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Summary

The existence of traits of impressive complexity has always puzzled evolutionary
biologists. Traits such as camera eyes, bacteria flagella and plant carnivory result from
intricate interactions between multiple structural and metabolic components.
Understanding how each of these components originated and evolved to lead to the
emergence of such a network of interactions and the associated function is therefore a
major scientific challenge. Darwin and Wallace provided probably the major
contribution to the problem; natural selection operating over successive generations via
slight modifications can produce complexity. Nonetheless, there is still a large gap
between the macroevolutionary patterns that are observed and the genetic changes
underlying them. Here I address the problem of complex trait origins using the C4
photosynthetic metabolism as a study system. My comparative analyses of whole
genome sequencing data of selected grass lineages showed that (1) enzymes of the C,
cycle can evolve via a burst of amino acid substitutions concentrated in a relatively
short period of time, followed by continued adaptive evolution and anatomical
specializations, showing that a single Cs origin can give rise to a variety of Cy
phenotypes; (2) gene duplication via dosage effects can be a mechanism to suddenly
increase the expression levels of genes involved in the C, cycle; (3) adaptive mutations
in components of the Cj trait can evolve in isolation in distinct genetic pools, and later
be combined in admixture events; and (4) in some cases such adaptive mutations might
be swept across populations by means other than recursive recombination. Overall, the
findings presented in this dissertation suggest that (i) the components required for a
rudimentary C, cycle might be acquired in a relatively short period of time via large
effect mutations on key genes, and (ii) genetic exchanges between divergent lineages
can facilitate the assembly and optimization of a Cs metabolism. In addition, the
methods developed here to analyse the genomic origins of C, photosynthesis using low-
coverage sequence data can be applied to other groups and other traits, potentially
contributing to the advent of large-scale comparative genomic analyses to understand

the evolutionary origins of complex adaptive traits.
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1. General Introduction

1.1. Complex traits

The origins of complex biological features have long been a conundrum for mankind.
During most of the history of human societies, this topic belonged to natural theology
and philosophy (Mayr 1982). Darwin and Wallace definitively claimed this problem to
the realm of science, offering the concept of natural selection to explain the origin of
complex traits, such as the eye, via “numerous, successive, slight modifications” of
initial, rudimentary structures or functions (Darwin 1859). During the last century, key
developments from evolutionary genetics have provided the theoretical ground to
explain how complexity can arise in biological systems from natural selection operating
successively over existing variation. However, our understanding of the stepwise
evolutionary trajectories underlying novel complex adaptations in natural populations is
still incipient.

The evolution of novel traits generally occurs via the co-option of preexisting
structures and/or genes (Panganiban 1997; True and Carroll 2002; McLennan 2008;
Shubin et al. 2009; Martinson et al. 2017). Examples include crystallins, which are
multifunctional proteins that were co-opted as lens proteins in the eye (Wistow 1993),
and insect wings, which might have evolved from the gills of ancestral aquatic
arthropods (Damen et al. 2002). This recycling process implies that novel structures or
genetic pathways are not expected to originate de novo, so that transitions between
character states require fewer changes than suggested by the complexity of the traits.
The co-option of structure or genes therefore can facilitate the accessibility to a novel
trait by decreasing the evolutionary gap to an evolutionary innovation.

One major question concerning the origin of novel adaptive traits is the time
scale of evolutionary change. Darwin supposed that evolutionary changes take place
slowly, over long periods and that the changes are imperceptible when analysed under
short time intervals (Darwin 1859). A classical alternative to Darwin’s “phyletic
gradualism” emerged from palacontological studies showing that some lineages have
little morphological variation during long periods in the geological record, and that
these periods are interleaved by short periods of massive changes (Eldredge and Gould
1972). Although the so-called “punctuated equilibrium” theory was highly criticized due
to attempts of their authors to make it a universal principle (Gould and Eldrege 1977;

3



1. General Introduction

Eldredge et al. 1997), this idea received some empirical support (e.g. Elena et al. 1996),
and, most importantly, raised important discussions about the timing of evolutionary
change and the ecological and genetic factors influencing it (Milligan 1986; Meller and
Pomiankowski 1993; Pennell et al. 2014).

