1 il

Lasiacis sorghoidea c30556 g1 i2
Echinochloa stagnina ¢3082 g1 il
Sacciolepis striata ¢12220 g1 il

Homopholis proluta 15263 g3 il
Homopholis proluta ¢15263 g1 il
Alloteropsis semialata c27310 g1 i1

L0

Alloteropsis cimicina c8870 g1 i2
Panicum pygmaeum ¢29486 g2 i3
— Dichanthelium clandestinum Contig 4066
Digitaria ciliaris c21538 g1 i2

Panicum queenslandicum c26531 g1 i1

90|
Setaria barbata c31168 g1 i2

ﬁ'jSetaria italica Si013459m

0.1
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Serine--glyoxylate aminotransferase / Alanine--
glyoxylate aminotransferase (AGT)

10%? Glycine max GLYMA18G14740.3
100

Glycine max GLYMA08G41460.2

100

Stipagrostis hirtigluma c47578 g1 il
86!

Arabidopsis thaliana AT2G13360.2
Oryza sativa OS08T0502700.01

Brachypodium distachyon BRADI3G39750.1
a9l Sorghum bicolor Sb07g028080.1

0.1

L |6 Steinchisma sp. ¢32407 g1 il
33F Hymenachne amplexicaulis c18628 g1 i1

Zea mays GRMZM2G359559.T01

lojt Zea mays GRMZM2G137868.T04

78 Zea mays GRMZM2G050481.T01
Digitaria ciliaris c30517 g1 i1

Dactyloctenium aegyptium ¢18554 g1 il
Danthonia californica 24250 g4 i1

86! Danthonia californica ¢24250 g1 i1

Paspalum fimbriatum ¢19594 g1 i3

—— Chasmanthium latifolium ¢21305 g1 il
Acroceras zizanioides ¢28354 g1 il

Panicum pygmaeum c25406 g1 il
Cyrtococcum patens ¢39167 g4 il
Lasiacis sorghoidea c27043 g1 i2
Homopholis proluta c28409 g1 il
Sacciolepis striata ¢18234 g1 il
Alloteropsis semialata c27974 g1 il

Alloteropsis cimicina ¢18310 g1 il
57 Echinochloa stagnina c27936 g1 i1

Megathyrsus maximus Contig 10692
Panicum queenslandicum c¢16362 g1 il

Setaria barbata ¢31594 g1 i2

Setaria italica Si013861m

Setaria italica Si013768m

100| Setaria italica Si013863m

Setaria italica Si013862m

Populus trichocarpa POPTR 0001s26020.7
10d:

Populus trichocarpa POPTR 0009s05240.1

agt-1P1

agt-1
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Glycine cleavage system T protein (GCVT)

100[ Glycine max GLYMA07G39190.1

96 Glycine max GLYMA17G01550.6
_r Glycine max GLYMA09G00711.1
8 100L— Glycine max GLYMA15G11590.1

[ Populus trichocarpa POPTR 0021s00380.1
100 Populus trichocarpa POPTR 0004s01030.1

Arabidopsis thaliana AT1G11860.3

Dactyloctenium aegyptium c18591 g1 i1
Chasmanthium latifolium ¢17186 g2 il

0.1

Oryza sativa 0S04T0623800.01
Stipagrostis hirtigluma c46499 g1 i1

100 77

Danthonia californica c23891 g1 i2
Brachypodium distachyon BRADI5G22290.1
Poa sp. ¢30269 g1il

100
Paspalum fimbriatum ¢33396 g1 i1
Hymenachne amplexicaulis c31778 g1 il
Steinchisma sp. ¢3252 g1 il

Sorghum bicolor Sh069g029020.1
Zea mays GRMZM5G876898.T01

Panicum pygmaeum c26800 g1 il

Dichanthelium clandestinum Contig 15650

Alloteropsis cimicina ¢19157 g1 i2

99L- Alloteropsis semialata c17818 g1 il

Lasiacis sorghoidea c25484 g1l

— Cyrtococcum patens ¢34451 g1il
Homopholis proluta c24332 g1 i1

L Digitaria ciliaris c29452 g1 i1

— Sacciolepis striata c18860 g1 il

Panicum queenslandicum ¢15227 g1 i1

Acroceras zizanioides ¢26261 g1 il
Megathyrsus maximus Contig 7263
Echinochloa stagnina c27009 g1 i1

{Setaria barbata c29013 g2 i1
95 Setaria italica Si010230m
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Glycine cleavage system H protein, mitochondrial (GDH

Panicum queenslandicum ¢13139 g1 i1 |

Setaria barbata c26078 g1 i1
Sacciolepis striata ¢18921 g1 i1
Megathyrsus maximus Contig 1543
Digitaria ciliaris c21214 g1i1
Homopholis proluta c44180 g1 il

Alloteropsis semialata c42533 g1i1

Alloteropsis cimicina c20151 g1 it
Echinochloa stagnina c23935 g1 i2
Acroceras zizanioides c24855 g1 i2
Panicum pygmaeum c23407 g1 i2
Cyrtococcum patens ¢33421 g1 il gdh-2P2

94L  asiacis sorghoidea c19534 g1 i1

70— Sorghum bicolor Sh08g005210.1

Paspalum fimbriatum ¢60763 g1 i2 gdh 2

Steinchisma sp. c8345 g1 il

99L_ Hymenachne amplexicaulis c23362 g1 il
Chasmanthium latifolium c13672 g1 il
Dactyloctenium aegyptium ¢10046 g1 i1
Danthonia californica 13099 g1il

Stipagrostis hirtigluma c47049 g1i2
100

Poasp. c24158 g1 i1

L Oryza sativa 0S10T0516100.02

Populus trichocarpa POPTR 0003s08760.1
Populus trichocarpa POPTR 0001502770.1
95, Arabidopsis thaliana AT1G32470.1
Arabidopsis thaliana AT2G35370.1
Glycine max GLYMA11G04530.1

96L_ Glycine max GLYMA01G40810.1

Alloteropsis cimicina c4696 g1 i1

100[— Glycine max GLYMA07G34690.3

Glycine max GLYMA20G02400.1
Glycine max GLYMA20G02410.1
Arabidopsis thaliana AT2G35120.1
Populus trichocarpa POPTR 0015515290.1
88— Brachypodium distachyon BRADI3G05240.1

100 Poa sp. ¢26704 g1 il
Stipagrostis hirtigluma c35236 g1 i1

Danthonia californica 22195 g1 i1

Acroceras zizanioides ¢18725 g1 i1
Sacciolepis striata ¢14078 g1 i1
Dichanthelium clandestinum Contig 15931
Panicum pygmaeum c9442 g1 il
— Digitaria ciliaris ¢23594 g1 12
Chasmanthium latifolium c17917 g1 i1
Steinchisma sp. ¢32411 g1 il gdh-l
2| — Paspalum fimbriatum c71773 g1 i1
85L— Hymenachne amplexicaulis c14041 g3 i1
94— Acroceras zizanioides c18725 g2 il gdh-1P1
_Easiacls sorghoidea c20826 g1 i2

— Cyrtococcum patens 32058 g1 i2
Homopholis proluta ¢11331 g1 i1
Panicum pygmaeum c27621 21

Panicum queenslandicum 12569 g1 i1

Dactyloctenium aegyptium c15686 g1 i2
Alloteropsis cimicina ¢17640 g1 i1
Aloteropsis semialata c24584 g1 i1
Sacciolepis striata c14078 g2 i1
Setaria barbata c12114 g1 il

Megathyrsus maximus Contig 8927

L— Echinochloa stagnina c21902 g1 il

—
0.1
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Glutamate--glyoxylate aminotransferase (GGAT)

10 Setaria barbata ¢31690 g1 i1 ] —
_OL_Setaria italica Si029700m
I_i Megathyrsus maximus Contig 14377
Acroceras zizanioides ¢28915 g1 il
Alloteropsis semialata c25320 g1 i1
7£Alloteropsis cimicina ¢24557 g3 il
Sacciolepis striata c23344 g1 il
|:Cyrtococcum patens ¢35877 g1 i2
'— Lasiacis sorghoidea c28723 g1 i2
— Panicum pygmaeum c30046 g2 i2
Homopholis proluta c23667 g1 il
seb—

Panicum queenslandicum c18688 g1 i1

Dichanthelium clandestinum Contig 14554
Digitaria ciliaris c29810 g1 il

Zea mays GRMZM2G120563 T07

Sorghum bicolor Sh02g000780.2
10& Sorghum bicolor Sb02g000780.1

— 80

9d1-1ebb

84 Zea mays GRMZM5G840582 TO1

87|97 Steinchisma sp. ¢32893 g1 i1

T-1ebb

Hymenachne amplexicaulis ¢35360 g1 i1

Paspalum fimbriatum ¢51647 g1 il

— Chasmanthium latifolium c21998 g1 i1
Stipagrostis hirtigluma 52618 g1 il

Lasiacis sorghoidea c22691 g1 i3
Dactyloctenium aegyptium c16666 g1 i1
Danthonia californica c26442 g1 i2

Oryza sativa OS07T0108300-01
Brachypodium distachyon BRADI1G59220.1

Poa sp. c28358 g1 il

—951: Populus trichocarpa POPTR 0010s05530.1

Populus trichocarpa POPTR 0008s19160.1

= T Arabidopsis thaliana AT1G23310.1
e Arabidopsis thaliana AT1G70580.1
— Glycine max GLYMA01G03260.1

100 Glycine max GLYMA02G04320.6

0.05
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Glycine cleavage system P protein, mitochondrial (GLDP)

arpa POPTR 0006s24570.1

84

100 Populus trichoc
|

100,— Glycine max GLYMA14G10820.1

98

98

100

99

Lr Glycine max GLYMA17G34690.1
100

lycine max GLYMA04G05420.1

G
lOOI: Glycine max GLYMA06G05470.1

Arabidopsis thaliana AT2G26080.1

100 Arabidopsis thaliana AT4G33010.1

100L— Oryza sativa OS06T0611900.01
Oryza sativa 0S01T0711400.01

Brachypodium distachyon BRADI2G48010.1

Poa sp. ¢10681 g1 i1

Stipagrostis hirtigluma c50430 g2 i1

Danthonia californica c26747 g1 i2
Dactyloctenium aegyptium c23378 g1 il
Chasmanthium latifolium c24784 g1 i1

Digitaria ciliaris c29531 g2 i1

Alloteropsis cimicina c24253 g1 i1

96
4 Alloteropsis semialata ¢18456 g1 il

[ Lasiacis sorghoidea c32439 g1il
00— cyrtococcum patens ¢43072 g2 il
Echinochloa stagnina 32029 g1 i1

Panicum queenslandicum c19321 g1 i2
’——Homopholis proluta c7876 g1 il
Sacciolepis striata c25783 g1i1
WL Poa sp. ¢4376 g1 i1
Panicum pygmaeum c30245 g2 i1

Y3 Dichanthelium clandestinum Contig 14926

Acroceras zizanioides c33634 g1 il
Sorghum bicolor Sb089003440.1
Zea mays GRMZM2G104310.T03

100

0.1

Paspalum fimbriatum c60505 g1 i1
Hymenachne amplexicaulis c18940 g1 i1
Steinchisma sp. ¢27514 g1il

Setaria barbata ¢34939 g1 i1

Populus trich pa POPTR 0018s05150.1

Glycine max GLYMA17G34480.1

Setaria italica Si000068m

Megathyrsus maximus Contig 9694

100/ Megathyrsus maximus Contig 15220
971 Megathyrsus maximus Contig 14543
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Peroxisomal (S)-2-hydroxy-acid oxidase (GLO)

Loo— Stbagrosts itgluma c48167 g1.i2

aeqyptium c13893 g2 4
100 ! Homopholis prouta c15576 9112
13993 g3 1
Danthonia calfornica 17950 g1 13
Stipagrostis hittigluma 43944 6211
‘Sorghum bicolor Sb06029000.1
Zeamays GRMZM2G076239.T04
Paspalum fimbriatum c22626 g113
Steinchisma sp. c17408 g1 110
Homopholis proluta c17132 g1 6 glo-1P4

100|

Acroceras zizanioldes €32044 62 3
Cyrtococcum patens c30819 g1 i4
Panicum queenslandicum c13633 9117

100! setaria italica 1010405
Oryza saliva 0S04T062350002 q
Brachypodium distachyon BRADISG22250.1
Poasp. c27360 9111

Stipagrostis hitigluma c51031 g1 22

Chasmantiom aflum €1667691 2
100 768 mays GRMZMSCB53854 704
L Soghum bicolor 0650289901

oaspalm it 2265 9111
Seichismasp,c12796 9111
ymenschne amplescaus 7440 0111 glo-1P3
[ iz &

100)

11

Cyrtococcum patens ¢36314 g2 i1
e glo-1
751 sacciolepis striata c23001 g3 i1

Sorghum bicolor Sb02g003120.2 7

[——— Acroceras zizanioides c31908 g1 17

40034 92 2
1| — motrosissemesaa caarsos
[r— Alloteropsis cimicina c21107 g2 2 glo-1P1
Homopholis proluta c7957 g112
Digiariacilaris 630209 g2 12

Zeamays GRMZM2G129246.T01
100 Megathyrsus maximus Contig 3098

Panicum queenslandicum c15264 9117

Setaria talica Si030243m

100! Setaria italica 1029923m

Hymenachne amplexicaulis c9377 g1i3 7

Dactyloctenium aegyptium c21670 92 i2

Poa sp. 25111 g1 11

Brachypodium distachyon BRADI1G06430.1

Lasiacis sorghoidea c26099 g113 glo-1P2

— Panicum queensiandicum c12779 g2 13
L Aloteropsis semialata c28750 94 i1
| [ Eennocniasagnina 2776 02
| ‘Sorghum bicolor Sb01§005960.1
LESe!aﬂa barbata c31612 9113

Setara Halica SI040072m

6

Arabidopsis thaliana AT3G14415.2
mEI: Avabidopsis thaliana AT3G14420 2
50l 100 Glycine max GLYMAOBG18750.5
Glycine max GLYMA15G40140.1
Populus trichocarpa POPTR 00015404801
101 Populus trichocarpa POPTR 0011511390.1
Glycine max GLYMABG10250.1
T Glycine max GLYMA08G10200.1
Populus trichocarpa POPTR 0004506400.1

s 1
100—— Avabidopsis thaliana AT3G14130.1
[—LAvahvﬂﬂsts thallana AT3G141502
| [ Populus tichocarpa POPTR 00035057201 g[o- 2
o OPTR 00035057001

Populus trichocarpa POPTR 0003506710.1

0.2
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

D-glycerate 3-kinase, chloroplastic (GLYK)

100 Setaria italica Si006697m

Setaria italica Si007083m
Setaria italica Si006524m

52 Setaria barbata ¢31621 g1 il

Setaria italica Si004098m

Digitaria ciliaris 28518 g1 il
Panicum queenslandicum c16545 g1 i1

_|:AIIoteropsis semialata 2990 g1 i1
75| 88 Alloteropsis cimicina ¢14481 g1 il

I: Panicum pygmaeum ¢28265 g8 il

Echinochloa stagnina c26376 g1 i4

Acroceras zizanioides ¢30559 g1 il
Homopholis proluta c44224 g1 i1
96 Sacciolepis striata ¢21810 g1 i2
100— Cyrtococcum patens ¢37366 g1 i2

Lasiacis sorghoidea c26606 g1 i2

Paspalum fimbriatum c69058 g1 il

Hymenachne amplexicaulis ¢50 g1 il
Steinchisma sp. c4413 g1 il
Sorghum bicolor Sb09g000560.1

Zea mays GRMZM2G054663.T01
Chasmanthium latifolium ¢19925 g1 il

Danthonia californica 22799 g1 il
Stipagrostis hirtigluma ¢34368 g1 i2

100 Dactyloctenium aegyptium c17767 g1 i2

Oryza sativa 0OS01T0682500.01
Poa sp. 14896 gl il

99

Brachypodium distachyon BRADI2G46690.1

0.1

0 Populus trichocarpa POPTR 0003s05720.1
— Glycine max GLYMA13G43820.1

1001 Glycine max GLYMA15G01540.1
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Dichanthelium clandestinum Contig 7922

Zea mays GRMZM2G018786.T04

TdT-A16

Arabidopsis thaliana AT1G80380.2

Ij Populus trichocarpa POPTR 0001s17750.1
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Chapter I: Highly expressed genes are preferentially co-opted for C, photosynthesis

Glutathione reductase (GR) /
Dihydrolipoyl dehydrogenase —_ -
(Glycine Decarboxylase R

L protein) (LPD)

Populus tchocarpa POPTR 0003SL7670.1
Avabidops’ thalanaATIG241703
Oryza sativa OS02T0813500.01 *
Poa sp.ca1125 g1
Brachypodium distachyon BRADI3G55030.1
Stpagrosts hitghuma c47737 g1.12
Dacyloctenium acgypt 22363 4116
Danttoni calforica c21184 gt it
Chasmantim afoium 623527 g1 1.
Paspalum fipriatum c24371 g1 1
Hymenachne amplexicauis c30645 911
L Steinchisma sp. c6868 112
so1 | [ zeamays crvzuscacsase o3
‘Sorghum bicolor S049036670:2 gr-2
—— Diharihellum clandestnum Cont 15066
| P et s 114 ar2p6
Homophols prolta c44185 g1.i1
¢ ‘Sacciolepis striata c23681 g1 2
Cytococcum patens c40111 g114
Lasiacs sorghoicea czs168 9111
Echinochioa stagnina 26683 g1 2

[ — Acroceras zizarioides 32585 9112

Panicum pygmaeum 28449 g1 i1
{Aﬂmemvss cimicina c21741 g1 11
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Dihydrolipoyl dehydrogenase
(Glycine Decarboxylase

L protein) (LPD)

o0
Ipd-2P3.1
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Glycerate dehydrogenase
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Phosphoglycolate phosphatase, chloroplastic (PGLP)
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100 55 Populus trichocarpa POPTR 0008s07710.1
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Serine hydroxymethyltransferase (SHM)
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Serine hydroxymethyltransferase (SHM)

Populus trchocarpa POPTR 0002510990.2

Glycine max GLYMAL4G36280.1
100

Glycine max GLYMA02G381603
100 [Glycme max GLYMAL8G27710.2

Glycine max GLYMABG37270.1
Glycine max GLYMA9G33480.1

100

Popuius rchocarpa POPTR 00105261301

Populus tichocarpa POPTR 0008500350.1
Oryza sativa OS08T0738400.01 A

8 [~ Brachypodium distachyon BRADIG09300.3
Poasp. c24725 9111
Stipagrosts hrtigluma c44230 g1 1.
Dactylocterium aegyptium c21563 g1 12
Danthonia calfomica c25049 9111
— Chasmanthium ltfolum c20304 9111
5 Q{ESomhum bicolor $b01008690:2
Zeamays GRMZM2G 135283704
2 Paspalum fimbriatum c50107 11
g | —Hymenachne amplexicaus c30614 g1 i1

100 L steinchisma sp. c27647 g1t

o e et shm-1
"

S,
o - stoopss cneaciznot
9 L Atrpassemsnaczzop
s shm-1P1
.
PR
9

I kst cammni

— Panicum pygmaeum c28533 g1 12

Pankum queersidum c172821. 1
Megathyrsus maximus Contig 14198
Difata st 3012001 2
(— Setaa batatac201381 1.

Seara e sizg20m
Setara i izs2zm
o Setaria italica Si035244m

Setaila ialica Si035247m

Setaria ialica $1035245m

Setaria falica $1035238m

Setaria ialica Si035237m

Arabidopsis

2

shm-4
0 POPTR 0006524840.1
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Table 1.S1. Sequencing statistics.

Species Abbre- Tissue PE Reads Clean PE Average Contigs Unigenes N50 Bowtie2 %

viation reads reads bp CDSC4
genes

Acroceras AZIZ  Leaf 2202076 2035818 13048901 79597 53812 1514 2.66
zizanioides Cs Leaf 3981203 3561989 2.1
Root 5390799 5006883 1.98
Root 2585123 2444211 1.19
Alloteropsis ASEM  Leaf 12422286 6546514 15218811 66427 47024 1591 7.4
semialata C.  Leaf 1692525 1573457 4.26
Root 3950750 3699333 1.53
Root 3728547 3399507 1.11
Chasmanthium  CLAT  Leaf 10009259 8804513 23339126 64166 43050 1561 2.36
latifolium Cs  Leaf 7933318 7136445 2.52
Root 6440084 3148705 0.92
Root 7522351 4249463 1.02
Cyrtococcum CPAT  Leaf 8981967 6133295 33907966 120411 80962 1585 2.02
patens Cs Leaf 14553525 13258384 2.15
Root 3367586 3162657 0.91
Root 12455029 11353630 0.72
Dactyloctenium DAEG  Leaf 3562531 3255627 13266598 66023 44349 1661 2.58
aegyptium Cs Leaf 8152613 7052648 3.46
Root 3157583 2958323 0.88
Danthonia DCAL Leaf 3630245 3339890 15056375 76773 49480 1459 2.28
californica Cs Leaf 4639833 3945144 0.35
Root 3342941 3082087 1.23
Root 5574056 4689254 1.25
Digitaria ciliaris DCIL  Leaf 4235388 3939771 15502945 55233 37500 1227 5.56
Cs Leaf 10424187 9195628 5.22
Root 3949391 2015687 0.9
Root 5814392 351859 0.31
Echinochloa ESTA  Leaf 3191447 2903644 21321519 92233 66162 1458 6.99
stagnina Ca Leaf 11843314 10218776 6.91
Root 1523231 1404008 1.12
Root 7633573 6795091 0.83
Homopholis HPRO Leaf 5729677 5134661 35973954 71089 52987 1888 3.11
proluta Cs Leaf 11960661 10845052 2.18
Root 10504783 9515317 0.91
Root 11439945 10478924 0.89
Hymenachne HAMP Leaf 3005381 2786048 12297065 53157 41303 1750 2.38
amplexicaulis C;  Leaf 3007338 2269640 1.92
Root 4241006 3931459 0.95
Root 3569544 3309918 1.18
Lasiacis LSOR Leaf 2430756 2002336 27324623 103318 65626 1729 1.35
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sorghoidea

Panicum
pygmaeum

Panicum
queenslandicum

Paspalum
fimbriatum

Poa sp.

Sacciolepis
striata

Setaria barbata

Steinchisma sp.

Stipagrostis
hirtigluma

Cs

PPYG
GCs

PQUE
Cs

PFIM
o

PSSP
G

SSTR
Cs

SBAR

Cq

OSSP

Cs

SHIR
o

Leaf
Root
Root

Leaf
Leaf
Root
Root
Leaf
Leaf
Root
Root
Leaf
Leaf
Root
Root
Leaf
Leaf
Root
Root
Leaf
Leaf
Root
Root
Leaf
Leaf
Root
Leaf
Leaf
Root
Root
Leaf
Leaf
Root
Root

10391118
8533238
9610224

4093890
8925603
4106624
2026469
3149789
7280068
2590629
3219178
3395354
6499178
4306982
9895376
4211710
6384791
5060069
12291082
3148919
7664481
4066769
868241
3466394
13286332
2508897
1536814
8263727
5965474
8826368
14766660
11712943
16975997
31560980

8957761
7936961
8427565

3793221
8087404
3482683
1752009
2744427
6630484
753302
1167446
3089206
5782979
3919145
9156956
3854186
5587353
4639668
9667899
2867772
6497248
3780174
688741
3135585
11936681
1041833
1417371
7181006
5508124
7745845
14241012
11296169
16292662
30371364

17115317

11295659

21948286

23749106

13833935

16114099

21852346

72201207

72117

54568

96581

83414

65538

81043

68171

141897

495086

37682

79239

58393

43362

49155

50211

102685

1455

1533

1557

1611

1639

1460

1906

1475

1.47
1.12
1.12

3.14
1.93
0.63
0.75
3.27
3.46
1.27
0.11
3.78
3.73
1.65
0.54
3.95
3.06
1.17
0.89
241
2.59
0.98
0.31
4.93
2.92
1.35
3.29
2.26
0.87
0.86
4.19
6.06

1.36
1.09

Table 1.S2: Transcript abundance of C,-related genes in the different samples
(Molecular Biology and Evolution link, Supplementary data)

or

https://www.dropbox.com/s/rcwjnfkluve07du/MorenoVillena_TableS2.x1s?dI=0
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Table 1.S3: Gene expression levels and co-option in two groups of eudicots.