Fossil series documenting evolutionary transitions provide strong evidence for
the inference of the time scale and the trajectories of trait transformations (e.g. body size
evolution in horses, MacFadden 1986; land-to-water transition in cetaceans, Thewissen
et al. 2001). However, this approach is obviously limited to organisms that are prone to
fossilization and is constrained by the abundance of the fossil record for the particular
trait. When the fossil record is not dense enough, inferring the history of the trait of
interest must rely exclusively on comparative analyses of extant species using a
phylogenetic approach. Comprehensive description of the phenotype states of living
species captured in a phylogenetic tree allows inferring ancestral states and potential
evolutionary trajectories using parsimony or more sophisticated statistical methods
(Cunningham et al. 1998). The method used to code the character states is however
important, as treating complex traits as binary characters hides the fact that their
multiple constituents can have slightly different evolutionary histories. Studying the
trajectory of each of these components is an approach that has been providing numerous
insights into the evolution of complex traits (Christin et al. 2010a; Plachetzki et al.
2010; Dunning et al. 2017).

Studies based on phenotype analysis bridge the gap between disparate states and
provide hypotheses for the order of changes that led to the origin of a complex trait.
However, the microevolutionary aspects underlying the transitions, including the
genetic mechanisms and the population level dynamics of genetic change, are often less
well understood. The current availability of unprecedented genetic information of non-
model species opens new avenues for investigating the factors promoting the evolution
of complex adaptations in some groups (Nadeau and Jiggins 2010; Stapley et al. 2010;
Ekblom and Galindo 2011; Messer et al. 2016).

1.2. Genomic origins of complex traits

The evolutionary assembly of complex adaptations is ultimately made possible by
mechanisms that produce genetic variability, since natural selection operates over

existing variation within populations (Darwin 1859). Mutation is the fundamental
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source of genetic variation. In the broad sense, mutations include any change in the
DNA sequence, from point changes (e.g. nucleotide substitutions, insertions, deletions)
to major genomic rearrangements (e.g. segmental duplications, chromosomal inversions
and translocations). Some particular forms of genomic rearrangements, such as gene
duplications, have recurrently facilitated the origin of evolutionary novelties (Ohno
1970; Taylor and Raes 2004).

New genes usually originate from preexisting ones via segmental duplications
(Ohno 1970; True and Carroll 2002; Zhang 2003). After gene duplication, the daughter
copies can undergo different fates (Lynch and Conery 2000; Taylor and Raes 2004;
Conant and Wolfe 2008). Most duplicates accumulate silencing mutations under neutral
processes or selection to reduce expression levels. This leads to frequent losses of
duplicated genes, so that only a fraction of the duplicates are retained over time. On the
other hand, the presence of duplicates can be beneficial from their birth. This is the case
when increases in gene expression levels due to dosage effects are advantageous (e.g.
Mouches et al. 1986; Chen et al. 2008; Cook et al. 2012). Over longer evolutionary
periods, duplicated genes that are retained due to its adaptive value or to neutral
processes lead to functional redundancy. One of the two copies can then acquire a new
function through the successive accumulation of beneficial amino acid substitutions
(neofunctionalization), while the other copy retains the ancestral function. Alternatively,
if the ancestral gene had multiple functions, the duplicated copies can accumulate
substitutions independently and specialize into one of these functions
(subfunctionalization). Such processes operate on large scales in cases of whole genome
duplication, and can create a huge reservoir of genes which may be co-opted for novel
functions during the evolutionary diversification of the group. Whole genome
duplications might indeed have been key events to animal and plant evolutionary
diversification (Burke et al. 1995; Hughes and Kaufman 2002; Adams and Wendel
2005; Otto 2007).

The fate of point mutations and major rearrangements is dictated by processes at
the population level. The gene pool of a population results from the balance between
selection and neutral processes, and includes variants that can potentially contribute to
adaptive innovation. The accumulation of genetic variants depends on effective
population sizes and population structure, in addition to the mutation rate (Hartl and
Clark 2007). In particular, gene flow between divergent populations can increase

genetic diversity and generate new genetic combinations that can facilitate the
5



1. General Introduction

acquisition of novel adaptations (Stern 2013). In the classical case, contact occurs
between previously isolated populations of the same species (admixture), but genetic
exchanges can also occur between different species (hybridization). During
hybridization, gene variants that evolved separately can be combined, diversifying the
substrate of natural selection. Lateral gene transfer (LGT), i.e. the transfer of genetic
material across normal mating barriers (Keeling and Palmer 2008), potentially allows
genetic exchanges among even more distantly related organisms, and may represent an
additional source of innovation. This process has been a major driver of prokaryote
evolution, so that a large fraction of the bacterial and archaeal genes were acquired via
LGT (Ochman et al. 2000; Zhaxybayeva and Doolittle 2011; Nelson-Sathi et al. 2015).
Interestingly, several recent studies have also reported adaptive LGT in eukaryotes
(Hotopp et al. 2007; Keeling and Palmer 2008; Yoshida et al. 2010; Christin et al.
2012a; Liet al. 2014)

The identification of genomic rearrangements and their dynamics within and
across species often relies on detailed genome-wide analyses. These in turn are
facilitated by the existence of vast genetic resources, including complete genome
models. Obtaining such resources has been greatly facilitated by the development of

high-throughput methods, which have revolutionized the field of evolutionary genetics.

1.3. Genomics

One of the aims of evolutionary genetic studies is to link the proximal, mechanistic
processes that determine the functions and structures of biological systems, to the
ultimate, evolutionary drivers of such systems. Indeed some of the major contributions
to our understanding of living systems came throughout the last century from the studies
of inheritance and its molecular basis (Mayr 1982). In the early days of genetics, most
of the insights into the basis of inheritance resulted from crossing experiments. The
study of molecular polymorphisms using electrophoresis, which was later greatly
benefited from the invention of the polymerase chain reaction (PCR), was consolidated
as a major tool in genetics (Hartl and Clark 2007). DNA sequencing became possible
only after the development of chain termination reaction (Sanger et al. 1977). The
Sanger method became the prevalent sequencing technique for the subsequent 30 years;
nonetheless, the high costs of reagents and instruments required for the technique

prevented its widespread application in genetic studies.
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The Sanger method provides DNA sequences up to ~ 1000 base pairs (bp) long,
which is useful for studying single genes or short loci. Obtaining complete genome
sequences with the method is therefore laborious, even though it was facilitated by later
improvements on the method (e.g. shotgun sequencing; Anderson 1981). The first
complete genome sequence of a free-living organism was 1.8 million bp (Mb) long and
belonged to the bacterium Haemophilus influenzae (Fleischmann et al. 1995). Model
organisms with even larger genomes were subsequently analyzed, with the first plant
(Arabidopsis thaliana) being sequenced five years later (The Arabidopsis Genome
Initiative 2000). The biggest achievement of the whole genome sequencing era using
Sanger method was the human genome, the first vertebrate to be completely sequenced
(Human Genome Sequencing Consortium 2001, 2004). A major initiative that started
with the publication of the human genome then promoted the exponential development
of faster and cheaper DNA sequencing technologies, which would culminate with next
generation sequencing (NGS) technologies (Bentley et al. 2008; Ansorge 2009;
Shendure and Ji 2008). NGS revolutionized molecular biology as it decreased ~ 10,000-
fold the costs of whole genome sequencing in less than 10 years, making genomic
studies of non-model species and large-scale population genomic analyses feasible even
for small research groups (Stapley et al. 2010; van Dijk et al. 2014).