Tarenaya Gynandropsis Cleomaceae Flaveria Flaveria Flaveria Flaveria
Gene Family spinosa”® gynandra®  coopted pringlei'* robusta? australasica®® coopted
ak-1 AK 4.2 72.1 0 32.0 92.1 350.1 0
ak-2 AK 124.3 1055.0 1 104.6 96.5 168.7 0
alaat-1 ALA-AT 135.5 3862.9 1 55.3 125.1 966.7 1
aspat-1 ASP-AT 8.4 2895.2 1 90.4 69.3 24.2 0
aspat-2 ASP-AT 57.6 42.9 0 67.7 88.0 537.1 1
aspat-3 ASP-AT 6.7 33.6 0 128.4 128.1 180.0 0
dic-1 DIC 505.3 286.3 0 341.1 218.8 70.5 0
dic-2 DIC 0.0 459.7 0 25.5 23.1 8.0 0
dit-1 DIT 189.1 187.1 0 123.1 166.3 260.1 0
dit-2 DIT 60.7 5.2 0 50.7 58.1 96.7 0
nadmdh-1 NAD-MDH 82.9 39.2 0 62.7 42.3 39.7 0
nadmdh-2 ~NAD-MDH 170.1 217.8 0 173.5 180.2 136.1 0
nadmdh-3 ~NAD-MDH 1069.0 425.4 0 894.7 953.2 275.4 0
nadme-1 NAD-ME 39.3 813.0 1 53.3 71.0 68.7 0
nadme-2 NAD-ME 22.6 602.3 1 79.7 67.3 56.8 0
nadpmdh-1 NADP-MDH 169.4 262.8 0 229.9 372.4 2397.9 1
nadpmdh-2 NADP-MDH 2.9 4.1 0 16.4 43.6 2.5 0
nadpmdh-3 NADP-MDH 1137.5 446.1 0 437.2 578.4 643.0 0
nadpme-1E1 NADP-ME 24.2 91.4 0 133.0 368.3 2690.9 1
nadpme-1E2 NADP-ME  109.7 50.4 0 1.5 19.5 0.1 0
nadpme-1E3 NADP-ME 0.0 0.0 0 196.2 158.9 513.8 0
nhd-1 NHD 39.1 621.6 1 33.1 86.6 440.4 0
pck-1 PCK 8.9 60.6 0 9.3 25.3 19.0 0
pepck-1 PEPC-K 26.9 175.1 0 6.7 55.5 183.4 0
ppa-1 Ppa 717.5 2294.6 1 407.1 343.6 591.3 1
ppa-2 Ppa 82.7 229.1 0 46.8 52.3 176.2 0
ppa-3 Ppa 64.0 74.8 0 36.9 36.5 99.0 0
ppa-4 Ppa 310.4 137.4 0 7.5 10.9 13.9 0
ppc-1E1 PEPC 36.3 2841.0 1 0.0 54.0 1.6 0
ppc-1E2 PEPC 74.0 28.1 0 157.4 755.2 8302.4 1
ppc-2 PEPC 2.9 0.0 0 9.6 9.2 24 0
ppdk-1 PPDK 4.4 1022.9 1 160.8 471.8 5741.5 1
ppdkrp-1 PPDK-RP 44.9 111.7 0 20.7 83.0 321.8 0
ppt-1E1 TPT 16.3 0.0 0 176.8 243.1 186.9 0
ppt-1E2 TPT 58.9 1187.0 1 76.7 119.7 600.5 1
sbas-1 SBAS 39.0 3388.2 1 171.3 389.4 3420.0 1
sbas-2 SBAS 35.1 10.7 0 23.8 26.4 21.7 0
shas-3 SBAS 10.5 3.0 0 17.6 39.2 4.5 0
sbas-4 SBAS 0.0 0.0 0 13.2 6.9 10.5 0
tpt-1E1 TPT NA NA NA 0.2 68.3 1.4 0
tpt-1E2 TPT 654.1 2846.9 0 1103.6 755.1 895.1 1

! Expression levels are indicated for each gene, in rpkm values; > C; species; * C4

species;
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Table 1.S4. Statistical models of co-option events for two groups of eudicots.

C, lineage Cleomaceae Flaveria
Factors la’ family® la’ family®
p-value 0.19 0.39 0.01 0.84
df! 1,13 9,13 1,16 8,16
F-stat 1.87 1.17 8.17 0.49

! df = degrees of freedom. For each variable, the degrees of freedom for the residuals
are given after the comma; * la = leaf abundance in close C; relatives; * gene family
identity.

Table 1.S5. Results of codon models comparisons.

gene Mla A Al p (Mlavs A1) p (Avs A1)
ak-1P1 -4987.15 -4986.06 -4986.06 0.336 1.000
alaat-1P5 -9087.17 -9086.62 -9085.65 0.217 0.162
aspat-2P3 -7876.86 -7876.86 -7876.86 1.000 1.000
aspat-3P4 -7014.93 -7007.31 -7007.31 0.000%* 1.000
bca-2P3 -6077.19 -6065.60 -6065.32 0.000%* 0.457
dit-2P3 -6734.09 -6733.82 -6733.82 0.766 1.000
nadpmdh-1P1 -6195.23 -6194.90 -6194.90 0.717 0.923
nadpmdh-3P4 -5526.46 -5526.46 -5526.46 1.000 1.000
nadpme-1P4 -11513.59 -11461.08 -11460.45 0.000* 0.261
nhd-1P1 -8313.08 -8312.22 -8308.42 0.010 0.006
pck-1P1 -10293.72 -10184.91 -10184.91 0.000* 1.000
pepck-1P1 -2080.55 -2079.40 -2078.91 0.193 0.321
ppa-1P2.1 -4347.99 -4347.97 -4347.97 0.978 1.000
ppc-1P3 -18420.90 -18319.22 -18312.37 0.000* 0.000*
ppc-1P6 -11066.51 -11034.80 -11034.80 0.000%* 1.000
ppdk-1P2 -18091.43 -18045.71 -18032.27 0.000* 0.000*
ppt-1P5 -5425.61 -5425.46 -5425.40 0.809 0.727
sbas-1P1 -5718.98 -5697.67 -5677.22 0.000* 0.000*
tpt-1P1 -5468.10 -5445.68 -5433.08 0.000* 0.000*

! p-values based on likelihood ratio tests. Significant comparisons after correction for
multiple testing are indicated with an asterisk.
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Abstract

C, photosynthesis is a complex trait that boosts productivity in tropical conditions.
When compared to Cs; species, the C, state seems to require numerous novelties, but
species comparisons can be confounded by long divergence times. Here, we exploit the
remarkable photosynthetic diversity that exists within a single species, the grass
Alloteropsis semialata, to detect changes in gene expression associated with different
phases of C. evolution. Comparative transcriptomics in a phylogenetic context show
that the intermediates with a weak C4 cycle are separated from the C; phenotype by
increases in the expression of only 12 genes, including those encoding three core Cq4
enzymes: ASP-AT, PCK, and PEPC. The subsequent transition to full C4 physiology
involved further increases in just five genes, including those for the C4 enzymes ALA-
AT and PPDK. These changes likely created a rudimentary C, trait, and isolated C,
populations later adapted the emerging C, physiology, resulting in a patchwork of
differential expression for other Cs-accessory genes. Our work shows how the assembly
of the C, pathway happened in incremental steps, each requiring few alterations over the
previous one. These create short bridges across the adaptive landscapes that likely

facilitated the recurrent origins of C4 photosynthesis.

Keywords: adaptation, C4 photosynthesis, complex trait, intermediates, phylogenetics,

transcriptomics
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Introduction

The origins of traits composed of multiple anatomical and/or biochemical components
have always intrigued evolutionary biologists (Darwin, 1859; Meléndez-Hevia et al.,
1996; Lenski et al., 2003). If such traits gain their function only through the co-
ordinated action of multiple components, their evolution via natural selection would
have to cross a valley in the adaptive landscape. Despite this obstacle, complex traits
have evolved repeatedly, in diverse groups of organisms. This apparent paradox is
solved for most traits by the existence of intermediate stages, which act as evolutionary
enablers, creating bridges over the valleys of the adaptive landscape (Jacob, 1977,
Dawkins, 1986; Weinreich et al., 2006; Blount et al., 2012; Vopalensky et al., 2012;
Werner et al., 2014). The accessibility of new traits likely depends on the length and
complexity of such bridges, which are generally unknown. Quantifying the evolutionary
gap between phenotypic states is therefore crucial to contextualise the likelihood of a
novel trait evolving.

An excellent system to study the evolutionary trajectories of an adaptive trait is
Cs4 photosynthesis. This metabolic pathway increases CO. concentration at the active
site of assimilation via the Calvin-Benson cycle (Hatch, 1987; Sage, 2004; Christin &
Osborne, 2014). This avoids the energetically costly process of photorespiration,
effectively increasing photosynthetic efficiency in warm and arid conditions (Sage et
al., 2012). This CO,-concentrating mechanism relies on a set of specific leaf anatomical
properties and the co-ordinated action of multiple enzymes and numerous associated
proteins (Hatch, 1987; Brdutigam et al., 2011; Kiilahoglu et al., 2014; Lundgren et al.,
2014). Despite its apparent complexity, C, photosynthesis is a textbook example of
convergent evolution, having independently evolved more than 60 times within
flowering plants (Sage et al., 2011). The origins of C, photosynthesis were facilitated by
the presence of anatomical enablers in some groups (Christin et al., 2013, Sage et al.,
2013), but the processes leading to a functioning Cs biochemical pathway on top of
these are less well understood. All C4 enzymes exist in Cs plants, but are involved in
different, non-photosynthetic pathways (Aubry et al., 2011). The genes ancestrally
abundant in the leaves were preferentially co-opted for C4 (Moreno-Villena et al. 2018),
and changes to their expression patterns and/or kinetic properties of the encoded

enzyme followed (Blésing et al., 2000; Hibberd & Covshoff, 2010; Huang et al. 2016,
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Moreno-Villena et al. 2018), with cell-specific expression realized in some cases
through the recruitment of pre-existing regulatory mechanisms (Brown et al., 2011;
Kajala et al., 2012; Cao et al., 2016, Reyna-Llorens & Hibberd, 2017).

The evolutionary transition between C; and C4 phenotypes involves intermediate
stages which only have some of the anatomical and biochemical modifications typical
of C, plants. In particular, some Cs;+C4 plants perform a weak Cs cycle that is
responsible for only part of their carbon assimilation (these correspond to ‘type II C3-Cq4
intermediates’; Ku et al., 1983; Monson et al., 1986; Schliiter and Weber, 2016). This
weak C, cycle might have emerged through the upregulation of Cs-related enzymes to
balance nitrogen among cellular compartments in the multiple lineages of plants that use
a photorespiratory pump (Sage et al., 2011, 2012; Mallmann et al., 2014; Brautigam &
Gowik, 2016). Metabolic models suggest that any increase in flux of CO fixed through
the C, cycle in intermediate plants directly translates into biomass gain, leading to
gradual increases in Cs gene expression (Heckmann et al., 2013; Mallmann et al.,
2014). The current model of C, evolution therefore assumes gradual, yet abundant
changes in plant transcriptomes and genomes during the transition from C; ancestors to
physiologically Cs descendants. Indeed, comparisons of C; and C, species have
typically identified tens to thousands of differentially expressed genes encoding Ci
enzymes, regulators, and accessory metabolite transporters (Brdutigam et al., 2011,
2014; Gowik et al., 2011; Kiilahoglu et al., 2014; Li et al., 2015). These large numbers
might however partially results from the comparison of species typically separated by
millions of years of divergence (Christin et al., 2011), which leaves ample time for the
accumulation of secondary changes linked to the C4 trait beyond the minimal
requirements, as well as variation in other unrelated traits. Furthermore, previous efforts
have typically targeted very few individuals per C,4 lineage, such that the initial bout of
co-option that generated a C4 cycle cannot be distinguished from subsequent adaptation
via natural selection (Christin & Osborne, 2014).

In this study, comparative transcriptomics within a phylogenetic context are used
to quantify the phenotypic distance between the Cs phenotype and weak C, cycle (Cs+Cq
state) independently from those responsible for the transition to the full C4 type, and
finally from those involved in the adaptation of the existing C, phenotype. The time

elapsed between transitions, and therefore the number of changes unrelated to C,
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emergence, is reduced by focusing on a single species containing a gradient of
photosynthetic types, the grass Alloteropsis semialata. Congeners of A. semialata are
Cs, but previous comparative transcriptomics and leaf anatomy have shown that the C4
biochemistry emerged multiple times in the genus, from a common ancestor with some
Cs-like characters (Fig. II.1; Dunning et al. 2017). Capitalizing on the physiological
diversity existing within A. semialata, leaf transcriptomes from multiple individuals
originating from diverse populations of each photosynthetic type in this species are
analysed, together with closely related C; and Cs species, to detect the changes in gene
expression responsible for (i) the phenotypic difference between Cs; plants and Cs+C,
intermediates, (ii) the shift to fixing atmospheric CO, exclusively via the C, pathway in
solely C, plants, and (iii) the adaptation of the C. cycle after its evolution in
geographically isolated C4 populations. This deconstruction of the genetic origins of a
complex biochemical pathway sheds new light on the amount of genetic change needed
to move to another part of the adaptive landscape during different stages of a stepwise

physiological transition.

Material and Methods

Species sampling and growth conditions

Our sampling was designed to capture the diversity of photosynthetic types in the group
and the genetic diversity within each photosynthetic type. We previously published
transcriptomes for 13 individuals representing different populations of A. semialata,
congeners and a C; outgroup (Table S1; Dunning et al. 2017). This dataset was
complemented here with two extra populations generated with the same methodology to
even the representation of photosynthetic types (Table II.S1; Fig. I1.S1). These 15
unreplicated populations are used to evaluate the variation across the group, but a
different set of three individuals for each of ten populations, only one of which was
analysed previously, was generated specifically for analyses of differential expression
(Table I1.S2; Fig. I1.S1). Within Alloteropsis semialata, these populations include two
C; ones (RSA6 and ZIM?2) that represent extremes of the C; geographic range (Fig.
I1.S1), two geographically distant C3+C, populations (TANS and ZAM3; Fig. I11.S1) that
operate a weak C, cycle based on PEPC protein abundance (Lundgren et al. 2016), and
two C4 populations (PHI1 and TAN4) collected from different continents (Fig. I11.S1),
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which belong to different intraspecific genetic subgroups (Olofsson et al. 2016; Table
S2). A third C4 population (CMR1) was also sampled as preliminary investigations
suggested it was distinct from all the others previously screened. The C4 populations of
A. semialata have decreased CO,-compensation points, increased carboxylation
efficiencies, and shifts in carbon isotopes that confirm their photosynthetic type
(Lundgren et al. 2016). The C4 leaves are characterized by increased vein density and
PEPC protein abundance (Lundgren et al., 2016; Dunning et al., 2017). The C;+C4 A.
semialata also show elevated levels of PEPC protein and increased concentration of
chloroplasts in bundle sheaths, but no increased vein density. This results in a reduced
CO,-compensation point, but a non-C, carbon isotope signature (Lundgren et al. 2016;
Dunning et al., 2017).

In addition to these seven A. semialata populations, one population of each of
the C, congeners A. angusta and A. cimicina were added, to enable comparison of the
degree of C,-related changes in gene expression (Table I1.S2). Finally, Entolasia
marginata was included as a C;z outgroup. Three distinct genotypes were sequenced per
population except in two cases, where this was not possible. For A. angusta, three
clones that were established more than one year before the study were used, while for
E. marginata a genotype was sampled once together with two clones from a different
genotype, again established long before the study.

Plants were collected from the field as seeds or live cuttings, and subsequently
grown under controlled conditions at the University of Sheffield as previously described
(Dunning et al., 2017). In brief, plants were potted in John Innes No. 2 compost (John
Innes Manufacturers Association, Reading, England) and maintained under non-limiting
soil moisture and nutrient conditions in controlled environment chambers (Conviron
BDR16; Manitoba, Canada) set to 60% relative humidity, 500 pmol m™ s light
intensity, 14h photoperiod, and day/night temperatures of 25/20°C. After a minimum of
30 days in these growth conditions, young fully expanded leaves were sampled for

transcriptome analyses.
RNA extraction, sequencing, and transcriptome assembly

RNA extraction, library preparation and sequencing were performed as previously

described (Dunning et al 2017). In brief, total RNA was extracted from the distal half of
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fully expanded fresh leaves, sampled in the middle of the light period, using the RNeasy
Plant Mini Kit (Qiagen, Hilden, Germany) with an on-column DNA digestion step
(RNase-Free Dnase Set; Qiagen, Hilden, Germany). Total RNA was used to generate 32
indexed RNA-seq libraries using the TruSeq RNA Library Preparation Kit v2 (Illumina,
San Diego, CA). Each library was subsequently sequenced on 1/24 of a single Illumina
HiSeq 2500 flow-cell (with other samples from the same or unrelated projects), which
ran for 108 cycles in rapid mode at the Sheffield Diagnostic Genetics Service.

The raw RNA-Seq data were cleaned to remove low quality reads (Q<30), and
sequences corresponding to ribosomal RNA or containing adaptor contamination using
the Agalma pipeline v.0.5.0 (Dunn et al., 2013). De novo transcriptomes were
subsequently assembled for each of the 12 newly sequenced populations using Trinity
(version trinityrnaseq_r20140413p1; Grabherr et al.,, 2011). All raw data and
transcriptome assemblies have been submitted to the NCBI repository (Bioproject
PRJINA401220). Coding sequences (CDS) longer than 500 bp were predicted for each
population using OrfPredictor (Min et al., 2005), which uses homology to a user
supplied reference protein database or ab initio predictions if no suitable match is
found. The protein database used comprised the complete coding sequences of eight
model species: Arabidopsis thaliana, Brachypodium distachyon, Glycine max, Oryza

sativa, Populus trichocarpa, Setaria italica, Sorghum bicolor and Zea mays.

Phylogenetic reconstruction using core-orthologs

Single-copy orthologs were extracted from the new and previously published
transcriptome assemblies to infer phylogenetic relationships among individuals.
Homologous sequences to 581 single-copy plant core-orthologs previously determined
in the Inparanoid ortholog database (Sonnhammer and Ostlund, 2014) were identified. A
Hidden Markov Model based search tool (HaMSTR v.13.2.3; Ebersberger et al., 2009)
was used to screen the CDS of the transcriptomes. Sequences of the single copy plant
core-orthologs were subsequently aligned using a previously described stringent
alignment and filtering pipeline (Dunning et al., 2017). In brief, the CDS were
translated into proteins and a consensus alignment was made by only retaining residues
aligned in the same position by four different programs (mafft, muscle, kalign, t-coffee).

The protein alignments were further parsed using the tcs residue filter (Chang et al.,
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2014), only keeping the highest confidence positions. Finally, the original nucleotide
sequences were threaded onto the trimmed protein alignments, before being trimmed
themselves with gblocks v.0.91 (parameters: -t=c -b2=b1 -b5=h; Castresana, 2000).
Sequences shorter than 100 bp after trimming were discarded. A maximum likelihood
phylogeny was subsequently inferred from a concatenated alignment of the single copy
plant core-orthologs that had sequence data from at least ten different populations using
PhyML (Guindon and Gascuel, 2003) with a GTR+G+I model and 100 bootstrap

pseudoreplicates.

Identification of gene families and co-orthologs

Quantitative comparison of transcript abundance requires classifying expressed
sequences into equivalent units. To do this, transcripts were grouped into co-orthologs
of Panicoideae, the subfamily of grasses that contains all the species studied here, using
a previously described method (Dunning et al., 2017). Each group of co-orthologs
contains all the genes descended from a single gene in the genome of the last common
ancestor of Panicoideae via a combination of speciation and/or gene duplication events.
CDS for eight published genomes were grouped into previously established gene
families (i.e. homolog groups containing all paralogs and orthologs; Vilella et al. 2009).
The eight selected reference genomes included two Panicoideae grasses (S. italica and
S. bicolor), two non-Panicoideae grasses (B. distachyon and O. sativa), and four non-
grass species (Amborella trichopoda, A. thaliana, P. trichocarpa, and Selaginella
moellendorffii). To enable accurate annotation, the analysis was restricted to gene
families with at least one sequence of A. thaliana and one of S. bicolor or S. italica.
Sequences from the transcriptomes homologous to each gene family were identified
using nucleotide BLAST sequence searches with a minimum matching length of 500
bp. Each gene family was then stringently aligned as described above and a
phylogenetic tree was inferred using PhyML. Groups of Panicoideae co-orthologs were
identified as monophyletic clades of Panicoideae sequences that contained at least one
S. italica or S. bicolor sequence, and one transcriptome CDS. These groups potentially
include duplicates that emerged after the diversification of Panicoideae, which might be

difficult to distinguish due to low sequence divergence.
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Differential expression analyses

The trimmed nucleotide CDS from the above alignments were used as the reference for
read mapping, where each group of Panicoideae co-orthologs is represented by multiple
sequences from different species and/or populations. Cleaned reads were mapped to the
reference using the local alignment option in Bowtie2 (Langmead & Salzberg, 2012).
For each read, the single best alignment was recorded, which was randomly selected if
there were equally good matches (a default parameter). These raw counts were
subsequently extracted using SAMtools (Li et al., 2009). The reads from each sample
mapped to any of the sequences of the same group of Panicoideae co-orthologs were
summed. This generated an accurate estimate of transcript abundance that is comparable
between samples and species. Indeed, reads can map back to sequences from the same
population, but also to sequences from other closely related individuals when the
population is not represented. This minimises the effect of sequence variation on
mapping success and subsequent differential expression analyses.

A multivariate analysis was used to assess similarities and differences in overall
transcriptome expression profiles between samples and experiments. Groupings of
expression profiles based on the biological coefficient of wvariation (BCV) were
identified with multidimensional-scaling (MDS) in edgeR v3.4.2 (Robinson et al.,
2010). Subsequent differential expression analysis in edgeR was restricted to the ten
populations with three biological replicates. For each pair of populations, differentially
expressed genes were identified as those with an associated false discovery rate (FDR)
below 0.05. The overlap between pairwise comparisons was used to identify changes
associated with specific branches of the phylogenetic tree inferred from core orthologs.
Changes were assigned to a branch if significant results were detected for all pairwise
tests involving one member of the descending clade and one population outside the
clade, and the direction of expression change was consistent. This summary of pairwise
tests was done separately for each C4 clade (A. cimicina, A. angusta, and A. semialata)
with all C; populations so that convergent gene expression shifts could be detect. It was
also repeated with all populations to get a general estimate of changes in gene
expression levels across the phylogenetic tree. Overall, our phylogenetic inference of
changes in expression level allows the identification of the changes that coincide with

physiological transitions and those that precede or follow them.
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While protein abundance is not a direct function of gene expression, the two are
correlated (Schwanhdusser et al. 2011; Csardi et al. 2015; Koussounadis et al. 2015).
Transcriptome comparisons therefore offer a first assessment of the changes underlying
adaptive transitions, allowing subsequent investigations of post-transcriptional

processes.

Results

Transcriptome sequencing and assembly

Over 181 million 108-bp paired-end reads were generated in this study, including more
than 167 million for the ten populations sampled in triplicates (Table I1.S3). For these
30 samples used in differential expression analyses, the data comprised 36.13 Gb, with a
mean of 1.20 Gb per library (SD=0.54 Gb; Table I1.S3). Over 95% of reads were
retained after cleaning, and a de novo transcriptome was assembled for each of the
populations using all available reads. The transcriptomes were of comparable quality,
with a mean of 85,491 trinity 'unigenes' (SD=19,595), 123,719 contigs (SD=30,991),
and a 1,336 bp N50 (SD=189 bp; Table I1.S4). Another 14 RNA-Seq libraries and
assemblies were included (Table I1.S1). CDS were predicted for each of the 24
transcriptome assembly, with a mean of 28,698 CDS longer than 500 bp per population
(SD=6,767; Table 11.S4).

Phylogenetic relationships based on genome-wide markers

A phylogenetic tree was inferred from a concatenated alignment of 516 'core-orthologs'
extracted from the 24 transcriptomes, for a total of 682,137 bp after cleaning. Each
population was represented by at least 388,935 bp (mean=549,179 bp; SD 60032 bp).
The phylogenetic relationships were congruent with previous genome-wide nuclear
trees (Olofsson et al., 2016), and confirmed that all the sampled C4 populations of A.
semialata form a monophyletic group, which is sister to the C3;+C4 populations (Fig.
I1.1). These two are in turn sister to the C; populations, so that previously inferred
nuclear clades I (Cs), II (C3+Cy4), and III and IV (both C,) are retrieved, with the
polyploid populations (RSA3 and RSA4) branching in between (Olofsson et al., 2016;
Fig. I1.1). The position of the population from Cameroon (CMR1) with respect to clades
III and IV was poorly resolved (Fig. II.1). A. angusta and A. cimicina branched

-105-



Chapter II: Key changes in gene expression identified for different stages of C, evolution

successively outside of A. semialata (Fig. I1.1), mirroring previous results (Lundgren et

al. 2015; Olofsson et al. 2016).
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Figure I1.1: Phylogenetic tree inferred from multiple nuclear markers.

This phylogeny was inferred under maximum likelihood using transcriptome-wide markers. Bootstrap
values are indicated near branches. Population names indicate country of origin, with sample details
available in Tables I1.S1 and I1.S2. Names of populations included in the differential expression analyses
are in bold. Scale indicates number of nucleotide substitutions per site, and bootstrap support values are
indicated near nodes. Nuclear clades from Olofsson et al. (2016) are indicated. Branch colours indicate
the ancestral photosynthetic types, based on the transcriptomes and leaf anatomy detailed investigations
of Dunning et al. (2017). The hashed green at the based of A. semialata indicates uncertainty between Cj
and C;+C; states.

Phylogenetic identification of Panicoideae co-orthologs

Gene families were identified based on previously inferred homology among genes
from eight publicly available genomes (Vilella et al., 2009). The analyses were
restricted to 6,407 gene families that contained sequences from Arabidopsis and at least
one Panicoideae grass (S. italica or S. bicolor) in the Ensemble plant database (release

version 30). These families covered a mean of 22,485 (SD=4,128) protein-coding genes

for each model species in this dataset (78% of known Arabidopsis coding sequences). In
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total, 5,454 (85.1%) of the gene families had a match with at least one transcriptome
sequence from this study. After stringent alignment and trimming, 5,247 alignments for
gene families were retained for downstream analyses, with a mean length of 814 bp
(SD=545 bp), although monophyletic groups of Panicoideae were not necessarily
detected in all of them. The phylogenetic annotation assigned 410,260 (54.9%) CDS
from the transcriptomes to one of the 13,711 groups of Panicoideae co-orthologs (5,133
different gene families). In total, 23.0% of co-orthologs were represented by all 24
genotypes, and over 50% of co-orthologs were represented by at least 20 genotypes
(Fig. 11.S2).