NGS has numerous applications, including whole-genome and transcriptome
(RNA-seq) sequencing, as well as methylome analyses and restriction-site associated
sequencing (RAD-seq). Each approach is better suited for the analysis of a given level
of genome structure and function. Whole-genome sequencing of pooled samples is a
particularly versatile approach to compare the genomes of multiple species or
individuals (Buerkle and Gompert 2013; Schlotterer et al. 2014; Sims et al. 2014).
Indeed, pooling samples before sequencing reduces the overall cost per sample, making
such approaches affordable for a larger number of research groups. However, increasing
the number of samples per sequencing batch comes at the expense of sequencing depth,
leading to a low number of reads covering each site in the genome. This reduces the
amount of genetic information per sample, potentially decreasing the accuracy of the
genotyping effort. Nonetheless, such low-coverage approaches can be well suited for
large-scale population genetic analyses where markers spread across the genome are
needed for a large number of samples. Whole-genome sequencing at low coverage has
also been particularly useful for phylogenetic studies, since a higher proportion of reads

are obtained for organellar genomes, which are present in numerous copies within each
7



1. General Introduction

cell. These organellar genomes provide phylogenetically useful markers, and this
approach has promoted the phylogenomics era, particularly in plants (Dodsworth 2015).
However, restricting NGS to analyses of organellar genomes is somehow a waste of
resources, since the nuclear information is also provided by the sequencing efforts.
Therefore, instead of a few markers for a small number of species, NGS provide the
opportunity to study high numbers of markers from the nuclear and organellar genomes
for many species, so that many longstanding questions in evolutionary genetics can be
tackled. In this sense, phylogenetic tools are especially well suited to infer evolutionary

events from such vast genomic resources.

1.4. Phylogenetics and molecular evolution

A robust phylogenetic hypothesis is fundamental for addressing questions related to the
evolution of any particular group, gene or trait. Establishing homology of characters,
which denotes shared ancestry, is necessary before inferring phylogenetic trees. Indeed,
the comparison of non-homologous characters can lead to spurious groupings and
wrong phylogenetic hypotheses (Felsenstein 2003). Phylogenetic hypotheses based on
morphological data, in particular, rely on the expertise of well-trained specialists to
hypothesize that two characters in different specimens derive from the same character in
their common ancestor. On the other hand, in phylogenetic trees based on molecular
data (i.e. amino acid or nucleotide sequences), homology is inferred from the optimal
alignment between sequences, which is calculated by sequence alignment algorithms.
Possibly the main advantage of the molecular approach over morphology-based
analyses is that homology inference becomes less subjective, therefore more
reproducible. Analyses of gene and protein sequences remain however complicated by a
number of processes that characterize molecular evolution. These include gene
duplications, convergent evolution, incomplete lineage sorting and lateral gene transfer
(LGT).

Gene duplication is a pervasive phenomenon, so that organisms generally carry
multiple genes that derive from a single copy that was duplicated in their ancestor, and
which have evolved along independent trajectories. These genes often retain some
degree of similarity, so that only comprehensive comparative analyses can distinguish
between genes that are related because they were duplicated in an ancestor lineage (i.e.

paralogs), and genes that diverged from each other only via speciation events (i.e.
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orthologs; Fig. 1.1). Identifying orthologs is therefore key for inferring phylogenetic

relationships among species, as their history reflects the successive speciation events.

(A) (B)
- G L spl G1
Gene sp2 Gl
icati Gl G2 -
duplication i sp3_Gl orthologs
sp4 Gl
] —— sp5_Gl1

paralogs

Speciation// // - | Zii_gj
// \ sp3:G2 orthologs
N4 \\ I

spl sp2 sp3 sp4 spS

Fig. 1.1. Homology inference from gene trees. (A) Evolutionary trajectory of duplicated genes along four
successive speciation events, and (B) the resulting gene tree, with orthology and paralogy relationships
indicated.