On average, 24.9% of cleaned reads per individual mapped to at least one of the
trimmed alignments of co-orthologs (Tables II.S1 and II.S3). This relatively low
proportion of mapped reads results from the trimming of the reference alignments,
which removed UTRs and poorly aligned regions, such as un-spliced introns. Indeed, a
mapping performed on the alignments before trimming resulted in an average of 66.1%
of cleaned reads per individual mapped to the same 410,260 sequences (Tables I1.S1
and I1.S3), which is similar to numbers achieved in other studies (e.g. Brautigam et al.
2014). The remaining unmapped reads likely belong to genes that lack homologs in
Arabidopsis (including contaminants from endosymbionts and transcriptome artefacts)

or produced alignments that were too short after cleaning.

Transcriptome-wide patterns

Based on their expression profiles, samples group strongly by species, and the two C;
outgroups cluster with the early diverging A. cimicina (Fig. I1.2A). When focusing on
A. semialata, the main phylogenetic groups are recovered, which match the
photosynthetic types (Fig. I1.2B). The Cameroonian samples (CMR1) are at a position
intermediate between the C4 and Cs+C, groups (Fig. I1.2B). There is no apparent effect
of the experiment, with previous and new transcriptomes of the same species grouping
together (Fig. I1.2). However, the Madagascan population (MAD1) appears as an outlier
in Fig. I1.2B, which might reflect an effect of sequencing depth as this sample had the

smallest amount of data (<0.5 Gb).

-107-



MDS Dimension 2

2

-3

Chapter II: Key changes in gene expression identified for different stages of C, evolution

| Clade Il

"'~l Entolasia marginata IRl @ )
) K | TAN4
- LTAMT. e zam3 N @
Panicum _ .~ @) tlagall s, . - CMR1
~ - pygmaeum-. o \TANS T )
5 - . O e ' A
e [ 2 RSAG @ ; Eesad
See et et el .$ ® - STANZS e '-._RSA'J‘
Alloteropsis cimicina “m ", ‘ ZIM3 | e r".‘BURf‘.
4 . “ ®,," W / ; PHIL IRTPEL !
.- " - RSAS L m
————————————— .. AUSL !
Alloteropsis semialata Clade | ; Clade IV

p
: \
/.

J \
\I - m Alloteropsis angusta <
T N . .,r"f CD)EL‘JI:;:?: al. (2017) ‘:MAEL
T et T T T T T T —
-3 -2 -1 0 1 2 - 0 1 2

MDS Dimension 1

Figure I1.2: Expression profile similarity across all samples.

Expression profiles are clustered in multidimensional scaling (MDS) plots using (A) all samples (B) only
A. semialata samples. Species and nuclear clades from Olofsson et al. (2016) are delimited. Sample
details can be found in Tables I1.S1 and 11.S2.

Differential expression analysis was performed for each pair of the ten
populations that had three biological replicates. The 45 pairwise tests performed
returned an average of 2,406 (SD=1,226) significantly (FDR<0.05) differentially
expressed co-orthologs (Tables I1.S5 and I1.S6). The number of differentially expressed
genes again matched the phylogenetic structure, being the highest between E.
marginata and all others, and the smallest between groups of closely related A.
semialata (Fig. 11.3). Out of 13,475 genes, 14.3% (n=1,935) have conserved expression
patterns across the phylogeny, not being significant in any of the pairwise comparisons
(Tables I1.S7 and I1.S8). Another 11.0% (n=1,484) are shifted once in the phylogeny
(Table I1.S8; Fig. I11.S3). The rest of the genes (74.5%, n=10056) are significant in at
least one of the 45 pair-wise tests, but lack phylogenetic signal. The majority of these
are significant in one or just a few pairwise comparisons (Table I1.S8), and therefore

likely represent false positives due to random variation among samples.
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Figure I1.3: Number of differentially expressed genes among pairs of populations.

The heatmap shows the number of significantly differentially expressed genes detected for each pair of
populations. The phylogenetic relationships among populations are indicated on the side, using an
ultrametric version of the tree presented in Fig. II.1. Sample details can be found in Tables I1.S1 and I1.S2.

Differences between the Cs; and Cz+C; states of A. semialata

As expected, the long divergence time between the C; outgroup (Entolasia marginata)
and A. semialata results in a large number of significant expression changes (Fig. 11.4).
A total of 621 are downregulated along this branch, including two genes for
phosphoenolpyruvate carboxylase (PEPC; ppc-1P2 and ppc-2P1; Table 11.S6), which
drop to barely detectable levels in all A. semialata accessions, and are therefore unlikely
to be linked to photosynthetic diversification. Two genes linked to the photorespiratory
cycle are also downregulated along the same branch, which might represent a reduction
of photorespiration in the ancestor of A. semialata. The genes uregulated in all A.
semialata compared to the C; outgroup include one encoding PEPC (ppc-1P3), that
reaches higher expression levels in C; accessions followed by further increases in C3+Cq

and C, accessions (Fig. I1.5), and might represent an early upregulation that was later
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strengthened. One gene encoding malate dehydrogenase (NAD-MDH; nadmdh-2P4),
one encoding adenosine monophosphate kinase (AK, ak-3P3), and one encoding
glyceraldehyde 3-phosphate dehydrogenase (GAPDH, gapdh-1P2) were also
upregulated along this branch, reaching moderate levels in all A. semialata
independently of their photosynthetic type (Table II.S6). Finally, one gene for an
enzyme linked to the photorespiratory pathway (hpr-2P3) was upregulated along the
same branch, although levels remained very low within A. semialata (Table I1.S6). The
rest of the numerous genes varying in expression between the whole of A. semialata and
the outgroup do not have known links to the C, pathway. A total of 30 genes are
differentially expressed along the branch leading to the C; populations of A. semialata
(Fig. I1.4). None of these 30 genes encodes a protein known to function as part of the C,4
pathway (Table I1.S6).

Within A. semialata, a weak C4 cycle characterizes the monophyletic group of
Cs+C4 and C, populations, but not its C; sister group (Fig. II.1). Relatively few
modifications to the transcriptome happen along the branch leading to C3+C. and C4
accessions, with only 16 significantly differentially expressed co-orthologs (Fig. 11.4).
Of those, only 12 are consistently upregulated in the C;+C, and C. populations
compared to the C; samples, including three genes that encode key Cs enzymes:
aspartate  aminotransferase = (ASP-AT), aspat-3P4; PEPC, ppc-1P3; and
phosphoenolpyruvate carboxykinase (PCK), pck-1P1 (Tables II.1 and II.S6). These
three genes reach very high levels in the leaves of all C;+Cs and C, individuals,

including the C4 congener A. angusta (Fig. I1.5; Tables II.1 and I1.S6).
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Alloteropsis semialata

Figure I1.4: Phylogenetic patterns of changes in gene expression.

For each branch of the unrooted phylogeny from Fig. II.1 showing only the populations used for
expression analyses, the number of differentially expressed genes is indicated, with numbers next to
arrows indicating those that are consistently up- or down-regulated. Each population has three biological
replicates, and colours indicate the photosynthetic type (blue = Cs;; green = C3+Cs; red = C4). Scale
indicates number of nucleotide substitutions per site, with truncated branches highlighted by two bars.
The two greyed out C, congeners were excluded from these analyses, and results that involve them can be
found in Fig. I1.S3.
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Figure I1.5: Expression levels of selected genes across the phylogeny.

Expression levels in reads per kilobase of transcript per million mapped reads (RPKM) are shown for six
example genes. Standard deviation for populations with biological replicates is indicated. Phylogeny is
based on Fig. II.1; circles = sequenced in this study; squares = sequenced as part of Dunning et al. 2017;
blue = C3; green = C3+C4; red = C4.

Changes during the transition from Cs;+C, to Cy4 in A. semialata

Within A. semialata, a strong Cs cycle characterizes a monophyletic group of
populations (Fig. II.1), but only seven co-orthologs were significantly differentially
expressed along the branch separating this group from the other populations (Fig. I11.4).
Of these, only five were consistently upregulated in the C4 populations, including two

genes encoding core C4 enzymes: pyruvate orthosphate dikinase (PPDK), ppdk-1P2;
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and alanine aminotransferase (ALA-AT), alaat-1P5 (Tables II.1 and I1.S6). These genes
reach very high levels in all C, populations, including the congeners A. cimicina and A.
angusta, while they are present at moderate to low levels in all C; or C3+Cs4 populations
(Fig. I1.5; Table I1.S6). A third gene upregulated in the C4 A. semialata encodes AK
(ak-1P1), an enzyme whose activity is linked in the C4 cycle to PPDK. Two other genes
were consistently downregulated in the C4 populations, including one that encodes a

peroxisomal photorespiratory enzyme (AGT; agt-1P1).

Adaptation of C, photosynthesis in independent lineages

The three C4 populations included in the differential expression analyses come from
geographically distant locations and diverged more than half a million years ago
(Lundgren et al.,, 2015; Olofsson et al., 2016), explaining the high number of
differentially expressed genes among them (Fig. I1.3). Interestingly, several of these are
potentially linked to the C4 cycle, including genes encoding a NAD-MDH (nadmdh-
1P8), a putative sodium bile acid symporter (SBAS; sbas-4P4), and
phosphoenolpyruvate carboxylase kinase (PEPC-K; pepck-1P3), which are all
upregulated in the C4 from the Philippines (Table I1.S6). A comparison of expression
levels in the other transcriptomes indicates that the gene sbas-4P4 is upregulated in all
C, individuals from clade IV of A. semialata, but not in any other (Fig. I1.5). This gene
is orthologous to Arabidopsis BASS6 (At4g22840), which has been shown to have the
ability to transport glycolate, and be involved in a process decreasing photorespiration
(South et al., 2017). The Arabidopsis paralog previously related to C, photosynthesis
transports pyruvate (BASS2; Furumoto et al., 2011), but the precise function might
differ between the Alloteropsis and Arabidopsis orthologs. In addition, a gene for a
pyruvate kinase (PK; pk-1P1.2) is upregulated specifically in the Cameroonian C,4
samples (CMR1), while some photorespiratory genes are downregulated in only one of
the three C, populations (Table II1.S6). Finally, one of the genes encoding the NADP-
malic enzyme (nadpme-1P4; NADP-ME) reaches high levels in some A. semialata
populations (Table I1.S5). It is significantly upregulated in A. cimicina and A. angusta
and the differential expression analysis is significant for a number of pairwise
comparisons involving Cs and C,4 populations of A. semialata (Table 11.S6). However, its

level varies both among and within populations of A. semialata and A. angusta,
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reaching in some C, individuals levels that are as low as in the C; plants (Table II.S5).
The number of genes significantly differentially expressed in the C4 A. cimicina
and A. angusta lineages is much higher due to only a single population representing
these species (Fig. I1.S3). As previously reported (Dunning et al., 2017), a high number
of genes encoding core C, enzymes, regulatory proteins and transporters are upregulated
in A. cimicina, and to a lesser extent in A. angusta, while some photorespiration genes
are downregulated in these two species (Table II.S6). Besides the differentially
expressed genes, a number of Csrelated genes are abundant in all samples
independently of their photosynthetic type. This is especially the case of those for [3-
carbonic anhydrase (Bca-2P3; Fig. 11.5) and malate dehydrogenases (nadpmdh-1P1,
nadpmdh-3P4, and nadmdh-3P5; Table I1.S6). Transcripts for these genes were also
abundant in the leaves of distantly related C; grasses, and their upregulation very likely

predates the divergence of the group (Moreno-Villena et al. 2018).

Discussion

Sampling the natural diversity to limit false positives
RNA-Seq is routinely used to identify genes differentially expressed between
individuals with distinct phenotypes, leading to candidate genes underpinning these
differences (e.g. Shen et al., 2014; Dunning et al., 2016; Fracasso et al., 2016). When
comparing distinct species, the risk of false positives is very high, as all changes in gene
expression unrelated to the studied phenotypic transitions are detected. Here, 74.5% of
genes are significantly differentially expressed in at least one pairwise comparison
between our ten populations, which all belong to a relatively small group of closely
related grasses. A powerful strategy to reduce false positives is to consider multiple
independent origins of the trait of interest, and retain only those genes differentially
expressed in all lineages (Rao et al., 2016). Such an approach would however miss non-
convergent changes in gene expression, and would not allow deciphering of changes
that occurred in specific stages of an evolutionary transition.

The alternative approach adopted here was to carry out multi-individual
comparisons to infer changes along specific branches of the phylogenetic tree. The
problem of false positives remains, as changes coinciding with the studied transitions

would also be detected. However, working within a species complex decreases the
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number of false positives, as lower divergence times result in fewer unrelated changes
in gene expression. Because most changes cluster on terminal branches (Figs I1.4 and
I1.S3), probably representing neutral changes that do not persist over evolutionary time,
the inference of changes on short internal branches is more accurate. Indeed, a
comparison of a C; A. semialata with the C, sister species A. angusta would identify
over 3,000 differentially expressed genes (Fig. I1.3; Table I1.S5). This number drops by
approximately 50% when comparing individual C; and C, populations within A.
semialata, but this still includes all changes that occurred before and after the C; to Cq4
transition.

After incorporating multiple populations of each type, only 16 genes differing in
expression between the C; and Cs;+C, phenotypes are identified, and seven between the
Cs+Cs and C, states. These genes represent the best candidates for a role in the
emergence and subsequent strengthening of a C4 cycle in the group, and the over-
representation of core C4 enzymes among them confirms the power of our approach

consisting in sampling the diversity of realized phenotypes.

Emergence and reinforcement of the Cs cycle in Alloteropsis semialata
The phylogenetic relationships and genus-wide comparisons of transcriptomes and leaf
anatomical traits indicate that the last common ancestor of all A. semialata might have
possessed a weak Cs cycle based on the upregulation of some enzymes (Fig. II.1;
Dunning et al. 2017). A high number of genes are differentially expressed between all
A. semialata and the C; outgroup, which is unsurprising given the evolutionary distance.
However, these include only a few genes encoding C, enzymes (Fig. I1.5; Table I1.S6).
We conclude that the transcriptome of the Cs A. semialata differs from that of other Cs
grasses by relatively few Cs-related genes. The C; group might still represent a reversal
from a C;+C; state, but this eventuality is covered in our phenotype comparisons, which
would assign Cs-related changes in the last common ancestor of A. semialata to the
Cs+C4 and C,4 groups if the C; A. semialata achieved expression levels similar to the C;
outgroup. Our transcriptome comparisons therefore provide an accurate quantification
of the phenotypic gaps in gene expression between the Cs state and those using a weak
or strong C, cycle, which is not heavily influenced by potential evolutionary reversals or

reticulate evolution.
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Only 16 genes are differentially expressed in the group encompassing Cs+C,4 and
Cs phenotypes, and these include three genes encoding core Cs enzymes that are
upregulated in all C3+C,4 and C, individuals (genes for ASP-AT, PCK and PEPC; Table
I1.1; Fig. IL.5; Table I1.S6). These three enzymes form the PCK shuttle, which
theoretically cannot sustain a full C4 pathway on its own without creating an energetic
imbalance among cell types (Wang et al. 2014). However, it might create a weak CO»-
concentrating mechanism in C3;+C, plants that can function without dramatic energetic
consequences due to its coexistence with a Cj type of photosynthesis (Fig. I1.6). Other
small adjustments of the cellular metabolism might remain undetected, but none of the
other major C,; enzymes or transporters are significantly upregulated during the
emergence of a weak C, cycle (Tables II.1 and II.S6). The apparently few genetic
changes required to operate a weak Cs cycle in the C;+C, intermediates may be
facilitated by Cs-like anatomical properties and an abundance of genes for some key
enzymes in the ancestor, as observed specifically in the C; A. semialata (e.g. ppc-1P3;
Fig. I1.5), in the C; outgroups E. marginata, and P. pygmaeum (e.g. Rca-2P3; Fig. I11.5),
and in other C; grasses (Christin et al., 2013; Dunning et al., 2017; Moreno-Villena et
al. 2018), and recent evidence suggests that some anatomical traits themselves might
emerge via very few genetic changes (Wang et al. In press). While the C, cycle of the
Cs;+C, intermediates is weak, it may be responsible for the apparent reduction of
photorespiration (Lundgren et al., 2016). This confers a selective advantage similar to
that of a complete Cs cycle in tropical conditions (Sage et al., 2012; Christin &
Osborne, 2014; Lundgren & Christin, 2016), and allows the evolution of a stronger C,
cycle under natural selection for faster biomass accumulation (Heckmann et al. 2013;

Mallmann et al., 2014; Brautigam & Gowik 2016).
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Figure I1.6: Putative C, pathway in Alloteropsis semialata

A C, cycle is suggested for A. semialata based on the transcript abundance of C,-related genes, and the
literature (Frean et al., 1983; Ueno and Sentoku 2006). Pathway components are coloured per the
differential expression analysis, with those in black being putatively sufficiently abundant in C; ancestors,
parts of the pathway in green upregulated during the transition to C;+C,, and parts in red upregulated
during the transition from C;+Cs to Cs. ALA-AT = alanine aminotransferase, ASP-AT = aspartate
aminotransferase, CA = carbonic anhydrase, NADP-MDH = NADP malate dehydrogenase, NAD(P)-ME
= NAD(P) malic enzyme, PCK = phosphoenolpyruvate carboxykinase, PEPC = phosphoenolpyruvate
carboxylase, PEPP = phosphoenolpyruvate phosphatase, PK = pyruvate kinase, PPDK = pyruvate

orthosphate dikinase, PCR = photosynthetic carbon reduction (Calvin-Benson cycle).
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Table II.1: List of genes differentially expressed in key comparisons within
Alloteropsis semialata from C; to C3+C,, and C3+C, to Ca.

Regulation Gene Mean rpkm (+ s.d.)! Arabidopsis Brief description’
(Homolog #) C:  GCstCs Cs ortholog
Upin 29490-G06 678 5401 15673 AT2G42600 Core C, enzyme: Phosphoenolpyruvate carboxylase
Cs+C, and (+175) (£3079) (£8065) *
Cs 06567-G01 276 3793 8351 AT5G65690, Core C, enzyme: Phosphoenolpyruvate carboxykinase
(2£106) (£2236) (+4280) AT4G37870
33440-G04 290 2486 4976 AT1G62800, Core C, enzyme: Aspartate aminotransferase Asp4
(£122) (£1230) (£1779) AT5G19550,
AT5G11520
48666-G05 25 172 209 AT3G12600 Nudix hydrolase homolog 16
7))  (#71) (£179)
31859-G01 59 189 148 AT2G18290 APCI10 anaphase promoting complex 10. Plays an
(£21) (£72) (+49) essential role in cell proliferation during leaf
development
01920-G08 1 193 156 AT1G51190, Transcription factor belonging to the
(x1) (2197) (£147) AT5G17430, AINTEGUMENTA-like (AIL) subclass of the AP2
AT3G20840 EREBP family
16932-G04 23 114 100 AT5G23360 GRAM domain-containing protein ABA-responsive
(#8) (£72) (¢59) *,AT5G2337 protein-like protein
0%,
AT5G23350
* AT5G0835
0*
30221-G06 0 66 133 AT4G18770 Transcription factor MYB98
(x0) (#49) (69)
17622-G01 13 91 68  AT3G02065 P-loop containing nucleoside triphosphate hydrolases
(#4) (#61) (#45) superfamily protein
08213-G09 0 30 47  AT3G48350, Cysteine proteinases superfamily protein involved in
(£0) (£21) (242) AT3G48340, tapetal programmed cell death and pollen development
AT5G50260
06020-G11 0 33 38 AT2G03200 Eukaryotic aspartyl protease family protein
(x0)  (#42) (£52) *
11314-G11 0 8 37  AT1G10370, Glutathione transferase belonging to the tau class
(x0) (£10) (£33) AT1G69930,
AT1G69920,
AT1G59700,
AT1G59670,
AT1G27130,
AT1G27140,
AT1G10360
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Downin  36691-G02

C3+C4 and
c,  31440-G07

49585-G02

09708-G05

UpinCs 29424-GO1

19748-G07

02503-G07

20625-G12

27406-G04

Down in C; 24452-G01

02733-G05

2 AT3G04770
(4) *
9  AT1G18590,
(¥8) AT2G03760,
AT2G03770,
AT1G74100,

AT1G74090
7 AT3G02960

=)
AT5G63530,
AT5G50740

0  AT4G10310

(*0)

5582 AT4G15530

(+185) (£373) (+2262)

3704 AT1G72330,

(£162) (+152) (+2543) AT1G17290

1262 AT5G47840

(£153) (£271) (378)

182 4
(£105) (£5)
73 10
(x19) (28)
75 8
(£53) (28)
14 0
(x11) (0)
315 702
320 447
267 391
17 70
(x17) (£52)
0 0
(x0)  (x0)
1077 918

242 AT1G17020,
(+128) AT4G25310,
AT4G25300,
AT1G17010,

AT1G78550
76  AT2G47490

(£20) *

292  AT2G13360

(£499) (+228) (2156)

15
(£13)

21
(+8)

0  AT5G06750
(=0)

40s ribosomal protein SA B

Sulfotransferase with sulfating activity toward
flavonoids, involved in the final step of glucosinolate

core structure biosynthesis

Heavy metal transport detoxification superfamily

protein

Sodium transporter HKT1 expressed in xylem

parenchyma cells
Core C, enzyme: Pyruvate orthophosphate dikinase

Core C, enzyme: Alanine aminotransferase ALAAT2

Accessory C, enzyme: Adenosine monophosphate

kinase
2-oxoglutarate (20G) and Fe(II)-dependent oxygenase

superfamily protein

Chloroplast-localized NAD+ transporter that transports
NAD-+ in a counter exchange mode with ADP and AMP

in vitro.

Photorespiratory enzyme: Peroxisomal
photorespiratory enzyme catalysing transamination

reactions with multiple substrates
Phosphatase 2C family protein

! Raw values can be found in Table II.S6. ? The brief description is based on the Arabidopsis ortholog
(*=paralog if no direct ortholog) annotation.

The transition from a weak to a strong Cy4 cycle in A. semialata switches carbon

isotope signatures (the method most often used to identify photosynthetic types) from

non-C, values to values diagnostic of C, plants (von Caemmerer, 1992; Lundgren et al.,

2015). This key transition occurred through the upregulation of relatively few genes

encoding Cs-related enzymes (AK, ALA-AT, and PPDK). Based on the literature and

our transcriptome data, the C4 cycle of A. semialata relies on a minimum of eight

enzymes, and we propose a possible involvement of PK (Fig. I1.6; Frean et al., 1983;
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Ueno and Sentoku, 2006). Genes for some of these enzymes (PEPC, NAD-MDH, and
AK) increased in the common ancestor of the whole group, potentially as part of an
ancestral weak C, cycle (Fig. II.1; Dunning et al., 2017). Within A. semialata, further
increases in transcript abundance are observed in the C3+C4/C3 or C./C3+C4 comparisons
(Table II.1) for genes encoding PEPC and four other enzymes (i.e. ALA-AT, ASP-AT,
PCK, PPDK), while others are specific to some C, populations (i.e. PK). The expression
of genes encoding two others (CA and NAD(P)-MDH) in the C; ancestor of the group
might have been sufficient to sustain a functioning C4 cycle (Tables 1 and S6; Moreno-
Villena et al. 2018). Genes for the last of these enzymes (NADP-ME) are abundant in
some C, individuals (Table II.S5), and might be expressed only in specific conditions,
as suggested previously (Frean et al., 1983). C, populations of A. semialata are also
characterized by a set of specific anatomical modifications that support the C, pump
(Lundgren et al. 2016; Dunning et al. 2017). Genetic changes responsible for these
modifications would not be captured by transcriptome analyses if they act during leaf
development, and the evolution of the C, phenotype almost certainly involves more
genetic changes than those altering the biochemical cycle. Our comparative
transcriptomics therefore show that, once the required enablers are present, the
transition between C; to C3+C, with some C, activity, and C3+C, to a rudimentary Cs4
metabolism might require fewer changes in gene expression than previously suggested
(Brautigam et al., 2011, 2014; Gowik et al., 2011; Kiilahoglu et al., 2014; Li et al.,
2015). These changes were spread between the C3/C3;+Cs and C;+C4/C, transitions,
supporting a stepwise model of evolution (Mallmann et al., 2014), where evolutionarily

stable adaptive peaks can be reached with few mutations.

Adaptation continued after the emergence of a rudimentary C, pathway

The CO,-pump generated by the C, cycle of A. semialata is less efficient than that of
other C, species, as illustrated by the incomplete segregation of enzymes between
different cell types (Ueno & Sentoku, 2006) and slightly elevated CO,-compensation
points lying at the upper limit of those observed in C4 species (Lundgren et al., 2016).
Therefore, A. semialata may be considered to exhibit an incipient C4 cycle, which has
not been optimised through protracted evolutionary periods, as suggested in the most
recent models (Brautigam & Gowik 2016). The analyses conducted here, which

compared all Cy4 individuals to the C3+C, or C; conspecifics, can detect the changes that
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happened in the early C, members of the group, before the diversification of the C,4
genotypes. However, transcriptome comparisons across Cs individuals of A. semialata
show evidence of additional alterations of the leaf biochemistry subsequent to the initial
emergence of a C4 cycle, with the abundance of some Cs-related enzymes varying in
abundance across Cs populations (Fig. II.5), and photorespiratory proteins
downregulated in only some of the C, populations (Table I1.S6). These changes likely
represent the adaptation of the C,4 cycle after its initial emergence, previously illustrated
by variation in the identity of genes responsible for an abundance of the key C, enzyme
PEPC across C4 genotypes (Fig. I1.S4; Dunning et al., 2017).

The C, pathway proposed for A. semialata, based on the upregulation of few
enzymes in addition to those present in Cs ancestors (Fig. I1.6), might serve as an
intermediate stage toward more complex and more efficient C4 cycles. The congeneric
C4 A. cimicina and A. angusta have transcriptomes more typical of C, species, with very
high levels of numerous Cs-related enzymes, including a number of regulatory proteins
and metabolite transporters, as would be predicted from other study systems, and an
abundance of amino acid transitions adapting the proteins for the new catalytic context
(Table I1.S6; Brautigam et al., 2011, 2014; Gowik et al., 2011; Mallmann et al., 2014;
Christin et al. 2015; Dunning et al., 2017). These two species might have undergone

more adaptive changes, due to an earlier C, origin or faster evolutionary rate.

Conclusions

In this study, we analyse transcriptomes in a phylogenetic context to show that the
changes in gene expression required for a physiological innovation can be spread over
long evolutionary time scales, with the relatively few changes required for the initial
emergence of a new metabolism contrasting with the numerous modifications involved
in the adaptation of the new pathway. Indeed, a weak C, cycle emerged in our study
system through the upregulation of a handful of enzymes, and allowed the evolution of
a stronger C,4 cycle via the upregulation of a few other genes. However, adaptation of Cy4
photosynthesis, illustrated here by population-specific expression of Cg-specific
enzymes, continues when the plants are already in a C, state, and is spread over a longer
evolutionary period. The evolutionary time interval required to generate a rudimentary

C4 pathway can therefore be relatively short in species possessing C. enablers, but even

-121-



Chapter II: Key changes in gene expression identified for different stages of C, evolution

a suboptimal C, pathway is important as it changes the environmental responses of the
species. This creates an opportunity for natural selection to act on the standing variation,
new mutations and, in some cases laterally acquired genes, to assemble a trait of
increasing complexity, allowing the colonization and gradual dominance in a larger

spectrum of ecological conditions.
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Chapter II: Supporting information

Figure I1.S1: Geographic origins of the A. semialata individuals analyzed in this
study.

The approximate worldwide distribution of the different photosynthetic types of A.
semialata is indicated based on Lundgren et al. 2016, in blue for the Cs;, green for the
C3+C,4, and red for the Ci. The origins of the samples analysed here is indicated with

squares for those without replicates, and with circles for those sampled in triplicates,

with colours indicating the photosynthetic types.

Photosynthesis:

Samping:
QO Triplicate
O singleton
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Figure I1.S2: Distribution of the number of genotypes represented in each group of

(co-)orthologs.
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Figure II.S3: Phylogenetic patterns of changes in gene expression in (A) all populations, (B)
Alloteropsis angusta, and (C) Alloteropsis cimicina. For each branch of the unrooted phylogeny from
Fig. II.1, the number of differentially expressed genes is indicated, with numbers next to arrows
indicating those that are consistently up- or down-regulated. Each population has three biological
replicates, and colors indicate the photosynthetic type (blue = Cj; green = C3+C4; red = C,). Scale
indicates number of nucleotide substitutions per site, truncated branches are highlighted by two bars. For

each tree, taxa excluded from the analyses are greyed.
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Table I1.S1: Transcriptomes without replicates used in this study.

Percentage of clean reads

mapped
SRA Raw Trimmed
Species Photo. Pop. Country accession’ TSA accession’  co-orthologs co-orthologs
Panicum - " ppyG  Seedbank  SRR3323220° GFYP00000000 65.43 28.53
pygmaeum
2%‘;2;?5’5 C, ACIM1 Australia ~ SRR3994072° GFYN00000000 69.66 30.38
Alloteropsis c AANG33 Uganda SRR3994075° pending 72.67 30.95
angusta ' AANG48 Uganda SRR3994077° GFYLO0000000 65.45 26.70
Alloteropsis C; ~ RSA5  South Africa SRR3323049° GFYL00000000 68.43 26.59
semialata ZIM3  Zimbabwe pending pending 68.36 28.72
Cs+C, TAN2  Tanzania  SRR3323088° GFYF00000000 68.71 27.85
ZAM7  Zambia pending pending 69.37 22.56
AUS1  Australia ~ SRR3322358° GFYB00000000 67.97 27.53
BUR1 ?;‘Sfcl)‘ma SRR3322973° GFYE00000000 65.00 27.37
MAD1  Madagascar SRR3323132° GFYI00000000 67.06 20.47
€+ RSA3  SouthAfrica SRR3323137 GFYJ00000000 67.13 26.11
RSA4  SouthAfrica SRR3323220° GFYK00000000 63.44 27.33
TAN4'  Tanzania  SRR3323124° GFYG00000000 67.36 29.13
TPE1  Taiwan SRR3323243° GFYL00000000 71.23 30.19

! This population was resampled in triplicates (Table S2); > SRA = NCBI Sequence Read
Archive; TSA = NCBI Transcriptome Shotgun Assemblies; * samples published in Dunning et

al. 2017.

Table I1.S2: Information for populations sampled in triplicates.

Species Photo.  Population Country Lat/long
Entolasia marginata GCs EMAR1 Australia -26.57,150.55
Alloteropsis cimicina Cs ACIM2 Madagascar -
Alloteropsis angusta Cs AANG1 Uganda 0.34,31.89
Alloteropsis semialata Cs ZIM2 Zimbabwe -18.42,32.77
RSA6 South Africa -33.32,26.53
CstCy TANS Tanzania -8.35,31.28
ZAM3 Zambia -10.23,29.83
Cy CMR1 Cameroon 5.93,10.62
TAN4 Tanzania -9.04,32.48
PHI1 Philippines  15.94,121.01
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Table II.S3: RNA-Seq data and mapping statistics for ten populations with

triplicates.
Percentage of clean reads
mapped
Clean PE Raw co- Trimmed co-
Pop. Sample raw PE reads Gbp reads orthologs orthologs
ACIM2 ACIM2-1 5967276 1.29 5810460 66.36 27.89
ACIM2-2 3501357 0.76 3419398 62.65 26.88
ACIM2-3 3102005 0.67 3033994 66.99 20.82
EMARI1 EMARI1-2 3928822 0.85 3849825 62.82 27.33
EMARI1-4A 3898055 0.84 3810471 66.24 25.14
EMAR1-4B 2500722 0.54 2439927 68.21 24.68
AANG1 AANGI-6A 4618386 1.00 4332270 68.46 16.69
AANGI1-6B 5997583 1.30 5836626 62.52 19.25
AANGI1-6C 6009876 1.30 5866831 65.47 26.01
ZIM2 ZIM2-1 2815050 0.61 2622817 68.74 23.51
ZIM2-5 3357287 0.73 3236198 69.95 17.72
ZIM2-10 5308033 1.15 4989635 60.80 19.63
RSA6 RSA6-1 5284768 1.14 5193728 66.85 20.12
RSA6-7 4397850 0.95 4299225 65.61 30.31
RSA6-9 8129836 1.76 7964933 63.85 29.00
TANS TAN5-1 10558384 2.28 10304872 65.60 21.57
TAN5-2 8101223 1.75 7890990 66.88 25.98
TANS5-3 2623196 0.57 2494198 67.26 17.25
ZAM3 ZAM3-2 11178860 241 10897999 65.26 26.27
ZAM3-4 5146745 1.11 4992771 70.22 23.10
ZAM3-8 6118516 1.32 5853276 67.88 25.90
CMR1 CMR1-2 12525719 2.71 12273903 68.67 27.91
CMR1-7 4385675 0.95 4282371 53.39 23.43
CMR1-10 2724267 0.59 2652363 56.09 27.98
TAN4 TAN4-1 6581391 1.42 6393229 63.57 20.81
TAN4-3 7547915 1.63 7335642 65.06 23.66
TAN4-8 6089921 1.32 5932271 63.55 21.08
PHI1 PHI1-1 4911514 1.06 4705864 67.80 24.25
PHI1-13 4643128 1.00 4441009 64.58 22.01
PHI1-17 5167456 1.12 5003163 64.32 24.58
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Table I1.S4: Transcriptome assembly statistics for ten populations with triplicates.

Trinity Trinity

Population ‘unigenes' Contigs N50 CDS

EMAR1 94080 138268 1486 39538
ACIM2 88770 148193 1131 38285
AANG1 100594 140272 1349 36465
ZIM2 62149 82565 1202 23087
RSA6 66024 91789 1577 30527
TANS 78718 114745 1486 34838
ZAM3 86692 127283 1381 37637
CMR1 126654 181572 958 37979
TAN4 87506 126211 1455 36750
PHI1 63727 86299 1334 25155

Table II.S5: Number of significantly differentially expressed genes between
populations.

EMAR1 |ACIM1 |AANG1 |ZIM2 |[RSA6 |TAN5 |ZAM3 |CMR1 |TAN4 |PHI1

EMAR1 |-

ACIM1 |3730

AANG1 |3746 2885

ZIM2 4139 3212 3180

RSAG6 4026 3345 3265 374 |-

TANS 3929 2857 2677 1381 1472

ZAM3 |3867 3027 2958 1075 |979 426 -

CMR1 |3594 3257 2901 1531 |1109 883 554 -

TAN4 14480 3478 3145 2165 |2348 1349 1144 920 -

PHI1 4491 3371 3076 1520 [1619 1324 1224 921 1321

Table II.S6:Leaf abundance, annotation, and summary of significance for all
Panicoideae co-orthologs.

https://www.dropbox.com/s/689mmnzu6k3d76v/Table_S6.x1sx?dl=0

Table I1.S7:Pairwise differential expression tests for all Panicoideae co-orthologs.

https://www.dropbox.com/s/27fpwzpn7w63w48/Table_S7.xlsx?dl=0
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Table I1.S8: Summary of classes of differentially expressed genes based on their
expression pattern across the phylogeny.

Class #genes #genes
(all samples) (No A. cimicina & A. angusta)
Conserved 1935 3632
Shifted in the phvlogenv 1484 1465
Remaining Sig. 1 test 742 1308
Sig. 2 tests 755 1215
Sig. 3tests 739 1013
Sig. 4 tests 748 910
Sig. 5 tests 687 865
Sig. 6 tests 716 918
Sig. 7 tests 693 558
Sig. 8tests 691 375
Sig. 9tests 556 301
Sig. 10 tests 461 244
Sig. 11 tests 446 194
Sig. 12 tests 392 181
Sig. 13 tests 385 94
Sig. 14 tests 339 60
Sig. 15 tests 295 70
Sig. 16 tests 301 34
Sig. 17 tests 238 22
Sig. 18 tests 175 9
Sig. 19 tests 148 4
Sig. 20 tests 118 1
Sig. 21 tests 107 2
Sig. 22 tests 77 0
Sig. 23 tests 68 0
Sig. 24 tests 51 0
Sig. 25 tests 38 0
Sig. 26 tests 25 0
Sig. 27 tests 18 0

Sig. 28 tests 14
Sig. 29 tests
Sig. 30 tests
Sig. 31 tests
Sig. 32 tests
Sig. 33 tests
Sig. 34 tests
Sig. 35 tests
Sig. 36 tests
Sig. 37 tests
Sig. 38 tests
Sig. 39 tests
Sig. 40 tests
Sig. 41 tests
Sig. 42 tests
Sig. 43 tests
Sig. 44 tests
Sig. 45 tests

,_\
=~
1

eNeloloNoNoNoBoloNel =N F "N\ |
1
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Abstract

The origins of novel traits are often studied using species trees and modeling
phenotypes as different states of the same character, an approach that cannot always
distinguish multiple origins from fewer origins followed by reversals. We address this
issue by studying the origin of C, photosynthesis, an adaptation to warm and dry
conditions, in the grass Alloteropsis. We dissect the C, trait into its components, and
show two independent origins of the Cs phenotype via different anatomical
modifications, and the use of distinct sets of genes. Further, inference of enzyme
adaptation suggests that one of the two groups encompasses two transitions to a full Cq4
state from a common ancestor with an intermediate phenotype that had some C,
anatomical and biochemical components. Molecular dating of C, genes confirms the
introgression of two key C, components between species, while the inheritance of all
others matches the species tree. The number of origins consequently varies among C4
components, a scenario that could not have been inferred from analyses of the species
tree alone. Our results highlight the power of studying individual components of

complex traits to reconstruct trajectories toward novel adaptations.

Keywords: ancestral state, complex trait, co-option, species tree, reticulate evolution
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Introduction

Inferences of transitions among character states along species phylogenies provide
powerful tools to test specific hypotheses about the timing and rate of functional
diversification, correlations among functional and ecological traits (e.g., Pagel 1999;
Edwards et al. 2010; Danforth et al. 2013; Moreau and Bell 2013; McGuire et al. 2014;
Halliday et al. 2016), and speciation rates (Rabosky et al. 2013; Cantalapiedra et al.
2017; Cooney et al. 2017). However, distinguishing between a single origin of a trait
with subsequent losses versus multiple independent origins can be problematic (Whiting
et al. 2002; Pagel 2004; Wiens et al. 2006; Gamble et. al. 2012), particularly when some
character states affect the rates of speciation and/or extinction, when rates of transitions
are high and asymmetrical, or variable among clades and through time (Maddison 2006;
Goldberg and Igic 2008; Beaulieu et al. 2013; Igic and Busch 2013; King and Lee
2015). Indeed, transition rates might be higher in taxonomic groups possessing
evolutionary precursors that increase the likelihood of evolving a specific trait (Blount
et al. 2008, 2012; Marazzi et al. 2012; Christin et al. 2013a, 2015; Werner et al. 2014).
This can lead to an unbalanced distribution of character states across the tree, with
clusters forming in certain clades. However, a low rate of origins would lead to similar
patterns if the rate of reversals is high (Wiens 1999; Danforth et al. 2003; Trueman et al.
2004; Pyron and Burbink 2014). Difficulties worsen if hybridization and introgression
disconnect the history of underlying traits from the species tree (Pardo-Diaz et al. 2012;
Meier et al. 2017).

An alternative approach to analysing the phenotypes as different character states
is to decompose them into their constituent parts, then carefully analyse the evolution of
each element independently to understand how the trait has been assembled or lost
(Christin et al. 2010; Oliver et al. 2012; Niemiller et al. 2013; Kadereit et al. 2014). The
use of distinct components can be interpreted as evidence for multiple origins, while
reversals could leave a signature of the lost trait that can be detected when components
are compared with those from species that never evolved it (Protas et al. 2006; Christin
et al. 2010; Oliver et al. 2012; Niemiller et al. 2013). Identifying the mutations that
underlie a trait further helps to distinguish shared origins and reversals (Igic et al. 2006;
Shimizu et al. 2008; Niemiller et al. 2013; Meier et al. 2017). Evaluating the number of

origins of each component of a complex trait would reconstruct the order of
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modifications that led to the trait of interest. This approach is applied here to the
photosynthetic diversity exhibited within a five-species taxonomic group.

C. photosynthesis is a complex phenotype that improves the efficiency of carbon
fixation in warm and dry conditions when compared to the ancestral Cs; photosynthetic
pathway (Sage et al. 2012; Atkinson et al. 2016). The C4 advantages are achieved by
increasing the concentration of CO, around Rubisco, the enzyme responsible for
inorganic carbon fixation in the Calvin cycle of all photosynthetic organisms (von
Caemmerer and Furbank 2003; Sage et al. 2012). To function, C4 photosynthesis
requires the co-ordinated action of numerous anatomical and biochemical components
that lead to the emergence of a novel biochemical pathway, usually across two types of
cells; the mesophyll and bundle sheath cells (Hatch 1987; Prendergast et al. 1987;
Gowik et al. 2011; GPWGII 2012; Brautigam et al. 2014). Besides the increased
expression of genes co-opted for a C4 function, several other changes are known to
occur during the evolution of C4 photosynthesis, including: an expansion of bundle
sheath tissue, a concentration of chloroplasts within it, and the adaptation of the
enzymes to the new catalytic context (Fig. III.1; Blésing et al. 2000; von Caemmerer
and Furbank 2003; McKown and Dengler 2007; Sage et al. 2012).

Despite its apparent complexity, C, photosynthesis evolved multiple times
independently, and is present in distantly related groups of plants (Sinha and Kellogg
1996; Kellogg 1999; Sage et al. 2011). As with any complex trait, C4 photosynthesis
likely evolved in incremental steps, via stages that are functionally intermediate and
gradually increase carbon assimilation in warm and dry conditions (Fig. III.1; Sage et al.
2012; Heckmann et al. 2013; Williams et al. 2013; Mallmann et al. 2014; Christin and
Osborne 2014). An increase in bundle sheath size and the relocation of the
chloroplasts/Rubisco to these cells can sustain a photorespiratory bypass (Hylton et al.
1988; Brautigam and Gowik 2016). Subsequent increases in C, enzyme abundances can
generate a weak Cs cycle, which assimilates some of the atmospheric CO.,
complementing the Cs cycle in C3+C, plants (referred to as 'type II C;-C, intermediates'
in the specialized literature; Fig. III.1; Heckmann et al. 2013; Mallmann et al. 2014).
The transition to a full C, state involves further increases of the bundle sheath tissue and
gene expression, while selective pressures adapt the Cs enzymes for the new

biochemical context (Fig. II1.1; Blasing et al. 2000; McKown and Dengler 2007).
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Cs C3+C, Ca

% CO? fixed by
Cq4 pathway

\
bundle sheath size
chloroplasts in bundle sheath

C, gene expression [{)]

> (i)

/

enzyme adaptation [{[I}

Figure III.1. Schematic of expected changes during the transition from C; to C..

The continuous variation in anatomical and biochemical components can be simplified using three
phenotypic categories; C; plants, C3+C, intermediates, and C, plants. A schematic indicates the gain in
efficiency of carbon assimilation, and the expected order of modifications is shown at the bottom for four
categories of changes, with the number on the right indicating the section of our analyses where they are
investigated.

In the angiosperm phylogeny, C, taxa form clusters, many of which have multiple
C4 clades that are separated by non-C, branches (Sage et al. 2011; GPWGII 2012). Thus,
establishing past photosynthetic transitions is difficult when photosynthetic type is
modeled as a simple binary character (Ibrahim et al. 2009; Christin et al. 2010; Hancock
and Edwards 2014; Bohley et al. 2015; Fisher et al. 2015; Washburn et al. 2015).
Overall, non-homology of key C, components among some closely related C, groups,
including the cells, enzymes, and genes modified to generate the C, pathway
(Prendergast et al. 1987; Soros and Dengler 2001; Brautigam et al. 2014; Lundgren et
al. 2014; Wang et al. 2014), points to a predominance of C,4 origins (Sinha and Kellogg
1996; Christin and Besnard 2009; Christin et al. 2010). However, the possibility of

evolutionary reversals to a non-C; state is still debated (e.g. Kadereit et al. 2014; Bohley
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et al. 2015; Washburn et al. 2015). Furthermore, some components of the C, phenotype
(e.g. expansion of bundle sheaths and migration of chloroplasts; Fig. I1I.1) may have
evolved relatively few times, and have then been recurrently utilized for independent
transitions to C3+C, or C4photosynthesis (Christin et al. 2011, 2013a).

One of the proposed candidates for an evolutionary reversal from C4 to Cs is in
the grass genus Alloteropsis (Ibrahim et al. 2009). Within this genus, the species
Alloteropsis semialata contains Cs, C3+C,, and C4 genotypes (Ellis 1974; Brown 1975;
Lundgren et al. 2016). In molecular phylogenies based on either plastid or nuclear
markers, this species is sister to the Cs A. angusta, and the two species form a
monophyletic clade sister to the three remaining closely-related C, species: A. cimicina,
A. paniculata, and A. papillosa (Ibrahim et al. 2009; Christin et al. 2012; Olofsson et al.
2016). The C4 A. semialata and A. cimicina use different cell types for the segregation
of C4 reactions (Renvoize 1987), which suggests independent realizations of Ca
photosynthesis (Christin et al. 2010). However, the evolutionary origins of C,4
biochemistry and the situation within the A. angusta / A. semialata group remain largely
unexplored.

In this study, we focus on the genus Alloteropsis and its C; outgroup, to test the
competing hypotheses of multiple origins versus fewer origins followed by reversals,
independently for each C4 component. A C; phenotype generated via distinct cells,
genes, or amino acid mutations would indicate independent origins. In contrast, a
reversal may lead to a derived state that retains traces of its past C, state when compared
to the ancestral one (i.e. approximated by the C; outgroup here). We combined different
approaches to investigate different components of the complex Cj trait. (i) Focusing on
anatomical characters, we evaluate the most likely number of episodes of movement of
chloroplasts to the bundle sheath, and expansion of this tissue. (ii) Using transcriptome
analyses to estimate gene expression, we then determine the most likely number of
origins of a C4 cycle via the upregulation of known C, photosynthetic genes. (iii) The
number of episodes of enzyme adaptation for the C4 cycle is estimated using positive
selection analyses, with scenarios corresponding to episodes of adaptation along
different sets of branches. (iv) Finally, we compare divergence times across genes, to
detect potential introgression of C, components, as suggested within this genus for two

Cs4 genes (Olofsson et al. 2016). Our multifaceted effort highlights the power of
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comparative analyses that directly consider genes and other components involved in the
trait of interest, rather than modeling complex phenotypes as states of a single character.
Using this approach, we show that recurrent origins of C. photosynthesis in Alloteropsis
arose via a complex mixture of co-option of traits increasing C. accessibility,

hybridization, and independent adaptation of the phenotype.

Methods

Taxon Sampling

The different datasets were obtained from plants grown under controlled conditions
(See Supplementary Methods 1.1 for detailed description of growth conditions),
including one Alloteropsis cimicina (C4) accession, one Alloteropsis paniculata (Ca)
accession, two Alloteropsis angusta (C4) accessions, and up to ten different Alloteropsis
semialata accessions collected from separate populations that encompass the global
genetic and photosynthetic diversity of this species (one Cs, two C3;+C4 intermediates
with a weak C4 cycle, and seven C,4 accessions; Table I11.S1; Lundgren et al. 2016). The
over representation of C4 A. semialata accessions mirrors their natural abundance, with
C4 accessions spread throughout Africa, Asia and Australia, C; accessions only reported
in Southern Africa, and C;+C, individuals restricted to central East Africa (Lundgren et
al. 2015). We also make use of species representing the Cs sister group to Alloteropsis
(Panicum pygmaeum and Entolasia marginata), previously identified using plastid
markers (GPWGII 2012). Using the above taxa, we conduct four complementary sets of
analyses, each providing insight into the origins or spread of distinct components of C4

in Alloteropsis.

i) Comparing leaf anatomies among photosynthetic types

Leaf cross sections were analyzed to identify the leaf compartment being used for the
segregation of Rubisco and the modifications that increased the proportion of bundle
sheath tissue in C;+C4 and C, accessions. Co-option of different tissues and distinct
modifications among accessions would support independent origins, while a reversal
should result in the leaves of Cs individuals having reverted to a state that retain traces
of their past C4 state when compared to the ancestral condition (e.g. enlarged bundle

sheath cells and/or chloroplasts in the bundle sheath).
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We generated new anatomical data for nine A. semialata accessions and A.
angusta (Table I11.S2), which supplemented previously published anatomical data for E.
marginata, P. pygmaeum, A. cimicina, and A. paniculata (Christin et al. 2013a). Images
of A. semialata and A. angusta leaves in cross-section were obtained by fixing the centre
portion of a mature leaf blade in 4:1 ethanol:acetic acid, embedding them in
methacrylate embedding resin (Technovit 7100, Heraeus Kulzer GmbH, Wehrhein,
Germany), sectioning on a manual rotary microtome (Leica Biosystems, Newcastle,
UK), staining with Toluidine Blue O (Sigma-Aldrich, St. Louis, MO, USA), then
photographing them with a camera mounted atop a microscope (Olympus DP71 and
BX51, respectively. Olympus, Hamburg, Germany), as described in Lundgren et al.
(2016).

All species used in this study have two bundle sheath layers, differentiated as
inner and outer bundle sheaths, which create concentric circles around each vein (Fig.
II1.S1). The sheath co-opted for the segregation of Rubisco was identified by a
concentration of chloroplasts producing starch. We also recorded the presence of minor
veins, and measured the following traits on one cross-sectional image per accession, as
described in Christin et al. (2013a), using ImageJ software (Schneider et al. 2012): the
interveinal distance (IVD; the average distance between centers of consecutive veins),
the number of mediolateral mesophyll cells between veins, the average width of all
outer and inner bundle sheath cells within a leaf segment, and the ratio of outer to inner
bundle sheath cell widths (OS:IS). One leaf cross section was used per accession, with
previous work showing the traits we are measuring exhibit little variation within species

or populations (Lundgren et al. 2016).

ii) Comparing gene expression profiles among photosynthetic types
We use RNA-Seq to identify the genes co-opted by the different accessions performing
a C4 cycle, as those encoding C.-related enzymes that reach high abundance in C,4
leaves. Variation in the co-opted loci would support multiple origins of a weak C, cycle,
while a reversal might lead to high expression of C,-related genes in individuals without
a C4 cycle or loss of functions of genes previously used for the C4 cycle.

For RNA-Seq, we sampled the highly photosynthetically active distal halves of

fully expanded new leaves and fresh roots midway into the photoperiod, which were
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subsequently flash frozen. Two different photoperiods (i.e., 10 and 14 hours) were used
to ensure that the identification of the most highly expressed genes did not differ among
light regimes. Data from root libraries were only used in this study for transcriptome
assembly, while all leaf samples were used for both assembly and quantification of
transcript abundances. For a full list of individuals, conditions, and tissues sampled
please see Supplementary Table II1.S3.

Total RNA was extracted, [llumina TruSeq libraries generated, and sequencing
performed using standard laboratory procedures, and transcriptomes were assembled
using available pipelines (see Supplementary Methods 1.2 for a detailed description of
RNA-Seq protocol and assembly statistics). For each assembled contig, the transcript
abundance was calculated as reads per million of mapped reads (rpm). Using a
previously developed phylogenetic annotation pipeline (Christin et al. 2013b, 2015), the
transcript abundance was then calculated for each gene lineage encoding C.-related
enzymes. For each gene family, all sequences descending from a single gene in the
common ancestor of grasses via speciation and/or duplication were considered as the
same gene lineage (i.e., these are grass co-orthologs). These groups include potential
lineage specific paralogs (i.e., also known as inparalogs). When different Alloteropsis
genes were identified within the same group of co-orthologs through detailed
phylogenetic analyses, the abundance of each group was estimated independently. In
Alloteropsis, this is the case only for genes previously shown to have been acquired
laterally from distantly related C, lineages (Christin et al. 2012; see Results). In short,
the reference datasets, composed of Arabidopsis thaliana coding sequences annotated as
encoding C,-related enzymes, and homolog sequences from other completely sequenced
plants including five grasses, were retrieved from Christin et al. (2013b; 2015), or
generated following the same approach for additional Cs-related enzymes identified in
more recent studies (Mallmann et al. 2014; Li et al. 2015; Fig. II1.S2). Contigs with
similar sequences from the transcriptomes generated here were identified using
BLASTn, with a minimal e-value of 0.01, and a minimal matching length of 50bp. Only
the portion of the contig matching the references was considered to remove UTRs,
potential introns, and other very variable segments. Each sequence retrieved this way
was then aligned independently to the reference dataset using Muscle (Edgar 2004), and

a phylogenetic tree was inferred using Phyml (Guindon and Gascuel 2003) with a
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GTR+G+I model, a model that fits the vast majority of genes (e.g., Fisher et al. 2016)
and is appropriate to infer a large number of trees. Phylogenetic trees were
automatically screened, and each contig was assigned to the previously identified gene
lineages in which it was nested. The sum of rpm values of all transcriptome contigs
assigned to the same gene lineage produced transcript abundance per group of grass co-
orthologs or distinct genes within these groups, which were subsequently transformed
into rpm per kilobase (rpkm) values. Rpkm values were then compared among
accessions to identify similarities and differences in the expression of C, photosynthetic

genes.

iii) Gene trees and detection of enzyme adaptation for C, photosynthesis

Phylogenetic trees were inferred for Cs-related genes that were highly abundant in the
leaf transcriptomes of at least two Cs Alloteropsis samples (identified from
transcriptome data; see Results) and their co-orthologs in other C; and C, grasses (see
Supplementary Methods 1.3 for a detailed description of phylogeny construction). The
inferred gene trees were used to verify that Cs-related genes were placed as expected
based on the species tree, as opposed to a position suggesting an acquisition from
distant C, relatives. In addition, the gene tree topologies were used for positive selection
analyses to detect traces of past episodes of enzyme adaptation for the new catalytic
context after the initial emergence of a C. cycle (Fig. III.1; Blasing et al. 2000; Christin
et al. 2007; Besnard et al. 2009; Wang et al. 2009; Heckmann et al. 2013; Mallmann et
al. 2014; Huang et al. 2017). Positive selection on branches leading to each C4 group
would support independent transitions to a full C, cycle via enzyme adaptation, while an
early origin followed by a reversal should result in positive selection in the common
ancestor of all C4 accessions and possibly in the lineages that reversed back to the
previous state.

For each set of genes encoding core C4 enzymes in at least two Alloteropsis
accessions, identified via transcriptome analyses, we optimized several codon models
(site and branch-site models) to test for adaptive evolution using codeml as
implemented in PAML (Yang 2007). The best-fit model was identified among those that
assume (0) no positive selection (M1la null model), and the branch-site models that

assume shifts in selection pressure, either to relaxed selection (model BSA) or to
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positive section (model BSA1), at the base of: (1) Alloteropsis (one round of enzyme
adaptation), (2) both A. cimicina and A. angusta + A. semialata (two rounds of enzyme
adaptation), and (3) A. cimicina, A. angusta, and A. semialata (three independent
episodes of enzyme adaptation). Foreground branches for all models were specified as
the branch leading to the identified node plus all descending branches (i.e., using a '$'
sign as opposed to a '#). Models involving positive selection in only one of the Cs4
lineages were also considered (see Supplementary Methods 1.3 for additional details of
positive selection analysis). For each gene lineage, the best-fit model was identified
based on the corrected Akaike information criterion (AICc), selecting the model with
the lowest AICc after checking that its AAICc score was at least 5.22 units below that of
the M1a null model. An AAICc score = 5.22 corresponds to a p-value threshold of 0.01
for a likelihood ratio test comparing these two models using two degrees of freedom. Cq4
species other than Alloteropsis were removed prior to analysis to avoid an influence of
positive selection in these taxa affecting our conclusion. Analyses were repeated using
only codons with fixed nucleotides within each lineage (i.e., A. angusta, C; A.
semialata, C;+C4 A. semialata, and C, A. semialata), to verify that short terminal
branches with unfixed mutations did not significantly inflate the dN/dS ratio, and
therefore alter our conclusion. Finally, to assess the effect of gene tree topology on our
conclusions, we repeated the positive selection analyses using 100 bootstrap

pseudoreplicate topologies.

iv) Dating the divergence of adaptive loci to identify introgression
To determine whether introgression has spread C. adaptations among species, we
performed molecular dating of markers from across the transcriptomes, including those
used for C4 by at least two Alloteropsis accession and their paralogs. The divergence
times between species estimated from introgressed genes are expected to be younger
than those estimated from other genes (e.g. Smith & Kronforst 2013; Li et al. 2014;
Marcussen et al. 2014; Li et al. 2016), resulting either in outliers (if few genes are
introgressed) or a multimodal distribution of ages (if many genes are introgressed).
Groups of genes descending from a single gene in the common ancestor of
Panicoideae (Panicoideae co-orthologs), the grass subfamily that includes Alloteropsis,

were identified through phylogenetic analyses of our transcriptomes and completely
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sequenced genomes that were publicly available. Our automated pipeline started with
gene families previously inferred for eight plant genomes (homologs: i.e. all the
paralogs and orthologs; Vilella et al. 2009), including two Panicoideae grasses (Setaria
italica and Sorghum bicolor), two non-Panicoideae grasses (Brachypodium distachyon
and Oryza sativa), and four non-grass species (Amborella trichopoda, Arabidopsis
thaliana, Populus trichocarpa, and Selaginella moellendorffii). To ensure accurate
annotation, we restricted the analysis to gene families that included at least one
Arabidopsis thaliana sequence. The coding sequences (CDS) from the above genomes
were then used to identify similar sequences in our transcriptomes using BLASTn with
a minimum alignment length of 500 bp.

Stringent alignment and filtering methods were used to ensure reliable alignments
of the above sequences for each gene family for phylogenetic inference (see
Supplementary Methods 1.4 for full details). In total, 2,797 1:1 Panicoideae co-ortholog
datasets were used for subsequent molecular dating, as implemented in Beast v. 1.5.4
(Drummond and Rambaut 2007). For each dataset, divergence times were estimated
based on 3" codon positions, to decrease the risk of selective pressures biasing the
outputs. A log-normal relaxed clock was used, with a GTR+G+I substitution model, and
a constant coalescent prior. The Sorghum sequence was selected as the outgroup and the
root of the tree was fixed to 31 Ma (using a normal distribution with a standard
deviation of 0.0001), based on estimates from Christin et al. (2014). There is uncertainty
around this date, and the low species sampling used here probably leads to
overestimation of both divergence times and confidence intervals, but the use of
consistent sampling and calibration points among markers allows for the comparison of
relative (rather than absolute) ages, which is the point of these analyses. Each Beast
analysis was run for 2,000,000 generations, sampling a tree every 1,000 generations
after a burn-in period of 1,000,000. For nodes of interest, divergence times were
extracted from the posterior distribution as medians.

Divergence times were also estimated for key genes used for C, photosynthesis in
Alloteropsis (identified based on transcriptomes; see Results), using the same
parameters. To guarantee a consistent species sampling, the taxa included in the
transcriptome-wide analyses were retrieved from manually curated alignments for Cs-

specific genes as well as other groups of orthologs from the same gene families,

-142-



Chapter III: Introgression and repeated co-option facilitated the emergence of C,4

obtained as described above for Cs-specific forms. In addition, plastid genomes for the
same species were retrieved from Lundgren et al. (2015), and reanalysed with the same
parameters. For each of these datasets, the median, 95% CI, and 0.25 and 0.75 quantiles
were extracted from the posterior distribution, using the R package APE (Paradis et al.

2004).

Results

i) Different realizations of Cs leaf anatomy in A. cimicina and A. semialata/A. angusta
Grasses ancestrally possess two concentric rings of bundle sheath cells and either can be
co-opted for C4 photosynthesis (Brown 1975; Lundgren et al. 2014). The closely related
Cs A. cimicina and A. paniculata co-opted the outer bundle sheath for Rubisco
segregation, as evidenced by the proliferation of chloroplasts in this tissue (Fig. II1.S1;
Table II1.S2). In these species, the overall proportion of outer bundle sheath tissue
within the leaf is increased via enlarged outer bundle sheath cells. Indeed, the outer
sheath is 7.8-fold larger than the inner sheath in C4 A. cimicina and A. paniculata,
compared to a 1.2-0.6 fold differences in C4 A. semialata and A. angusta (Table II1.S2).
This contrasts strongly with the anatomy of the C4 A. semialata and A. angusta (Fig.
I11.S1). Both of these species use the inner bundle sheath for Rubisco segregation and
increase the overall proportion of this tissue via the proliferation of minor veins, and
enlargement of the inner sheath cell size (Fig. II1.S1; Table II1.S2).

Staining by Toluidine Blue O indicates some starch production occurs in the inner
bundle sheaths of both the C; and C3+C4 A. semialata (Fig. I11.S1), which implies some
Rubisco activity in these cells, confirming previous reports (Ueno and Sentoku 2006;
Lundgren et al. 2016). The absence of minor veins in the C; and C;+Cy4 A. semialata
results in a larger proportion of mesophyll compared to C4 A. semialata (Table II1.S2;
Fig. II1.S1). In the C; and C3;+C4 A. semialata, the outer bundle sheath is slightly larger
than the inner one (1.2-1.8 fold; Table III.S2), while the C; outgroup species P.
pygmaeum and E. marginata have outer bundle sheaths that are considerably larger than

their small inner sheaths (4.5 and 5.3 fold; Fig. I11.S1; Table II1.S2).
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Figure II1.2: Inferred transitions among C, components.

A schematic phylogenetic tree is presented, based on previous genome-wide analyses (Lundgren et al.
2015; Olofsson et al. 2016). Individual lines represent the transmission of individual genes within the
species complex. For each of the four genes subject to C,-related selection, episodes of positive selection
are indicated by changes to yellow. Other lines track the spread of two genes that were originally
laterally-acquired from distant relatives, and have subsequent been introgressed among Alloteropsis
species. The inferred phenotype is represented by the background colour, in grey for Cs, in yellow for
C3+C,, and in red for C4. The grey hatching indicates uncertainty about the ancestral state. A simplified
version of leaf anatomy is represented, for extant taxa and some hypothetical ancestors (see Fig. I11.S1 for
details of leaf anatomy of extant accessions).

In summary, our comparative studies of leaf anatomy indicate that the C4 A.
cimicina and A. semialata/A. angusta use different tissues for Rubisco segregation and
achieve high bundle sheath proportions via distinct modifications, supporting
independent origins of C, anatomical components in these two groups. Some Rubisco
activity is suggested in the inner sheath of the C; A. semialata, which supports an early
origin migration of chloroplasts to this tissue (Fig. III.2). In addition, a slight
enlargement of the inner sheath, absent in the C; outgroup, is common to all non-Cy4 A.

semialata.
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ii) A. cimicina uses different enzymes and genes for C, biochemistry than A.
semialata/A. angusta

All Alloteropsis C3+Cs and C. accessions have high expression abundance in their
leaves of co-orthologs encoding phosphoenolpyruvate carboxylase (PEPC), the enzyme
used for the initial fixation of atmospheric carbon into organic compounds in C, plants.
However, the gene lineage most highly expressed varies among accessions (Fig. I11.3
and II1.4). The close relationships between some of the genes for PEPC and one for
phosphoenolpyruvate carboxykinase (PCK) isolated from Alloteropsis and those of
distantly-related C4 species was confirmed by our phylogenetic analyses (Fig. IT11.S3 and
I11.S4), supporting the previous conclusion that these genes were acquired by
Alloteropsis via lateral gene transfer (LGT; Christin et al. 2012). Based on the read
abundance, A. cimicina uses ppc-1P3_LGT-M, while A. angusta uses ppc-1P3 (Fig.
I11.4). There is variation within A. semialata, with C3+C,4 and C, accessions using either
a combination of one or several gene lineages (Fig. I11.4).

From the expression profiles (Fig. I11.3), the carbon shuttle of A. cimicina relies
on enzymes and transporters associated with the most common form of C,4
photosynthesis (NADP-malic enzyme type; Gowik et al. 2011; Brautigam et al. 2014;
Mallman et al. 2014). This expression profile differs markedly from that observed in the
Cs A. semialata and A. angusta accessions. These two species mainly use the PCK
decarboxylating enzyme, through the high expression of the same gene (pck-1P1_LGT-
C; Fig. I11.4). There is little evidence in these species for an involvement of the auxiliary
transporters observed in A. cimicina (Fig. 111.3; Table I11.S4), and some of the core
enzymes are not shared by A. cimicina and A. semialata/A. angusta (Fig. IIL.3).
Furthermore, even when the same enzyme family is used, it is not necessarily encoded
by the same locus (e.g., A. cimicina expresses aspat-2P3 and A. semialata/A. angusta
express aspat-3P4; Fig. 111.3).

The transcriptomes of the C3+C4 A. semialata show elevated levels of some of the
genes used by the C, A. semialata, with a slightly higher abundance of those encoding
the NADP-malic enzyme (nadpme-1P4; Fig. II1.3; Table III.S4). In terms of the
expression levels of genes encoding Cs-related enzymes, the transcriptome of the C; A.
semialata is not markedly different from that of the C; outgroup P. pygmaeum (Fig.

I11.3; Table II1.S4).
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Our comparative transcriptomics therefore indicate that A. cimicina uses different
genes and different enzymes for the C, pathway than A. semialata / A. angusta,
suggesting multiple origins of the C4 cycle (Fig. II1.2). The only Cs-related genes used
by some C, Alloteropsis that are abundant in the C; A. semialata (bca-2P3 and tpt-1P1)
are also highly expressed in the C; outgroup and in other distantly related C; taxa (Fig.
I11.3; Kiilahoglu et al. 2014; Ding et al. 2015), indicating that high levels in leaves is not
specific to our group of species. For the Cs-related used by the C, Alloteropsis, but not
abundant in the outgroup, there is no evidence for high expression or pseudogeneization
in the C; A. semialata. Evidence is thus lacking that the C; A. semialata represent a

reversal from an ancestor with a C4 cycle.
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Figure II1.3: Expression of C,-related enzymes in Alloteropsis.

For each gene encoding a C,-related enzyme, the shade indicates the category of transcript abundance,
using averages per group. For raw values, see Table III1.S4. Note that ppc abundance varies among C,
accessions of A. semialata (Fig. I11.4). The enzymes involved in core C, reactions (left column) are
grouped by functional property, gene names are written in italics on the right of the expression values.
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Figure II1.4: Leaf abundance of pck and ppc genes in the different accessions.
The shade indicates the relative expression (in rpkm) in the different accessions. For each accession, the
averages are used. For raw values, see Table II1.S4.
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iii) Independent episodes of Cu-related positive selection in each C, species
The codon models do not support positive selection on any genes involved in Cy4
photosynthesis at the base of Alloteropsis or along the branch leading to the A.
angusta/A. semialata group (Table III.1). In two cases (nadpme-1P4 and ppdk-1P2),
analyses including all Alloteropsis accessions clearly point to changes in selective
pressures specifically in the branch leading to A. cimicina (Table III.1; Fig. I11.S5). No
evidence of positive selection was found for the two other genes analyzed on the three
Alloteropsis species (aspat-2P3 and alaat-1P5; Table II1.1). When testing for selection
only in the A. angusta/A. semialata clade, no positive selection was found on ppdk-1P2,
while positive selection on ppc-1P3 was identified only on the branch leading to A.
angusta (Table II1.2). For the two other genes (nadpme-1P4 and aspat-3P4), the model
that assumes positive selection after the split of the two species was favored (Table
I11.2). A majority of the amino acid sites identified as under positive selection by the
Bayes Empirical Bayes analysis overlapped with those previously identified in other C4
taxa (e.g. site 241 in nadpme-1P4; Fig. I11.5; Christin et al. 2009), or were shared with
other C, species in our phylogenies (e.g. Fig. III.5), supporting their link to C,4
photosynthesis. For aspat-3P4, more amino acid substitutions were fixed in A. angusta
than in A. semialata. This variation among A. semialata C, accessions indicates repeated
bouts of positive selection during the diversification of this species (Fig. III.S6).
Conclusions based on the selection tests were also supported using only codons with
fixed nucleotides within a lineage (i.e., photosynthetic type in A. semialata, and A.
angusta), with the exception of nadpme-1P4 for which no positive selection was
inferred after removing the unfixed codons (Tables S5, S6). Furthermore, gene tree
topology had no effect on our conclusions, since all bootstrap replicates supported the
same model, with the exception of 2% of nadpme-1P4 bootstrap replicates (Tables S7,
S8).

Overall, our positive selection tests point to independent episodes of enzyme
adaptation for the C4 context in each of the C4 groups (Fig. II1.2). None of the models
that included adaptive evolution on branches leading to C; and/or C3+C, A. semialata

were favoured, suggesting a lack of evolutionary loss of a full C, cycle.
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Figure II1.5: Evolution of nadpme-1P4 genes in Alloteropsis and other Panicoideae.

This phylogenetic tree was inferred on 3™ positions of codons of nadpme-1P4 genes of Panicoideae.
Bootstrap values are indicated near branches. Names of C, accessions are in bold. Amino acid at positions
under positive selection are indicated on the right, with those associated with C4 accessions in gray.
Positions are indicated on the top, based on Sorghum gene Sb03g003220.1. Amino acid positions with a
posterior probability >0.90 of being under positive selection are indicated on the right, asterisks indicate
positions with a posterior probability >0.95.
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Table III.1: Results of positive selection analyses inferring the episodes of enzymatic adaptation in

Alloteropsis’.
Site One origin Two origins Three origins  Only A. cimicina
Number of model

Gene sequences Mla BSA BSA1 BSA BSAl1 BSA BSA1 BSA BSA1
aspat-2P3 14 0.00* 4.02 4.02 4.02 4.02 394 4.02 4.00 4.00
nadpme-1P4 15 35.07 30.44 27.26 26.34 24.28 19.52 13.31 3.34  0.00%*
ppdk-1P2 15 29.45 32.00 26.35 3231 27.17 26.37 23.37 3.55  0.00*
alaat-1P5 14 0.00* 174 174 203 203 0.69 0.69 4.02 4.02

! The AAICc values compared to the best fit model for that gene are shown. The most appropriate model
is indicated with an asterisk, with the null model (M1a) only rejected if the AAICc was at least 5.22
(equivalent to a p-value of 0.01 with a likelihood ratio test with df = 2). Two branch-site models were
used to test for a relaxation of purifying selection (BSA), and potential positive selection (BSA1).

Table III.2: Results of positive selection analyses inferring the episodes of enzymatic adaption in the
A. angusta/A. semialata clade’.

Site One origin Two origins Only A. angusta
Number of model
Gene sequences Mla BSA BSA1l BSA  BSAl BSA BSA1l
aspat-3P4 13 12.33 10.20 6.70 6.37 0.00%* 5.45 5.29
nadpme-1P4 14 10.19 14.19 9.66 13.52  0.00%* 14.18 14.18
ppc-1P3 9 72.43 66.62 66.58 11.70 9.85 5.66 0.00*
ppdk-1P2 14 0.00%* 4,01 4,01 4.01 4,01 3.91 3.91

! The AAICc values compared to the best fit model for that gene are shown. The most appropriate model
is indicated with an asterisk, with the null model (M1a) only rejected if the AAICc was at least 5.22
(equivalent to a p-value of 0.01, with a likelihood ratio test with df = 2). Two branch-site models were
used to test for a relaxation of purifying selection (BSA), and potential positive selection (BSA1).

iv) Genes for PEPC and PCK were spread across species boundaries

The 2,797 groups of orthologs extracted from genomes and transcriptomes led to a wide
range of estimated divergence times, with 95% of the medians falling between 6.51 and
17.92 Ma for the crown of Alloteropsis, and between 4.17 and 11.27 Ma for the split of
A. semialata and A. angusta (Fig. 111.6). The peak of values (i.e., 50% of the points)
ranged between 9.38 and 13.07 Ma for the crown of Alloteropsis and 5.93 and 8.18 Ma
for the split of A. semialata and A. angusta (Fig. I11.6). Finally, 95% of the markers
estimated the crown of A. semialata between 1.88 and 7.77 Ma, with a peak between
3.12 and 5.07 Ma (Fig. I11.6). Note that monophyly of the groups was not enforced, and
various combinations of A. semialata accessions were included across markers,

contributing to the observed variation.
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Most of the Cs-related genes, as well as the plastomes, provided age estimates
ranging from 5.54 to 10.32 Ma for the split of A. semialata and A. angusta, which
matches the distribution of estimates from the transcriptome-wide data (Fig. II1.6A),
and indicates their transmission followed the species tree. The only exception is the
gene pck-1P1_LGT-C, for which the last common ancestor of A. semialata and A.
angusta was estimated at 2.77 Ma (Fig. I11.6A), which is smaller than all but four of the
2,797 estimates from the transcriptome-wide markers. While the confidence intervals of
the estimate for this gene do overlap with those of almost all other markers, this
estimate matches more closely the diversification of A. semialata accessions (Fig.
II1.6A).

The different markers selected for detailed analyses similarly yielded estimates
for the crown of Alloteropsis matching those obtained from transcriptome-wide data,
between 9.38 and 16.46 Ma (Fig. I11.6B). The only exception is the gene ppc-1P3_LGT-
M, for which the last common ancestor of A. cimicina and A. semialata is estimated at
3.25 Ma (Fig. II1.6B), which is smaller than all estimates based on markers extracted
from the transcriptomes. The 95% CI of the divergence estimate based on this gene does
not overlap with many of those based on other markers, and again matches closely with
the diversification of A. semialata accessions (Fig. II1.6B).

Overall, our dating analyses support an introgression of these two genes among
Alloteropsis species after their divergence, whilst the other genes were transmitted

following the species tree (Fig. I11.2).
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Figure II1.6: Estimates of divergence times.

On the top, divergence times are shown for selected nuclear genes and plastomes for A) the split of A.
angusta and A. semialata and B) the crown of Alloteropsis. For each marker, the median of the estimates
is indicated by a square, with thick bars connecting the 25 and 75 percentiles and thin bars connect the 2.5
and 97.5 percentiles. The distribution of medians for the crown of A. semialata (left), the split of A.
angusta and A. semialata (middle), and the crown of Alloteropsis (right) over 2,797 markers extracted
from the transcriptomes is shown at the bottom. The scale is given in million years ago (Ma).

Discussion

Two independent transitions from Cs to Cy

The earliest split in Alloteropsis separates the lineage containing A. cimicina from A.
angusta and A. semialata (Fig. I11.2). These two lineages co-opted different tissues for
the segregation of Rubisco activity and achieved a large proportion of bundle sheath
tissue via different modifications (Fig. II1.S1). The evidence therefore strongly supports
two independent origins of C4 anatomical properties, which is generally accepted as the
first step during the Cs to C, transition (Fig. III.1; Sage et al. 2012; Heckmann et al.
2013). Gene expression analyses show that the two clades use different enzymes for
parts of the C4 cycle, express different genes encoding the same enzyme family when
there is an overlap (Fig. I11.3), and positive selection analyses show that the enzymes
were independently adapted for their C4 function (Table III.1). We therefore conclude

that the different transitions to C, biochemistry occurred independently after the split of
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these two lineages (Fig. II1.2). The only exception to the distinctiveness of A. cimicina
and the two other C, species is the gene ppc-1P3_LGT-M, used by both A. cimicina and
some C4 A. semialata accessions (Fig. I11.4). This gene is absent from other accessions
(Olofsson et al. 2016) and, as such, we previously concluded that it was acquired early
during the diversification of the group and then recurrently lost (Christin et al. 2012).
This hypothesis is falsified by our dating analyses here, which show that this gene was
only recently transferred among species boundaries, likely as a result of a rare

hybridization event (Fig. I11.6).

One independent Cs to C, transition includes two separate Cs+C, to C, shifts

The C, phenotype is realized in A. angusta and A. semialata via identical anatomical
modifications, using the same enzymes, and the same genes encode these enzymes.
Chloroplasts are present in the inner sheaths of all A. semialata and A. angusta
accessions, independent of their photosynthetic type, which suggests that this
characteristic represents the ancestral condition for the clade (Fig. I11.2). The C, cycle is
realized using the same set of genes in A. angusta and A. semialata, which can be
explained by convergent evolution (e.g., as indicated for other C,4 grasses; Christin et al.
2013b) or a single origin of a weak C4 cycle (C;+C,), followed by a reversal to
expression levels that resemble the ancestral condition in the C; accessions (Fig. II1.2).
Differentiating these two scenarios would require retracing the origin of the mutations
responsible for the increased expression of C4 enzymes to identify where they occurred
on the phylogeny. Unfortunately, the molecular mechanisms controlling Cs gene
expression are poorly known, and can involve both cis- and trans-acting elements
(Gowik et al. 2004; Brown et al. 2011; Williams et al. 2016).

The positive selection analyses indicate that enzyme adaptation happened
independently in A. angusta and A. semialata (Table II1.2). Together with the variation
observed within the C; A. semialata (Fig. 111.4, II1.S6), this evidence strongly suggests
that the biochemical adaptation allowing the transition to a full C4 cycle happened
recently, and independently in the two species (Fig. II1.2). The dramatic increase in the
proportion of the inner bundle sheath tissue via the proliferation of minor veins is
limited to the C; A. semialata and A. angusta (Fig. I11.S1). The genetic control of these

features is unknown, preventing a comparison of the causal mutations. However, the
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distribution of anatomical characters among grasses indicates that the vast majority of
Cs4 lineages that co-opted the inner bundle sheath increased its proportion via the
addition of minor veins (Renvoize 1987; Christin et al. 2013a).

With the current state of knowledge, we hypothesize that the common ancestor of
A. semialata and A. angusta had chloroplasts in the inner bundle sheath, and that this
facilitated the emergence of a weak C4 cycle via the upregulation of some enzymes.
Following their split, A. angusta strengthened its C, anatomy via the proliferation of
minor veins, and enzyme adaptations led to a strong C4 cycle (Fig. I11.2). In the A.
semialata lineage, some isolated populations acquired mutations that added minor veins
and adapted the enzymes, leading to a C4 cycle. Other populations, potentially under
pressures linked to the colonization of colder environments (Lundgren et al. 2015),
might have lost the weak C, cycle by down-regulating the genes (Fig. I11.2). However,
the details of the changes leading to C; photosynthesis in some A. semialata will need to
be confirmed by comparative genomics, when mutations regulating expression of Cs4

enzymes and anatomy are identified.

Introgression of C, components among species

Our dating analyses suggest that the gene pck-1P1_LGT-C that encodes the
decarboxylating enzyme PCK was introgressed among some members of A. semialata
and A. angusta (Fig. II1.2 and II1.6). The C4 cycle carried out before this event was
likely based on NADP-malic enzyme, an enzyme still abundant in the C3;+C,; A.
semialata and some C, accessions (Fig. I11.4; Frean et al. 1983). The acquisition of pck-
1P1_LGT-C, a gene already adapted for the C, context, probably added a PCK shuttle,
which alters the stoichiometry of the pathway and the spatial distribution of its energy
requirements, increasing its efficiency under some conditions (Bellasio and Griffiths
2014; Wang et al. 2014). This important component of the C4 cycles of extant A.
semialata and A. angusta populations first evolved its Cs-specific properties in the
distantly-related Cenchrus (Fig. II1.S3; Christin et al. 2012), and therefore never
evolved within Alloteropsis. Instead, it represents the spread of a component of a
complex physiology across multiple species boundaries. Therefore, in addition to the

possibility that the sequential steps generating a complex physiology can happen on
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different branches of a species phylogeny (Fig. III1.2), introgression among close

relatives can disconnect the origins of key components from the species tree.

On the inference of transitions among character states

Inferences of transitions among character states are a key component of numerous
macro-evolutionary studies (e.g. Cantalapiedra et al. 2017; Cooney et al. 2017).
However, species trees per se are not always able to disentangle the complex scenarios
underlying the appearance or losses of multi-component adaptations, especially when
complex phenotypes are modeled as different states of a single character (e.g. Goldberg
and Igic 2008; Pardo-Diaz et al. 2012; Niemiller et al. 2013; Igic and Busch 2013; King
and Lee 2015). In the case of photosynthetic transitions within Alloteropsis depicted
here, considering the photosynthetic type as a binary character would lead to a single C,4
origin as the most plausible scenario (Ibrahim et al. 2009), and modeling photosynthetic
types based on their category of C4 cycle does not improve the inference (Washburn et
al. 2015). For traits assumed to evolve via sequential stages, the accepted sequence of
changes can be incorporated in the model (e.g. Marazzi et al. 2012). However, the
power of character modeling remains inherently limited by the small number of
informative characters. Decomposing the phenotype into its components can solve this
problem, especially when the underlying genetic determinism is considered (Oliver et
al. 2012; Niemiller et al. 2013; Glover et al. 2015; Meier et al. 2017), and good
mechanistic models exist for the evolution of DNA sequences (Liberles et al. 2013).
Violation of model assumptions can still mislead the conclusions, but the multiplication
of sources of information, coupled with the possibility to track the history of specific
genes independently of the species tree, limits the risks of systematic errors. We
therefore suggest that efforts to reconstruct the transitions leading to important traits
should integrate as many underlying components as possible. As progresses in genome
biology increase data availability and improve our understanding of causal mutations,
modeling phenotypes as the results of cumulative changes in genomes will be able to

solve the problems raised by the paucity of informative characters.
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Conclusions

In this study, we dissect the genetic and anatomical components of C4 photosynthesis in
Alloteropsis, a genus of grasses with multiple photosynthetic types. Our comparative
efforts strongly support at least two independent origins of C4 photosynthesis within this
genus. The C, phenotype within these separate origins is realized via divergent
anatomical modifications, the upregulation of distinct sets of genes, and independent
enzyme adaptations. One of these lineages includes a range of photosynthetic types, and
based on our analyses, we suggest that some C, components in this group evolved in the
shared common ancestor, while others were acquired independently after the lineages
diverged. The history of photosynthetic transitions within Alloteropsis is furthermore
complicated by the introgression of C. genes across species boundaries. This
disconnects the spread of Cs components from the species tree, and means that the
number of origins varies among the different components of the complex Cj trait. This
scenario is unlikely to have been inferred from traditional macroevolutionary
approaches based on species trees alone. We suggest that integrating genomic data and
phenotypic details in future studies of character transitions might resolve similarly
complicated scenarios in other groups, enabling a better understanding of the

trajectories followed during the evolution of novel adaptations.
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Chapter III: Supplementary Information

Supplementary Methods

1.1 Plant growth conditions

Alloteropsis semialata, A. angusta, and Panicum pygmaeum plants were grown from
seeds or propagated vegetatively from cuttings collected in the field. All individuals
were maintained in controlled environment chambers (Conviron BDR16; Manitoba,
Canada) set to 60% relative humidity, 500 pmol m™ s photosynthetic photon flux
density (PPFD), and 25/20°C day/night temperatures with 14h of light at the University
of Sheffield. Plants were grown in John Innes No. 2 potting compost (John Innes
Manufacturers Association, Reading, England), maintained under well-watered
conditions, and fertilised every two weeks (Scotts Evergreen Lawn Food; The Scotts
Company, Surrey, England). After a minimum of 30 days in the above conditions,
samples were taken for RNA-Seq and leaf anatomy. For RNA-Seq, certain individuals
were then were resampled after 30 days under a 10-hour photoperiod (Table I1.S3). Leaf
samples from A. cimicina were collected from two individual plants grown under

ambient glasshouse conditions at Brown University.

1.2 RNA-Seq protocol

Total RNA was extracted from A. semialata, A. angusta, and P. pygmaeum samples
using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), following the
manufacturer’s protocol. An on-column DNA digestion step was performed using the
RNase-Free Dnase Set (Qiagen, Hilden, Germany). Total RNA was eluted in RNAse-
free water with 20 U/pL of SUPERase-IN RNase Inhibitor (Life Technologies,
Carlsbad, CA). RNA quality and concentration were determined using the RNA 6000
Nano kit with an Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto,
California). Extractions used for library preparation contained at least 0.5 pg of total
RNA, with an RNA integrity number (RIN) greater than 6.5. Each sample was prepared
individually using the TruSeq RNA Library Preparation Kit v2 (Illumina, San Diego,
CA), following the manufacturer’s protocol with an eight-minute fragmentation step.
Indexed libraries were paired-end sequenced by the Sheffield Diagnostic Genetics

Service on an Illumina HiSeq 2500 platform for 100 cycles in rapid mode, with 24
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libraries pooled per lane of the flow cell. The two A. cimicina leaf samples were
sequenced as described in Christin et al. (2015).

The RNA-seq data were filtered and assembled using the Agalma pipeline
v.0.5.0 with default parameters (Dunn et al. 2013). In brief, this pipeline removes the
reads that are low quality (Q <30), adaptor contaminated, or correspond to rRNA, prior
to constructing de novo assemblies using Trinity (version trinityrnaseq_r20140413p1;
Grabherr et al. 2011). One assembly was generated per genotype, using all reads
available for each accession (Table I1.S3). All raw RNA-Seq data have been deposited
in the NCBI Sequence Read Archive (project identifier SRP072730, Table I1.S3), and
transcriptome assemblies are deposited in the NCBI Transcriptome Shotgun Assembly
repository (Bioproject PRINA310121). To generate transcript abundances, the paired-
end reads from each library were mapped back onto their respective reference
transcriptome assembly using bowtie2 v.2.0.5 (Langmead and Salzberg 2012).

In total, 38 individually sequenced RINA-Seq libraries from 14 different
accessions/species generated over 300 million 100 bp paired-end reads. This represents
66.44 Gb of data, with a mean of 1.75 Gb per library (SD = 1.56 Gb; Table I1.S3). Over
80% of the data were kept after removing low-quality reads and ribosomal RNA
sequences (Table II.S3). One transcriptome was assembled per genotype, pooling all the
reads obtained for each genotype (mean per genotype = 3.87 Gb, SD = 1.76 Gb). The 14
assembled transcriptomes were all of comparable quality, with a mean of 44,578 trinity
'unigenes' (i.e. putative loci in the transcriptome assembly; SD = 6,905), 65,725 contigs

(SD = 12,282), and a 1,543 bp N50 (SD = 167 bp).

1.3 Positive selection analysis

For each gene lineage, additional sequences were retrieved from complete published
genomes for Panicoideae, the NCBI non-redundant nucleotide database, and other
published transcriptomes (Brdutigam et al. 2014). The pck-1P1 gene is expressed at
extremely low levels in the C4 A. semialata and A. angusta (see Results), and was
therefore not assembled as part of the transcriptomes. As an alternative, we used coding
sequences previously generated by Sanger sequencing when available (Christin et al.
2012), or manually assembled PCK coding regions from low coverage genome

sequencing data (Olofsson et al. 2016). Each set of genes was aligned as codons using
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ClustalW (Thompson et al. 2002), and the resulting alignments were manually refined,
including truncating the 5' or 3' ends to remove poorly aligned segments. A phylogenetic
tree was inferred on 3" positions of codons, using PhyML, with the GTR+G+I model
and 100 bootstrap pseudoreplicates. The gene tree topologies were used for subsequent
selection analyses, after removing sequences belonging to C. species other than
Alloteropsis to avoid an influence of positive selection in these taxa affecting our
conclusion. C; species outside Alloteropsis were however kept for positive selection
analyses.

For genes not involved in the C4 cycle of A. cimicina, we repeated the positive
selection analyses to distinguish between a single (common ancestor of A. angusta and
A. semialata) and two episodes of adaptive evolution (A. angusta and C4 A. semialata
separately) within the A. angusta/A.semialata clade. This was also preformed with the
hypothesis of positive selection acting only in A. angusta. In addition, we also
performed these tests on the genes for which selection was detected on the branch
leading to A. cimicina, after excluding A. cimicina sequences, to evaluate the possibility

that selection operated on different sites in the different lineages.

1.4 Alignment and filtering

Stringent alignment and filtering methods were used to ensure reliable alignments of
each gene family for phylogenetic inference. First, sequences within each gene family
were translated and aligned as proteins with four different assemblers (maaft, muscle,
kalign, t-coffee) using m-coffee (Wallace et al. 2006) as part of the t-coffee package
v.11.0 (Notredame et al. 2000). Consensus alignments from the four different methods
were then trimmed so that only amino acids aligned in the same position by all of the
assemblers were retained. Alignments were further parsed using the tcs residue filter
(Chang et al. 2014), only retaining the highest confidence residues. The trimmed protein
alignments were reverse-translated into nucleotide alignments using the original
sequences, and further filtered using gblocks v.0.91 (parameters: -t=c -b2=b1 -b5=h;
Castresana 2000). Finally, sequences shorter than 100 bp were removed, and maximum
likelihood trees were inferred with PhyML. Putative groups of Panicoideae co-orthologs
were identified as monophyletic groups that contained only sequences from Panicoideae

species. The alignment process was repeated for each of these groups of putative co-
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orthologs, starting again from the initial untrimmed sequences, producing high quality
alignments for each individual group. Subsequent analyses were restricted to groups
containing at least one sequence of each Alloteropsis species and Sorghum (used as the
outgroup), and phylogenetic trees were again inferred with PhyML. Datasets where at
least one of the six Panicoideae species (Sorghum, Setaria, P. pygmaeum, A. cimicina,
A. angusta, and A. semialata), the Alloteropsis genus, or the semialata/angusta clade
was not monophyletic in the maximum likelihood tree were discarded to remove genes
that were duplicated after the divergence from the outgroup or poorly informative
datasets. Of the 4,969 datasets originally screened, 1,042 were discarded because at
least one of Sorghum, Setaria, P. pygmaeum, or the Alloteropsis genus was not
monophyletic. These include potential cases of paralogy problems, sequencing or
assembly errors, and poor phylogenetic resolution in the deep nodes of the trees. A
further 1,130 datasets were discarded because one of the Alloteropsis species or the A.
semialata/A. angusta clade was not monophyletic. This category includes potential
Alloteropsis-specific duplicates and datasets lacking resolution among these closely-
related taxa. While it cannot be excluded that some of these incongruences reflect true
biological phenomena, the remaining 2,797 datasets (56% of the original ones)
represent reliable markers for dating analyses. Finally, we removed species-specific
duplicates, or transcript variants, by only retaining the longest sequence for each

accession when several sequences from that accession formed a monophyletic clade.
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Figure II1.S1: Comparisons of leaf anatomy in Alloteropsis and relatives.

Leaf cross-sections are shown for each group. The red bar at the bottom represents 0.5
mm. Black arrows indicate mesophyll cells (M), red arrows inner sheath (IS) cells and
orange arrows outer sheath (OS) cells. The species and photosynthetic type are

indicated on the right.
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Figure II1.S2: Phylogenetic trees for genes encoding three C,-related enzymes.

These maximum likelihood trees show the relationships among genes used to
circumscribe grass co-orthologs for the phylogenetic annotation of contigs. The trees are
shown for three families changed compared to Christin et al. (2013, 2015); A) NAD-
malate dehydrogenase (nadmdh-4), B) phosphoenolpyruvate-phosphate translocator
(ppt)/triosephosphate-phosphate  translocator  (tpt)/glucose-6-phosphate/phosphate
translocator (gpt), C) Sodium bile acid symporter (sbas). For each tree, grass co-
orthologs are delimited on the right, with names following the approach of Christin et

al. (2015). Bootstrap values are indicated near branches.
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Figure II1.S3: Phylogeny of pck-1P1 genes in Panicoideae.
This phylogenetic tree was inferred on 3rd positions of codons. Bootstrap values are
indicated near branches. Branches leading to genes that have been co-opted for Cs4

photosynthesis are in green, following Christin et al. (2012). Tribes are delimited on the
right. The laterally acquired pck-1P1-C gene is indicated.
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Figure II1.S4: Evolution of ppc-1P3 genes in Alloteropsis and other Panicoideae.

This phylogenetic tree was inferred on 3rd positions of codons of ppc-1P3 genes of
Panicoideae. Bootstrap values are indicated near branches. Names of C, accessions are
in bold. Gray branches were pruned before selection tests. Positive selection was

detected on the thick branch. Groups of Alloteropsis genes are delimited on the right.
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Figure II1.S5: Evolution of ppdk-1P2 genes in Alloteropsis and other Panicoideae.

This phylogenetic tree was inferred on 3rd positions of codons of ppdk-1P2 genes of
Panicoideae. Bootstrap values are indicated near branches. Names of C, accessions are
in bold. Gray branches were pruned before selection tests. Positive selection was
detected on the thick branch. Amino acid positions with a posterior probability >0.90 of
being under positive selection are indicated on the right, asterisks indicate positions
with a posterior probability >0.95, with those associated with C, accessions in gray.

Positions are indicated on the top, based on Sorghum gene Sb09g019930.1.
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Figure II1.S6: Evolution of aspat-3P4 genes in Alloteropsis and other Panicoideae.

This phylogenetic tree was inferred on 3rd positions of codons of aspat-3P4 genes of
Panicoideae. Bootstrap values are indicated near branches. Names of C, accessions are
in bold. Gray branches were pruned before selection tests. Positive selection was
detected on thick branches. Amino acid positions with a posterior probability >0.90 of
being under positive selection are indicated on the right, asterisks indicate positions
with a posterior probability >0.95, with those associated with C, accessions in gray.
Positions are indicated on the top, based on Sorghum gene Sb03g035220.1. Asterisks

indicate positions with a posterior probability >0.9.
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Table II1.S1: Alloteropsis semialata accessions used in this study”.

Sample
ID name Country Latitude Longitude Type §%C
RSA5 KWT3 South Africa -32.70 27.53 G -26.3
TAN2 Lo1 Tanzania -5.63 32.69 C;+Cs -26.3
TAN1 L04 Tanzania -8.51 35.17 Gs+Cy  -23.1
TAN4 LO02 Tanzania -9.04 32.48 C, -11.4
BUR1 BF3 Burkina Faso 10.85 -4.83 Cq4 -11.3
MAD1  Maj Madagascar -15.67 46.37 C, -11.8
RSA3 MDB8 South Africa -25.76 29.47 C4 -12.7
RSA4 SFD3 South Africa -28.39 29.04 Cq4 -12.7
AUS1 Aus2 Australia -19.62 146.96 C.4 -12.1
TPE1 TW10 Taiwan 24.47 120.72 C,? -11.8

! Collection localities and photosynthetic type with the diagnostic physiology data come from Lundgren
et al. (2016). Stable isotope data from Lundgren et al. (2015). “Inferred from stable isotope data, adjusted
for anthropogenic CO> sources per Lundgren et al. (2016).
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Table II1.S4. Transcript abundance (in rpkm) for each C;-related gene and sample.

http://onlinelibrary.wiley.com/store/10.1111/evo.13250/asset/supinfo/evo13250-sup-0002-tableS4.xls?
v=1&s=9a2546d2bcceec96af525c83e4c11c081a1375d3

Table II1.S2: Leaf anatomical data for the study species and accessions’.

C, minor IVD OS.width IS.width

Species/Accession Pathway sheath veins® (pm) nb.M (pm) (pm)  OS:IS

Entolasia marginata® GCs na absent 255.5 7.5 24.9 4.7 5.3
Panicum pygmaeum?® GCs na absent 219.9 7.0 27.9 6.2 4.5
Alloteropsis semialata, RSA5 C; na absent 186.2 7.4 12.2 6.8 1.8
Alloteropsis semialata, TAN2 C;+C,  inner  absent 167.4 4.4 12.4 10.1 1.2
Alloteropsis semialata, TAN1 C;+C,  inner  absent 159.8 5.4 11.8 9.4 1.3
Alloteropsis semialata, TAN4 C, inner  present 127.8 2.7 9.7 14.0 0.7
Alloteropsis semialata, AUS1 C, inner  present 79.1 1.8 10.4 12.0 0.9
Alloteropsis semialata, BUR1 C, inner  present 77.9 1.3 11.3 10.6 1.1
Alloteropsis semialata, MAD1 C, inner  present 92.9 1.8 9.7 13.3 0.7
Alloteropsis semialata, RSA3 C, inner  present 86.0 1.8 9.6 11.7 0.8
Alloteropsis semialata, RSA4 C, inner  present 97.2 1.8 8.4 13.3 0.6
Alloteropsis semialata, TPE1  C,4 inner  present 84.5 1.2 8.7 7.2 1.2
Alloteropsis angusta Cs inner  present 83.4 1.0 9.5 9.8 1
Alloteropsis cimicina® Cs outer  absent 292.3 34 46.7 6.0 7.8
Alloteropsis paniculata® Cs outer  absent 198.0 2.7 43.9 5.6 7.8

! Column headings and abbreviations: C4 sheath, bundle sheath used for CO, reduction; IVD, interveinal distance; nb.M,
number of mediolateral mesophyll cells separating vein units; OS.width, the width of the outer bundle sheath cells;
IS.width, the width of the inner bundle sheath cells; OS:IS is the ratio of outer to inner bundle sheath cell size. > Minor
veins are considered 4™ and 5" order veins here, while the midrib, secondary and tertiary vein orders are excluded from
this category. ® Data taken from Christin et al. 2013.
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Table III.S3: RNA-Seq data, NCBI SRA accession numbers, and growth conditions.

Genotype Species SRA Tissue Photoperiod = Raw PE Clean PE reads No. Trinity contigs
ACIM A. cimicina  SRR3994072 Leaf Glasshouse 36087907 27351333 51195
SRR3994073 Leaf Glasshouse 28714973 4854902
ANG33 A. angusta SRR3994075 Leaf 14hr 7334658 6612013 72468
ANG48 A. angusta SRR3994077 Leaf 14hr 7498597 6826154 71835
AUS1 A. semialata SRR3321311 Leaf 10hr 5308967 4675722 54197
SRR3322358 Leaf 14hr 11184717 9624467
SRR3322714 Root 14hr 3950267 3613034
BUR1 A. semialata SRR3322990 Leaf 10hr 11153698 9575675 75444
SRR3322973 Leaf 14hr 16859344 14948845
SRR3323003 Root 14hr 2223260 3042111
RSAS5 A. semialata SRR3323066 Leaf 10hr 5500526 2402701 63273
SRR3323049 Leaf 14hr 13458893 12135442
SRR3323067 Root 14hr 3107385 2915544
TAN2 A. semialata SRR3323068 Leaf 10hr 17997033 16131010 74639
SRR3323088 Leaf 14hr 5423680 4804035
SRR3323114 Root 14hr 4282037 4018356
TAN4 A. semialata SRR3323124 Leaf 14hr 3218981 3218981 58125
SRR3323125 Root 14hr 4689624 4689624
TAN1 A. semialata SRR3323127 Leaf 10hr 25015574 22153077 74400
SRR3323128 Root 10hr 11154350 9983220
SRR3323129 Root 14hr 3137368 2928130
MAD1 A. semialata SRR3323131 Leaf 10hr 1338699 1146407 75444
SRR3323132 Leaf 14hr 2546427 2190484
SRR3323133 Root 14hr 10980770 9826198
SRR3323134 Root 10hr 3460229 3201082
RSA3 A. semialata SRR3323186 Leaf 10hr 5001282 2021239 74023
SRR3323137 Leaf 14hr 11922494 10671710
SRR3323187 Root 14hr 3950750 4185063
PPYG P. pygmaeum SRR3330791 Leaf 14hr 4093890 3793221 72117
SRR3323220 Leaf 14hr 8925603 8087404
SRR3330803 Root 14hr 4106624 3482683
SRR3330803 Root 14hr 2026469 1752009
RSA4 A. semialata SRR3323240 Leaf 10hr 4467544 3470414 87362
SRR3323220 Leaf 14hr 16357704 14849292
SRR3323241 Root 14hr 3248828 4614268
TPE1 A. semialata SRR3323242 Leaf 10hr 12422286 6546514 57350
SRR3323243 Leaf 14hr 7457117 10995742
SRR3323244 Root 14hr 2604885 3699333
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Table II1.S5: Results of positive selection analyses inferring the episodes of enzymatic
adaptation in Alloteropsis' using only codons with fixed nucleotides for each photosynthetic
type within A. semialata and A. angusta.

. Three Only A.
Number Site o igin T . . . . .S

Number of codons  model ne origin Two origins origins cimicina
Gene sequences removed Mla BSA BSA1 BSA BSA1 BSA BSA1 BSA BSAl
aspat-2P3 7 23 0.00* 4.05 4.05 4.05 4.05 354 354 4.05 4.05
nadpme-1P4 8 29 25.14 6.13 443 6.13 443 11.68 9.83 3.77 0.00%
ppdk-1P2 8 48 26.34 1149 891 1149 891 09.67 4.73 4.27 0.00*
alaat-1P5 7 33 0.00* 4.03 4.03 4.04 4.04 361 361 404 4.04

! The AAICc values compared to the best fit model for that gene are shown. The most appropriate model is indicated
with an asterisk, with the null model (M1a) only rejected if the AAICc was at least 5.22 (equivalent to a p-value of 0.01
with a likelihood ratio test with df = 2). Two branch-site models were used to test for a relaxation of purifying selection
(BSA), and potential positive selection (BSA1).

Table IT1.S6: Results of positive selection analyses inferring the episodes of enzymatic
adaptation in the A. angusta/A. semialata clade' using only codons with fixed nucleotides for
each photosynthetic type within A. semialata and A. angusta.

Number Site One origin Two origins Only A. angusta
Number of codons model
Gene sequences removed Mla BSA BSA1 BSA BSA1 BSA BSAl
aspat-3P4 7 13 8.62 12.67 12.67 0.00*% 0.00* 0.00* 0.00%
nadpme-1P4 7 29 0.00* 4.04 4.04 3.47 1.19 3.71 3.71
ppc-1P3 6 70 65.71 23.63 2233 9.50 5.83 6.17 0.00*
ppdk-1P2 7 48 0.00*  4.02 4.02 3.38 3.38 3.20 3.20

! The AAICc values compared to the best fit model for that gene are shown. The most appropriate model is indicated
with an asterisk, with the null model (M1a) only rejected if the AAICc 5.22 (equivalent to a p-value of 0.01 with a
likelihood ratio test with df = 2). Two branch-site models were used to test for a relaxation of purifying selection (BSA),
and potential positive selection (BSA1).

Table IT1.S7: Effect of gene tree topology on the conclusions of the positive selection analyses
in Alloteropsis’.

Only A.
Site model One origin Two origins Three origins cimicina
Gene Mila BSA BSA1 BSA BSA1 BSA BSA1 BSA BSAl
aspat-2P3 100 0 0 0 0 0 0 0 0
nadpme-1P4 0 0 0 0 0 0 0 0 100
ppdk-1P2 0 0 0 0 0 0 0 0 100
alaat-1P5 100 0 0 0 0 0 0 0 0

! The number of topologies favouring each modelled, out of 100 bootstrap pseudoreplicates, is indicated.
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Table II1.S8: Assessing the effect of gene tree topology on the conclusions of the positive
selection analyses within A. semialata and A. angusta'.

Site model One origin Two origins Only A. cimicina
Gene Mila BSA BSA1 BSA BSAl1 BSA BSA1
aspat-3P4 0 0 0 0 100 0 0
nadpme-1P4 2 0 0 0 98 0 0
ppc-1P3 0 0 0 0 0 0 100
ppdk-1P2 100 0 0 0 0 0 0

! The number of topologies favouring each modelled, out of 100 bootstrap pseudoreplicates, is indicated.
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Abstract

Grasses are among the most ecologically and economically groups of plants, and their
phylogenetic relationships have been extensively investigated to understand their
evolutionary history and its impact on ecological, genomic and functional
diversification. Historically, these efforts relied heavily on markers from the plastid
genomes, which were recently expanded to whole plastomes and some genome-wide
analyses of nuclear genes. These revealed numerous discrepancies among markers, but
their causes were never formally investigated. In this study, we infer the phylogenetic
relationships panicoid grasses from thousands of nuclear genes. Different approaches
are used to infer a species tree from individual genes, and to explicitly test for
incomplete lineage sorting and hybridization events. Our analyses reveal discrepancies
among genes regarding relationships among members of the Paniceae subtribe, which
are partially explained by incomplete lineage sorting due to rapid diversification.
However, hybridization events are also supported, and these involve in several cases
species representing presumably independent origins of C, photosynthesis. We conclude
that hybridization has punctuated the history of Paniceae, on top of important lineage
sorting. Because the inferred events involved distant species, we hypothesize that they
might have contributed to the lateral spread of this trait boosting productivity in tropical

conditions.

Keywords: Hybridization, phylogenetic = networks, grasses, species tree,

transcriptomics.
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Introduction

The grass family (Poaceae) includes more than 11,000 species, which are spread around
the world (Soreng et al. 2017). They occur in most habitats, ranging from the tropical
rainforests, to the warm deserts and subarctic tundras. This ecological diversity has been
made possible by the acquisition of various physiological attributes, including cold or
desiccation tolerance, and the capacity to regrow after grazing or fire disturbance
(Fernandez & Reynolds et al. 2000; Sandve et al. 2011; Scheiter et al. 2012). One key
adaptation underlying the success of many grasses of tropical and subtropical regions is
C4 photosynthesis. This combination of anatomical and biochemical novelties boosts
productivity in high-light, warm conditions (Atkinson et al. 2016). It evolved more than
60 times independently in flowering plants, and at least 22 times just in grasses (Sage et
al. 2011; GPWGII 2012). C, grasses are extremely successful in tropical regions, where
they dominate all open habitats, and together account for one quarter of terrestrial
primary production (Still et al. 2003).

Over the years, many efforts have been put in establishing the phylogenetic
relationships among grasses (GPWG 2001; Bouchenak-Khelladi et al. 2008; GPWG
2012; Bouchenak-Khelladi et al. 2014; Kellogg 2015; Soreng et al. 2015, 2017). The
grass family has been subdivided into 13 subfamilies, but most species belongs to one
of the two sister clades referred to as BEP and PACMAD clades (GPWG 2001;
GPWGII 2012; Soreng et al. 2017). While they are of similar size, with ca. 5000 species
each, the BEP clade contains only C3 species, and all 22-24 C, lineages are found in the
PACMAD clade, alongside many C3 taxa (GPWGII 2012). Of the six PACMAD
subfamilies, the Panicoideae contains the highest diversity of photosynthetic types, with
18 C4 lineages separated by C3 species in the phylogeny and several C3-C4
intermediates (GPWGII 2012; Christin et al. 2013). This group has consequently been
the focus of repeated phylogenetic investigations, which resulted in important
taxonomic changes (Aliscioni et al. 2001, 2003; Duvall et al. 2003; Giussani et al. 2003;
Sanchez-Ken et al. 2010; Morroe et al. 2012; Burke et al. 2016). Historically,
phylogenetic relationships were primarily investigated using few selected markers from
the plastid genomes, approaches that were recently expanded to complete chloroplast
genomes (Besnard et al. 2014). With some exceptions (e.g. Vicentini et al. 2008), the

species tree was not evaluated with nuclear markers, which were only used to infer the
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evolution of specific genes (e.g. Mathews et al. 1999; Christin et al. 2007, 2009).
Discrepancies between individual nuclear markers and plastid genomes appeared
(Christin et al. 2009), but these were difficult to interpret with only few nuclear
markers. More recently, high-throughput sequencing enabled inferences based on
numerous markers, which provided nuclear trees that recovered the main families and
tribes, but presented differences with the plastid analyses (Moreno-Villena et al. 2018;
Washburn et al. 2017). The causes of these discrepancies have however never been
statistically evaluated.

Differences among markers might be due to a lack of information, phylogenetic
errors due to systematic biases (e.g. Christin et al. 2012), or other processes such as
incomplete lineage sorting (Maddison et al. 2006). These are particularly frequent in the
case of rapid diversification (Koblmiiller et al. 2010; Rannala & Yang 2008) .
Alternatively, discrepancies among markers can arise from reticulate evolution,
including hybridization, allopolyploidization, and lateral gene transfers (Walker et al.
2017; Maddison et al. 2006). All of these have been reported for specific groups of
grasses (e.g. Manson-Gamer 2004, 2010; Marcussen et al. 2014), including panicoid
grasses (Christin et al. 2012; Estep et al. 2014; Dunning et al. 2017), but their
contribution to large-scale phylogenetic problems remains unaddressed. The advent of
high-throughput sequencing enabled inferring phylogenetic trees based on genome-wide
datasets, although such studies generally still looked for a single dichotomous species
trees (Uddin et al. 2003; Leache et al. 2014). Other approaches however assume
reticulate evolution, producing trees where multiple ancestral groups can contribute to
the same descendant, and provide explicit tests for historical reticulate evolution (Huson
et al. 2010; Genner & Turner 2012). To our knowledge, these methods have never been
applied to panicoid grasses.

In this study, we combine a number of approaches to infer the phylogenetic
relationships among Panicoideae from thousands of nuclear markers. Using different
approaches, we (i) test for incongruence between nuclear and plastid genomes and
among individual nuclear markers. By expanding the traditional species tree into a set of
alternative topologies, we then explicitly test for (ii) incomplete lineage sorting in the
whole or subgroups of Panicoideae, and (iii) reticulate evolution across the subfamily.

Our investigations shed new light on the phylogenetic history of Panicoideae, which is
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used to discuss the influence of non-dichotomous trees on the spread of adaptive traits,

such as C4 photosynthesis.

Methods

Species sampling and identification of one-to-one orthologs

The species sampling focused on the Panicoideae subfamily of grasses. Coding
Sequences (CDS) were retrieved from three publicly available grass genomes (Zea
mays, Sorghum bicolor, and Setaria italica), while CDS for another 13 grass species
were retrieved from published transcriptomes from Moreno-Villena et al. (2018). This
resulted in one representative of the outlaying Panicoideae (Chasmanthium, which
served as outgroup), two Andropogoneae, three Paspaleae, and ten Paniceae (Table

IV.1).

Table IV.1. List of Panicoideae species used in this study.

Species Abbreviation  Subtribe Tribe

Setaria italica* Sitalica Cenchrinae Paniceae
Setaria barbata SBAR Cenchrinae Paniceae
Panicum queenslandicum PQUE Panicinae Paniceae
Digitaria ciliaris DCIL Anthephorinae Paniceae
Sacciolepis striata SSTR Sacciolepis clade Paniceae
Homopholis proluta HPRO Homopholis clade  Paniceae
Alloteropsis semialata ASEM Boivinellinae Paniceae
Panicum pygmaeum PPYG Boivinellinae Paniceae
Echinochloa stagnina ESTA Boivinellinae Paniceae
Lasiacis sorghoidea LSOR Boivinellinae Paniceae
Sorghum bicolor* Sbicolor Sorghinae Andropogoneae
Zea mays* Zmays Tripsacinae Andropogoneae
Paspalum fimbriatum PFIM Paspalinae Paspaleae
Hymenachne amplixecaulis ~HAMP Otachyriinae Paspaleae
Steinchisma ssp OSSP Otachyriinae Paspaleae
Chasmanthium latifolium CLAT - Chasmanthieae

* coding sequences extracted from complete genome.

Prior to any phylogenetic analysis, orthology was established among the CDS
from the 16 species. The coding sequences were first translated into proteins and
clustered into groups of homologs via reciprocal blast searches as implemented in
OrthoFinder v1.0.7 (Emms & Kelly 2015). The protein sequences of each group of
homologs were then aligned using MAFFT v7.130b (Katoh & Standley 2016), and the

-179-



Chapter IV: Evidence for ancient and recurrent reticulate evolution in Panicoideae

alignments were then translated back into nucleotides. Gene trees were then generated
using FastTree v2.1.8 (Price et al. 2010), with parameters suggested by the OrthoFinder
authors (Emms & Kelly 2015). One sequence was kept per monophyletic group of
sequences belonging to the same species, to remove alleles, splice variants, and
duplicates specific to that species. One-to-one orthologs were then identified from the
trees as monophyletic groups including each species once only, keeping groups of
orthologs including sequences from all 16 taxa for downstream analyses. For each
group of one-to-one orthologs, a new nucleotide alignment was obtained using the more
stringent method described by Dunning et al. (2017). In short, nucleotide sequences
were translated into proteins and aligned with different programs, retaining only
residues that were consistently aligned with high confidence. The sequences were then
translated back to nucleotides. The resulting alignments were finally trimmed with
Gblocks v.0.91 (parameters: -t=c -b2=b1 -b5=h; Castresana, 2000), and alignments
longer than 100bp after trimming were used in further analyses. Our approach therefore
produced high-quality alignments for a large number of one-to-one orthologs for

Panicoideae.

Different approaches to generate the species trees

Four different methods were used to produce a species tree based on all groups of one-
to-one orthologs assuming that the individual gene trees follow a common topology.
These methods present different ways of summarizing multiple genetic markers, either
by combining the alignments before the phylogenetic inference (first apporach) or by

summarizing trees inferred individually for each marker (other three methods).

First, groups of one-to-one orthologs were concatenated into a single alignment,
and invariant sites and gaps were removed. The concatenated alignment was then used
to infer a maximum likelihood phylogenetic using PhyML (Guindon and Gascuel 2003)
under the GTR+G +I substitution model, which was the best-fit substitution model, as

determined through hierarchical likelihood ratio tests.

Second, individual gene trees were obtained using Bayesian inference, and the
consensus of the individual topologies was subsequently obtained, summarizing the

gene tree topologies rather than concatenating the markers. For each orthologs,
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phylogenetic analyses were performed using MrBayes 3.2.2 (Ronquist and Huelsenbeck
2003) with a GTR+G+I model. Three independent analyses, each composed of three
chains, were run per gene for 1,000,000 generations, sampling a tree every 200
generations after a burn-in period of 200,000. Convergence of runs was monitored and
analyses were deemed successful when the standard deviation of split frequencies
dropped below 0.05 before the end of the burn-in period. Genes were discarded if the
analyses failed to converge during the burn-in period. A consensus tree was then
obtained for each marker using all sampled trees. These trees were rooted and
summarized into a single consensus multigene topology using the R package phangorn
v2.2.0 (Schliep, 2011) implemented in R v3.4.1 (R Core Team, 2017).

Third, the individual consensus trees per gene were combined in a DensiTree, as
implemented in the R package phangorn v2.2.0 (Schliep, 2011). This was first
performed with a randomly selected subset of 510 gene trees, which is the maximum
number of trees that can be plotted at once, and then repeated using only those
topologies for genes with alignments scores above 92% pairwise identity and length
above 1,500bp

Fourth, a topological species tree was inferred using the concordance factors
(CF) among gene trees. The CFs were estimated using Bayesian concordance analyses
(Ane et al, 2007), which consider the frequency of each of the three possible clades
(quartets) of four-taxa sets among all trees sampled post burn-in during the Bayesian
tree searches. For each set of four taxa, the CF was calculated using BUCKy 1.4.4
(Larget et al, 2010), with one million post burn-in generations and alpha=1 assuming
that gene trees are independent (default parameters in the TICR Tree Incongruence
Checking in R pipleine.; Stenz et al, 2015). The quartets with the highest CF were then
extracted and used by Quartet MaxCut (Snir & Rao, 2012) to generate an amalgamated
species tree. Tree sampled during the Bayesian analyses of the different orthologs were

all used to infer support of the topology.

Test for reticulate evolution
Because incomplete lineage sorting (ILS) can generate discordance among gene trees,
we used the TICR method (Stenz et al, 2015) to test for significant deviation from the

equal frequency of minor quartets expected under a pure ILS model, independently for
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each four-taxa set. An excess of four-taxa sets with an over-representation of one of the
minor quartets will reject ILS as the sole explanation for discordance among gene trees.
This approach is conceptually similar to the ABBA-BABA test (Green et al. 2010;
Durand et al. 2011).

Since the tree with ILS was rejected (see Results) and because reticulate
evolution can generate strong discrepancies among individual gene trees, we
specifically tested for hybridization events during the history of Panicoideae. This was
done using SNaQ (Solis-Lemus & Ane 2016) as implemented in Julia v.0.6.0 (Bezanson
et al. 2017) in the package PhyloNetworks v0.6.0 (Solis-Lemus et al. 2017). This
program estimates unrooted networks with a maximum pseudo-likelihood approach
using the multi-species coalescent model from multi-locus data. The networks created
by SNaQ include estimates of inheritance probabilities (y), which is the proportion of
genes that were contributed by each parental lineage during a hybridization event.
Branch lengths are given in the networks in coalescent units, which reflect population
sizes, ploidy levels and/or generation times in addition to divergence times. A Table
IV.of quartet CFs and their estimation errors was produced by BUCKy and used in
SnaQ. The best-fit network for each number of possible hybridization events was found
using a heuristic approach and a maximum pseudolikelihood criterion. The topology
corresponding to the Quartet MaxCut analysis was used as the starting topology for
estimates assuming zero hybridizations (hmax=0). The best fit network of ten SnaQ
independent runs was then used as the starting topology for the next ten SNaQ runs with
hmax+1, until five hybridization events. The optimal number of hybridization events
was obtained as the maximal value still improving fit improvements. Best-fit networks
were plotted using Dendroscope v3.5.9 (Huson & Celine, 2012). To estimate confidence
intervals, the analyses were repeated 100 times using quartet CF values randomly
sampled from their respective confidence intervals, starting with the best-fit network at
optimal Hmax-1 as the starting topology in the 80% of the bootstrap analyses and
Hmax-2 in the other 20%. The major tree representing the signal of the highest number
of genes was obtained by removing minor hybrid edges with y<0.5, and its support
values were calculated. All minor branches were subsequently summarized and the

times each species appears as a descendent of a hybridization events was counted.
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Results

One-to-one orthologs and species trees

A total of 2,866 groups of Panicoideae one-to-one orthologs were represented by all 16
species. The total alignment was 3.6 Mbp long after trimming, with an average pairwise
identity across the alignment of 91.2% (SD = 2.4). The average length of alignments for
individual genes was 1,239.6 bp (SD = 662.2). After removing invariants and sites with
gaps, the concatenated alignment was 636 Kbp long.

All nodes in the maximum likelihood tree inferred from the concatenated
alignment were highly supported (Fig. IV.1), and the relationships were congruent with
those inferred with a different set of nuclear markers (Moreno-Villena et al. 2018).
However, discrepancies were observed with Paniceae between the new tree and
previously inferred relationships based on plastid markers (Fig. IV.1; GPWG II).
Specifically, for the placement of Digitaria ciliaris, Homopholis proluta, Echinochloa
stagnina, and Panicum pygmaeum differed.

The phylogenetic tree summarizing individual gene trees is poorly resolved (Fig.
IV.2a). While the monophyly of the three tribes within Panicoideae is supported by the
consensus of the individual gene trees, the relationships within Paniceae were largely
unresolved, with a large polytomy. The only exception in the congeners S. italica/s.
barbata, which form a highly supported monophyletic group (Fig. IV.2b). The observed
patterns were confirmed by juxtaposing the individual topologies with DensiTree (Fig.
IV.3; Fig. IV.S1). Again, the three tribes were recovered, but numerous topologies exist
within Paniceae, with alternative sister groups existing for most terminal taxa (Fig.
IV.3). The phylogenetic tree obtained from the most frequent quartets show lack of
support across gene trees for nodes within Paniceae, again with the exception of the two

congeners S. barbata/S. italica (Fig. IV.2a).
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Setaria italica

Setaria barbata

100 Panicum queenslandicum
Digitaria ciliaria

Sacciolepis striata

100 Homopholis proluta Paniceae

Alloteropsis semialata

100 Panicum pygmaeum

100' Echinochloa stagnina
100 Lasiacis sorghoidea
100 Sorghum bicolor
—|— Andropogoneae
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Figure IV.1. Maximum likelihood tree of Panicoideae based on concatenated nuclear markers.
This tree was constructed with PhyML under a GTR+I+G model on the concatenated nucleotide

sequences of 2,866 one-to-one orthologs. Bootstrap support values are indicated near branches, and tribes
are delimited on the root.
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Figure IV.2. Panicoideae trees summarizing individual gene trees.

A) Consensus of individual gene trees. B) Quartet MaxCut tree based on the most frequent quartets for
each four-set taxon across gene trees. For both trees, support values indicate the number of genes
supporting the grouping among 2,866 nuclear genes.
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Figure IV.3. Overlap of topologies for individual nuclear markers using DensiTree.
The figure presents the juxtaposition of 510 randomly selected gene trees.

Together, these results indicate that the concatenated alignment results in high support
values for most branches, but individual gene trees vary tremendously within Paniceae,
so that methods summarizing gene trees result in large polytomies for this group. This
could stem from low phylogenetic information in these individual markers, incomplete

lineage sorting, patterns of reticulate evolution, or a combination of those.
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Tests for Hybridizations

The TICR test identified more four-taxon sets with one minor quartet over-represented
than expected under a pure ILS model (p-value < 0.0001; 30 outliers with p-value
<0.01; 88 outliers with p-value <0.05). The species most frequently found among these
outliers were Digitaria ciliaris, Panicum quenslandicum, Sacciolepis striata, and
Lasiascis sorghoidea, followed by Alloteropsis semialata, Homopholis proluta,
Panicum pygmaeum, and Echinochloa stagnina (Table IV.2). The rest of the species
were included in a lower number of outliers, partially due to chance and/or other minor

topological shifts.

Table IV.2. Number of outlier from the TICR test in which a species is included.

outliers DCIL PQUE SSTR LSOR ASEM HPRO PPIG ESTA Sitalica SBAR CLAT HAMP OSSP PFIM Sbicolor Zmays

P<0.01 21 18 9 11 17 5 5 3 6 5 4 4 4 4 2 2
P<0.05 66 50 54 47 37 32 29 26 21 19 16 16 16 15 14 14

To infer putative hybridization events, we used SNaQ (Solis-Lemus & Ane
2016), which estimates species networks based on a multi-species coalescence model.
The slope heuristic technique resulted in an optimal network with three hybridizations
(hmax=3, -loglik 460.002; Fig. IV.4). The best network with this number of
hybridization events retrieved the major grass tribes within Panicoideae (Fig. 1V.4).
Within Paniceae, a first clade was composed of three taxa traditionally placed within the
Boivinellinae subtribe (P. pygmaeum, L. sorghoideae, and E. stagnina) that appear as
the descendant of a hybridization between a relative of the ancestor of A. semialata and
a lineage sister to all sampled Paniceae (Fig. IV.4). The same reticulation event could be
interpreted as the lineage leading to A. semialata being produced by reticulate evolution
between the ancestor of the Boivinellinae and the ancestor of the other taxa within
Paniceae (Fig. IV.4), since directionality in networks is uncertain. The second
hybridization event suggests contribution from a group sister to the two Setaria and
another group sister to Setaria and Panicum to the lineage leading to D. ciliaris and S.
striata (Fig. IV.4; Fig. IV.S2). The alternative topologies for these two putative
hybridization events are often found in the replicates based on different quartet CFs
(Fig. IV.4). A third, less supported putatived hybridization event involves gene flow
from a relative of the common ancestor of Lasiacis plus P. pygmaeum into the ancestor

of Echinochloa placed as sister to Lasiacis (Fig. IV.4).
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Figure IV.4. Evidence of ancient hybridization events.
A) The values of the pseudo-likelihood are indicated for different numbers of hybridization events. B) For
the best-fit model, which includes three hybridization events, the inferred network is indicated. For each
reticulation event, the percentage of the pseudoreplicates retrieving the donor branch is indicated is
indicated near its base. The fraction of genes contributed by each parent is indicated along the branch.

Discussion

Extensive incomplete lineage sorting

— Paspalum fimbriatum

To our knowledge, we present here the first study attempting to infer a species tree from

multiple nuclear genes treated as separate markers for the subfamily Panicoideae, an

ecologically important group of grasses spread across the tropics and subtropics, which

contains multiple crops of economical importance. As previously reported (Moreno-

Villena et al. 2018; Washburn et al. 2017), the relationships among taxa are strongly

supported when concatenating the different nuclear markers (Fig. IV.1). However, the

relationships differ from previous phylogenies inferred from plastid markers (e.g.

GPWGII 2012) or individual nuclear markers (e.g. Christin et al. 2007, 2009a, 2009b,

2012). The juxtaposition of individual gene trees reveals strong variation in the

branching order within Paniceae (Fig. [V.3), a pattern also seen in the lack of support of
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phylogenetic trees summarizing individual gene topologies (Fig. IV.2). This could
reflect a lack of resolution in the phylogenetic trees based on single genes, in which
short branches and politomies are frequently found between Paniceae taxa. This pattern
can also be partially explained by incomplete lineage sorting. Both would be
exacerbated by the shortness of the branches near the base of Panicoideae observed on
plastid markers (GPWGII 2012), which suggest a rapid early diversification of the
group. Concatenating nuclear markers, as performed in Fig. IV.1 and previous studies
(Moreno-Villena et al. 2018; Washburn et al. 2017) would solve this issue, as longer
alignments would increase phylogenetic informativeness and the joint analyses of
multiple markers would decrease problems linked to incomplete lineage sorting.
However, the concatenation approach fails to acknowledge the possibility that reticulate
evolution events can create strong discrepancies among gene trees, independently of
incomplete lineage sorting (Pardo-Diaz et al. 2012; Cui et al. 2013; Dupuis & Sperling
2015). Furthermore, some polymorphisms can have an unbalanced weight over the final

tree, introducing phylogenetic bias (Christin et al. 2012b; Shen et al. 2017).

Evidence of reticulate evolution among Paniceae
While incomplete lineage sorting very likely contributes to the discrepancies among
topologies, assuming reticulate evolution significantly improves the explanatory power
of the model (Fig. IV.4). We therefore conclude that several events of reticulate
evolution happened during the evolutionary history of Paniceae. However, the limited
species sampling considered here prevents a precise identification of the timing of such
events, as well as the exact lineages that were involved. In addition, the inferred
networks represent a simplified model that summarizes very complex datasets, and it is
possible that multiple events involving small amount of gene flow would be better
summarized in the network as fewer events involving larger amounts of gene transfer.
We consequently discuss the exact nature of the hybridization events with care, but the
data clearly shows that some groups possess genes with different phylogenetic position.
The group receiving the highest support for a putative hybridization event
involves Sacciolepis, Panicum, and Digitaria. The optimal network suggests that the
common ancestor of Digitaria and Sacciolepis received genes from a lineage sister to

Panicum plus Setaria and one sister to Setaria. While this scenario is probably an
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oversimplification, there is evidence in the literature for reticulate evolution involving
these taxa. Indeed, plastid markers always support Panicum as sister to the Melinidinae
(not sampled here) and Cenchrinae (represented here by Setaria) subtribes, while
Digitaria consistently assumes a more basal position (GPWGII 2012; Washburn et al.
2015; Soreng et al. 2017). It was however noted that the position of Digitaria changed
when nuclear markers were considered (Christin et al. 2009 Plant Physiol; Vicentini et
al. 2008), and phylogenetic analyses using individual nuclear genes resulted in different
placements of Panicum and/or Digitaria with respect to Cenchrinae/Melinidinae (e.g.
Christin et al. 2007, 2009a, 2009b, 2012; Moreno-Villena et al. 2018). This problem
bears consequences for our understanding of C, evolution. Indeed, Digitaria represents
an isolated C, group in the plastid lineage, while Panicum is part of the same C4 group
as Setaria. These observations led to the widespread consideration that they represent
two distinct C4 lineages (Sage et al. 2011; GPWGII 2012). However, phylogenetic
analyses of some Cs-specific genes positioned Panicum away of Setaria, while others
placed Digitaria next to Setaria (e.g. Christin et al. 2007, 2009a, 2009b, 2012; Moreno-
Villena et al. 2018). It is therefore possible that ancient reticulate evolution moved some
of the C4 genes contributing to the spread of this complex trait, similar to what have
been shown within the grass genera Alloteropsis (Dunning et al. 2017) and Neurachne
(Christin et al. 2012) and the sedge Eleocharis (Besnard et al. 2009).

The other inferred hybridization events involve Alloteropsis and Echinochloa,
two C, species of the subtribe Boivinellinae. While the support for the group was strong
on plastid markers, nuclear markers produced varying phylogenetic relationships (Fig.
IV.2; Christin et al. 2012). While the exact order of events is unknown, our analyses
bring further support to the idea that recurrent reticulate evolution moved genes among
Paniceae lineages during the evolutionary history of this group. However, the
mechanisms responsible for these events cannot be known with confidence. One
possibility is recurrent allopolyploidization events, a phenomenon that is frequent in
plants, and also has been reported for several groups of Panicoideae (Estep et al. 2014).
However, the chromosome number is conserved among Paniceae, and there is no
evidence of ancient polyploidization within this group of grasses. We therefore suggest
that exceptional hybridization and occasional lateral gene transfers, as reported for

Alloteropsis (Christin et al. 2012), underlie the observed patterns of extensive reticulate
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evolution. Associated with extensive incomplete lineage sorting, these explain

discrepancies among nuclear markers and between nuclear and plastid genomes.

Conclusions

The Panicoideae subfamily of grasses contains ecologically and economically important
species, as well as the highest concentrations of C, origins across flowering plants. It
has consequently been the subject of numerous and ongoing phylogenetic
investigations. While previous evidence suggested discrepancies among different
markers within the Paniceae tribe, formal tests of incomplete lineage sorting and
reticulate evolution were lacking. Here, we present the first multi-gene phylogenetic
tests of these processes for the subfamily. Using different approaches, we show
important variation across nuclear genes in the inferred phylogenetic relationships for
Paniceae. We show that these can largely be explained by incomplete lineage, which
probably results from a rapid diversification at the base of the group. However,
assuming reticulate evolution on top of this incomplete lineage sorting significantly
improves the fit of the model, and we conclude that hybridization events have
punctuated the history of the group. While the limited number of species included in our
analyses hampers an exact identification of the timing and direction of these events,
they involve several taxa previously thought as belonging to independent C, lineages. If
the hybridization events involved movements of Cs-related genes, as suggested for
individual markers, they could have contributed to the multiplicity of C4 lineages in this
group of grasses. This highlights the importance of reticulate evolution for the adaptive

diversification of organisms.
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General discussion

This thesis presents the history of genes, focusing on changes in coding sequences and
expression patterns, underlying the evolutionary adaptation of grasses, with a special
focus on the emergence of C, plants from C; ancestors. My approach extended on
analyses based on species trees only, and instead investigated evolutionary trajectories
of C4 biochemistry after decomposing the pathway into its constituent enzymes and
their transcriptional modifications studied at different evolutionary time scales. This was
accomplished via high-throughput sequencing coupled with phylogenomic tools, which
allowed investigation of transcriptome-wide sequences and expression information.

Comparing transcriptomes from several C, origins across the grass family and
their C; relatives allowed me to infer the ancestral transcriptional states and test their
effects on gene co-option (Chapter I). This first systematic test of the factors dictating
C4 gene co-option showed that the most highly expressed genes were preferentially co-
opted for a C, function, independent of their tissue specificity. My work also showed
that massive changes in both expression patterns and coding sequences happened post
co-option, including several levels of gene upregulation and an unprecedented degree of
parallel adaptive amino acid substitutions across multiple genes (Chapter I).

The work presented in Chapter I sheds new light on the factors that dictate gene
co-option for C, photosynthesis, and therefore some of the properties that might
increase C4 evolvability in some clades. However, comparisons among distantly related
Cs and C, plants revealed abundant differences, which are not necessarily representative
of the changes that allowed photosynthetic transitions. Indeed, these differences might
also include changes that happened after the phenotypic transitions or those that were
not directly linked to the phenotypic state. To circumvent this problem, I decided to
compare the transcriptomes of individuals representing multiple photosynthetic types,
but belonging to the same species (Chapter II). This first intraspecific Ci/Cq4
transcriptome comparison showed that C, enzymes have been sequentially co-opted,
and that the initial transition to new photosynthetic types involved changes in very few
genes. Evidence of variation among C, populations suggests that the high level of
specialization associated with most C, plants evolves after the initial photosynthetic

transitions (Chapter II).
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Because reconstructing past transitions can be complicated when relying solely
on species trees, we decided to use analyses of individual genes to reconstruct the order
of phenotypic changes within the genus Alloteropsis (Chapter III). This work combined
anatomical data provided and analysed by Dr Marjorie Lundgren, with transcriptome
data co-analysed with Dr Luke Dunning. Through comparative analyses of expression
levels and selective pressures on coding sequences, we were able to reveal multiple Cq4
origins that recurrently used some Cs-like components present in their common ancestor
(Chapter III). In addition, we showed that some adaptive loci had been transferred
across species, leading to the lateral spread of C. adaptations, and disconnecting the
number of origins of the C4 phenotype and those of the underlying genes (Chapter III).

My transcriptome comparisons, presented in Chapters I, II, and III, showed
notable levels of up-regulation in Cs-related genes of C, taxa, together with a down-
regulation of photorespiratory genes. Unexpectedly, phylogenetic analyses also
repeatedly showed topological discordance among gene trees. Therefore, I decided to
use the generated sequence data to specifically test for reticulate evolution during the
history of Panicoid grasses, the group of grasses with the highest number of C4 origins
(Chapter 1V). Using different methods, I obtained evidence of incomplete lineage
sorting, but also evidence of reticulate evolution during the diversification of the group.
Because some of the hybridization events involved C4 groups, I suggest that reticulate
evolution might have globally played a role in the origins of C, plants (Chapter IV).

Overall, the results obtained in this thesis offer new insights into the
evolutionary trajectories that led to C, origins, and provide some insight into the
molecular origins of complex biochemical traits and the genetic mechanisms driving
evolutionary innovations. In the following sections, I will discuss these points, going

beyond what is discussed for each individual chapter.

Evolutionary trajectories to C, Photosynthesis

From a biochemical pathway point of view, the evolution of C4 photosynthesis involves
the co-option of multiple genes, which existed in non-C, ancestors, but were responsible
for different, non-photosynthetic functions (Monson 2003; Aubry et al. 2011). The
genomic factors enabling Cs evolution have been recurrently discussed, with a special

focus on the importance of gene duplication and neo-functionalization (Sage 2001;
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Monson 2003). The accumulation of gene and genome data show that the origins of Cs-
specific enzymes were not consistently directly preceded by gene duplications, and the
number of C,-related genes does not differ between C, and non-C, genomes (Christin et
al. 2007, 2009; Besnard et al. 2009; Wang et al. 2009; Gowik et al. 2011 ; Williams et
al. 2013). However, Cs-related enzymes are encoded by multigene families, with
multiple lineages generated via multiple rounds of gene and/or genome duplications
during the history of plants (De Bodt et al. 2005; Cui et al. 2006; Jiao et al. 2014). It is
possible that the accumulation of a reservoir of duplicated genes eased the subsequent
evolution of C, photosynthesis (Sage 2004). First, duplicates might generate genetic
redundancy, enabling later neofunctionalization even among distant duplicates. Second,
the multiple gene lineages evolve independently, accumulating distinct expression
properties and catalytic characteristics of the encoded enzymes (Chapter I). Having
multiple duplicates might therefore increase the chance of some of them reaching a state
that is favourable to a function in Cs photosynthesis. However, the nature of a
favourable state remains speculative. Comparative analyses have shown that some gene
lineages were co-opted more often than others, suggesting that these genes were better
suited for the C, function, without knowing which aspect made them better suited
(Christin et al. 2010, 2013, 2015). It has been noted that the genes most highly
expressed in some C; species were the ones generally co-opted when a few C, species
were considered (Christin et al. 2013; Emms et al. 2016). Using a wide sample of
multiple C,4 origins and their C; relatives, I showed that the genes that are most abundant
in the leaves of non-C, ancestors were preferentially co-opted for C, photosynthesis,
independently of their tissue specificity (Chapter I). Other properties might also help to
determine which genes are co-opted, including the catalytic properties of the encoded
enzyme, but these remain unknown. However, the fact that the most highly expressed
genes are preferentially co-opted sheds new light into the early origins of the C, cycle.
We can propose that some genes reach high leaf transcription abundance for a variety of
reasons unrelated to C, photosynthesis, including selection for other functions or
chance. Once the Csrelated genes are abundant in the leaves of non-C, plants that
possess anatomical traits compatible with a C, pathway (Christin et al. 2013; Lundgren
et al. 2014), a weak, rudimentary C4 cycle might emerge through relatively few changes

(Chapter II). The emergence of such a rudimentary C,4 cycle is extremely important in
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evolutionary terms, because it changes the adaptive landscape, making any mutation
increasing the strength of the C, cycle highly advantageous. Indeed, models suggest that
once a C4 cycle exists, any increase in its strength will translate into strong fitness
advantages (Heckmann et al. 2013). Therefore, once a tipping point is reached where
enough C,-related enzymes are present to sustain a weak C4 pathway, plants might be on
an inevitable evolutionary highway to a full C, state. This might be helped by the fact
that C, genes are upregulated to rebalance nitrogen in Cs;-C, intermediates (Mallmann et
al. 2014) or when CO. levels are low (Li et al. 2014), which both represent accepted
preconditions to C4 evolution (Sage 2001).

Once sufficient Cs-related enzymes are present in the leaves, a weak C. cycle
might emerge through the upregulation of a few key genes, as shown in Alloteropsis
semialata (Chapter II). Of course, additional modifications to leaf properties might be
required, including modifications in the cells or organelles. However, plants with a
weak C, cycle ('Cs+Cs plants'; Chapters II and IIT) have similar photorespiration activity
and leaf anatomy to their close Cs relatives (Morgan & Brown1979; Morgan et al. 1980;
Brown et al. 1983; McKown and Dengler 2007; Lundgren et al. 2016). Moreover, the
transition from a C;+C, state to a full C, state was also shown to require the
upregulation of very few genes in A. semialata (Chapter II). As before, additional
changes to leaf anatomy might be required, but the transition from a C;+C4 to a C,4 state
might still represent a relatively small step. However, the C4 A. semialata plants studied
lack most of the transporters and regulators classically associated with the Cs type
(Chapter II), and exhibit only partial C, traits, such as an incomplete segregation of
photosynthetic reactions among mesophyll and bundle sheath cells (Ueno and Sentoku
2006). We propose that most properties observed in traditional C4 systems emerge later,
once plants are already in a C, state. Indeed, some Cs-related genes were associated with
only some populations of A. semialata, suggesting that these emerged after the initial
evolution of a C4 type (Chapters II and III).

Because gene expression patterns enabling C4 evolution exist in some groups
(Chapter I) and because different photosynthetic stages can then be reached via few
genetic changes (Chapter II), the evolution of C4 photosynthesis might be relatively easy
for some plants. Coupled with anatomical enablers characterizing some phylogenetic

lineages (Christin et al. 2013), the findings of this thesis help to explain the impressive
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number of origins of this seemingly complex trait. Indeed, if most of the changes
associated with the C, pathway occur once the plants are already Ca, the initial
transitions might be easy, at least for groups possessing the required preconditions. And
we have shown that a set of predispositions, such as higher gene expression, can be
recurrently co-opted to evolve C, by multiple descendants (Chapter III), a phenomenon
also suggested for other groups (Christin et al. 2011). This would contribute to the
observed bursts of C4 origins in some lineages, which would be further exacerbated by

the lateral spread of Cs-adaptive loci (Chapter III).

Revisiting the C, adaptive landscape

The evolution of C. photosynthesis has been recently discussed in the context of
adaptive landscapes. Indeed, Heckmann et al. (2013, 2015) modelled the fitness
landscape connecting Cs and C, states. They suggest that C4 photosynthesis is accessible
through a series of successive physiological intermediates, along a steep hill where each
mutation increases fitness. Using a different approach, Williams et al (2013) compared
the phenotypes of tens of species representing different types of Cs-C, intermediates to
conclude that the evolution of C4 photosynthesis can follow a number of different and
flexible evolutionary trajectories, which are determined by the traits present in the
ancestor. They also conclude that this flexibility of trajectories likely facilitated the
repeated evolution of C, photosynthesis (Williams et al. 2014).

These visions can be revisited and reconciled based on the results obtained in my
work. First, we do suggest that the initial changes that enable the subsequent transitions
to C4 happened in a flat adaptive landscape. Indeed, the high transcript abundance that
then facilitates gene co-option (Chapter I) likely evolved for a variety of reasons, none
of which may be related to the C, trait, since it would not yet exist. However, once a
tipping point is reached, a weak C, cycle might emerge. This event, while negligible in
physiological terms, would dramatically alter the adaptive landscape. Indeed, adaptive
landscapes are not fixed, but are condition dependant. Putting ecological variation aside,
we can assume that these events happened in an environment that promoted
photorespiration. In this condition, once a weak C,; cycle exists, any mutation that
improves its strength will be selected, and plants will be moved toward adaptive peaks

corresponding to the C, state, following the model of Heckmann et al. (2013). However,
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because the adaptive landscape changes once a weak C4 cycle emerges, it will depend
on the ancestral condition, as suggested by Williams et al. (2013). Since ancestral gene
abundance dictates gene co-option (Chapter I), the trajectory will depend on the
ancestral transcriptome composition, and some Cs subtypes might never evolve in
groups where the corresponding genes are not ancestrally expressed. In addition, each
step will have successfully affected the subsequent adaptive landscape, effectively
leading to a number of possible trajectories that reflect evolutionary constraints and

opportunities.

Genomic factors promoting functional diversification

Adaptive changes represent responses to selective pressures that increase the frequency
of existing or novel mutations. By definition, novel adaptations requiring multiple
changes must therefore evolve in a stepwise manner, where individual mutations are
either neutral and fixed by chance or slightly beneficial. The genomic material at
disposition will therefore affect the likelihood of evolving novel traits. Genomes tend to
be robust against variability, as most deleterious mutations are deleted by selection
(Sawyer et al. 2007; reviewed in Barrick & Lenski 2013). This robustness however
allows the accumulation of neutral mutations that do not affect the phenotype (de Visser
et al. 2003) and can therefore represent cryptic changes enabling later modifications
with an effect on the phenotype. For instance, in a long experimental evolution trial with
E. coli, mutations without any apparent effect have been shown to be needed for
subsequent adaptive metabolic transitions (Blount et al. 2012). In addition, mutations
might be non neutral, but beneficial for a variety of unrelated pathways. Such mutations
might create a number of elements that can later be co-opted to evolve a different, novel
pathway. This process of exaptation apparently explains Cq4 origins, since evolving high
leaf abundance of multiple enzymes likely eased transitions to a Cs cycle (Chapters I
and II).

The process of exaptation means that random changes and contingency likely
affect future evolutionary trajectories (Barve & Wagner 2013). However, there might be
general rules that dictate evolvability among genomes. First, possessing a variety of
biochemical pathways would increase the likelihood of possessing a set of enzymes

suitable for a different, novel pathway. In addition, genetic redundancy might relax

-196-



General discussion

purifying selection and therefore enable neofunctionalization (Conant & Wolfe 2008).
Both of these are likely to be increased by frequent gene duplications, whether these
concern single gene, whole chromosomal segments, or complete genomes. In plants,
whole genome duplication is frequent, and has punctuated the history of land plants
(Wendel 2015; Panchy et al. 2016). Interestingly, it has been proposed that these events
do not immediately increase diversification. Instead, there is a time lag, before the
beneficial effects of whole genome duplication are observed (Tank et al. 2015; Soltis et
al. 2015). This view is compatible with the idea that constituting a large reservoir of
similar genes favours functional diversification and therefore success. Indeed, multiple
gene copies with slightly different properties increase genetic redundancy, but also the
diversity of genes and enzymes available for novel pathways (e.g. Kassahn et al. 2009).
I propose that this reservoir of genes facilitated C, evolution in flowering plants, as
suggested previously (Sage 2001; Monson 2003). However, the impact of gene
duplication is probably indirect, creating a diversity of similar enzymes instead of the
classical genetic redundancy. Therefore, the changes that happened on each copy after
the duplication will likely have an effect, highlighting the importance of contingency in
evolution.

Because C, photosynthesis evolved multiple times independently, my research
sheds new light on the repeatability of evolution. Among the species studied, the same
genes tend to be co-opted more often than expected by chance, so that gene co-option is
to some extent repeatable (Chapter I; Christin et al. 2013, 2015). This likely explains the
fact that the non-C, ancestors of each C4 group within the same family tend to be similar
due to shared ancestry. Because they do express the same genes in their leaves, these
genes then get recurrently co-opted (Chapter I). Therefore, the repeatability of evolution
in this case is explained by contingency. This view is reinforced by the fact that
distantly related C, origins co-opted different genes, so that the ancestral state dictates
subsequent evolutionary trajectories (Chapter I; Christin et al. 2015). Besides this biased
gene co-option, sequence comparisons have shown recurrent adaptive amino acid
changes (Chapters I and III; Christin et al. 2007, 2009). Again, this likely reflects a
combination of constraints driven by the ancestral state and a limited number of
evolutionary answers to the same problem. Because the same genes tend to be co-opted,

enzyme adaptation acts on similar coding sequences. The recurrent amino acid changes
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being fixed probably stem from the fact that most mutations will be deleterious, and
only a few confer beneficial kinetic changes while maintaining the overall stability and

functionality of the enzyme (Studer et al. 2014).

Reticulate evolution and the spread of adaptations

My work has contributed to the accumulating evidence that gene flow happens among
closely, and even distantly, related species (Chapters III and IV). Importantly, some of
the transferred genes contributed to the adaptation of the C, pathway in the studied
species (Chapter III). This suggests that introgression of C, loci can allow the lateral
spread of C, adaptations, a phenomenon also reported in other systems, such as the
weedy sunflower Helianthus (Whitney et al. 2006), mimetic Heliconius butterflies
(Pardo-Diaz et al. 2012), and rodents (Song et al. 2011). In the case of C4 genes, the
coding sequences are adapted for the C, context during multiple rounds of adaptive
amino acid changes (Chapters I and III). Receiving genes that have already undergone
such changes therefore represents an evolutionary shortcut, allowing the transition to
more efficient C, types without needing long periods of selection on random changes. In
addition, the transfer of Cs genes might in some cases spread a completely novel
component. For instance, the enzyme phosphoenolpyruvate carboxykinase (PCK) was
not used by members of Alloteropsis until a gene was laterally transferred from a
distantly related C, group (Chapter III). In this case, the new gene likely provided a
novel function, representing a gene with both regulatory and coding sequences already
adapted for the C, context.

Because the many genes that contribute to the complex C, trait lie on different
chromosomes, they are unlikely to be simultaneously introgressed. The C, trait can
therefore not be transferred in one step. However, it is possible that genes that allow key
transitions are introgressed, and then place an unrelated different lineage on an
evolutionary trajectory toward C,, after a modification of the adaptive landscape.
Indeed, only a few changes are needed to reach a tipping point where a weak C, cycle is
triggered (Chapter III). If these genes are introgressed, the whole pathway would then
follow, leading to the partial spread of the adaptation. It is however difficult to know
whether the genes are transferred to non-C, or C, lineages. This hypothesis could

therefore be tested using experiments. Past attempts to integrate C4 genes into Cs plants
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have never triggered a Cs pathway (reviewed in Schuler et al. 2016), however the
targeted C; plants did likely not possess all of the required predispositions. One possible
experiment could target C; plants that are closely related to C4 lineages, such as the Cs
populations of Alloteropsis semialata (Chapters II and III). The genes that we have
identified to be linked to the emergence of a C3;+C, type might be engineered in these
plants, and the consequences of the transfer might be monitored to determine whether
the complete pathway can then be rapidly triggered.

My analyses have already identified multiple potential episodes of reticulate
evolution in Alloteropsis and other Panicoideae (Chapters III and IV). Future
investigations might determine whether these included transfers of adaptations other
than C, components. Indeed, a number of adaptive traits are present among unrelated
groups of Panicoideae, such as cold tolerance (Humphreys & Linder 2013). While
convergent evolution should be the primary hypothesis, we cannot exclude the
possibility that gene exchanges lead, directly or indirectly, to the adaptive

diversification across large taxonomic groups.

General Conclusions

Determining how organisms diversify and acquire new adaptations is of paramount
importance to understand why they are different and how they cope with changing
environments. The vast amount of genomic, phenotypic, and population dynamic data
being constantly produced, together with expanding computer resources and analytical
tools, are slowly revealing the complexity and intricacy of evolutionary process. Early
evolutionary biologists would have dreamt to see this level of resolution realized one
day. However, the scientific community is still very far from understanding the whole
spectrum of evolutionary processes. Thanks to fifty years of investigations, the
biochemistry, physiology, and genomes properties associated to C, photosynthesis are
relatively well understood. It was therefore possible in this dissertation to decompose
the complex trait into its genetic components, and analyse each of them separately to
track the history of changes underlying major phenotypic transitions. By doing so, my
work contributed to a better resolution of the evolutionary trajectories to Cs
photosynthesis. However, my investigations were limited to coding sequences and their

expression patterns. Other genomic features might affect the evolutionary trajectories to
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Cs4, including genomic architecture, chromosomal localization of Cs-related genes,
methylation patterns, and distribution of transposable elements with respect to the Cs-
related genes. The impact of these factors on C, evolvability should be studied once
genomes, methylomes, and other descriptions of the genomes (e.g. 3D structures)
become available for a large number of C; and C, species.

The comparative transcriptomics approach adopted throughout my work allowed
identifying the changes in gene expression and coding sequences responsible for the
evolution of C4 photosynthesis in grasses. In particular, my research showed that the
early emergence of C, photosynthesis was triggered by changes in the expression
patterns of few genes without adaptation of the enzymes (Chapter II), which was
facilitated by the existence of transcriptome preadaptations in some taxonomic groups
(Chapter I). Because important changes in expression patterns and coding sequences
occurred after this initial emergence (Chapters I and III), the repeated origins of Cs4
photosynthesis remain an exceptional example of parallel transcriptional changes and
parallel enzyme adaptation across many genes and many species. My work therefore
explains how C, photosynthesis could have evolved so easily in some groups, but also
reconciles this novel view with previous reports highlighting the complexity of the Cs4
trait compared to the ancestral Cs state. This leads to a counter-intuitive view that the Cs4
trait was easy to evolve, yet required massive changes at multiple levels. The repeated
origins of C4 photosynthesis in some groups were likely further fuelled by the transfer
of Cs-adaptive loci across species boundaries, as reported in Chapter III and to some
extent in Chapter IV. Therefore, my dissertations contributes to understanding both the
early events leading to a rudimentary C. system and the changes that followed,
providing an improved picture of the evolutionary trajectories to Cs photosynthesis
across a complex adaptive landscape.

Overall, I conclude that the evolvability of C, photosynthesis was determined at
multiple levels; taxonomic groups, ecological conditions, and life-history traits.
Random processes and/or selection for other purposes provided some clades with Cq4
preadaptations, including leaf anatomical properties (Christin et al. 2013; Lundgren et
al. 2014) and abundance of transcripts for C, enzymes in leaves (Chapter I). Therefore,
the probability of evolving C, varied among taxonomic groups, explaining the

phylogenetic clustering of C4 origins (Sage et al. 2011). After atmospheric conditions
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changed and CO, decreased in the early Oligocene, having a Cs pathway became
advantageous in some environments promoting photorespiration. When minor changes
of time pushing the biochemistry of the leaf to a state where a weak C4 cycle emerges
(Chapter II), the new C, trait would have been selected for only in those plants
inhabiting such environments, with subsequent selection for a strengthened Cs cycle.
Ecology therefore determined which plant lineages could evolve C., explaining the
predominance of C,4 origins in warm regions (Edwards and Smith 2010). The efficiency
of selection will vary among species, especially as a function of population sizes, and
highly compartmentalized metapopulations facilitated the fixation of C, mutations
(Olofsson et al. 2016). In addition, while these remain unidentified, life-history traits
promoting gene exchanges across species boundaries will increase the chance of
introgression of Cs-adaptive loci (Chapters III and IV). The demographics and life-
history traits will therefore further contribute to determining the probability of making
the initial transition to a rudimentary C, physiology, and later continuously adapting it.
These different evolutionary processes interacted to lead to the recurrent origins of the

major ecological innovation represented by C4 photosynthesis.
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