Sequences of distantly related organisms that evolve under similar selective
pressures can also confound phylogenetic inference. Indeed, sequences between
distantly related organisms may share many sites that are not shared with closely related
lineages that did not evolve under similar selective pressures. This phenomenon of
molecular convergence has been reported in many groups and can be strong enough to
lead to spurious groupings (Chen et al. 1997; Christin et al. 2007, 2010b; Fig. 1.2).

In cases of lineages that derive from a rapid event of speciation, different alleles
of the same genes may not be completely sorted along the descendant lineages
(Rosenberg 2003). As a consequence, some genes may be more similar between two
divergent lineages than between individuals within the same lineage (Fig. 1.3). This
issue, known as incomplete lineage sorting, is particularly relevant in within-species
comparisons, or between groups that underwent successive speciation events separated

by short periods of time.
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\

CEN N NN /N /N N
 spl sp2 sp3  spd spS | spl  sp5 2 sp3 spd |
F1g12 Convergencea;themolecularlevel(A) Evolutionary trajectory of a gene that underwent

identical substitutions in two independent lineages (spl and sp5), indicated as blue bars, and (B) an
erroneous gene tree resulting from the grouping of distantly related genes with convergent substitutions.

The acquisition of genes from more distantly related lineages via LGT also
causes mismatches between gene and species trees (Keeling and Palmer 2008). In this
case, sequences acquired via LGT nest within the group of the donor lineage instead of
within its correct group (Fig. 1.4). Such an issue is particularly relevant in prokaryotes

where LGT is pervasive (Ochman et al. 2000; Keeling and Palmer 2008).

(A)

spl sp2 sp3 sp4 spS

(B)

spl sp2 sp3 sp4 sp5

spl sp2 sp3 sp4 spS

Fig. 1.3. A scenario of incomplete lineage sorting. Evolutionary trajectory of two genes (blue and green)
along four successive speciation events (delimited by dashed lines). (A) Real relationship among species;
(B) erroneous tree inferred from the blue and green genes.

10
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A

spl sp2 sp3  sp4  spS spl sp2 sp3 sp4 spl spS

EEERENEERE

Fig. 1.4. Lateral gene transfer as evidenced by a gene tree. A gene that is transferred from 'sp5' to 'spl’
(left), and the expected gene tree (right).

While these phenomena can complicate phylogenetic inference, their detection
provides important insights into the mechanisms of molecular evolution that
characterize a particular gene, trait or group. For example, phylogenetic methods are
major tools to detect the occurrence of LGTs (Keeling and Palmer 2008; Christin et al.
2012a; Mahelka et al. 2017) and convergent evolution at the molecular level (Chen et al.
1997; Christin et al. 2007; Rokas and Carroll 2008; Castoe et al. 2009). In addition,
analyses of phylogenies for specific genes allows the inference of past selective
pressures and reconstructing ancestral proteins, or even gene content in very distant
ancestors.

Analysis of gene or protein sequences are also particularly important tools to
estimate the timing of evolutionary events. Indeed, as substitutions accumulated over
time, the number of differences between two sequences is proportional to their
divergence time. Using genetic differences to estimate divergence times was first
proposed by Zuckerkandl and Pauling (1965) and lead to the hypothesis of the
molecular clock. Subsequent studies have shown that this assumption is not valid for
most genes and lineages, since evolutionary rates vary as a function of intrinsic and
extrinsic factors (Langley and Fitch 1974; Thorpe 1982; Felsenstein 2003; Kumar
2005). Models were therefore developed to account for this variation across lineages,
and include the so-called relaxed clocks (e.g. Hasegawa and Kishino 1989; Thorne et al.
1998). Most of current methods of divergence times are performed on a Bayesian
framework, with absolute dates obtained from fossils being used as priors to calibrate

relaxed molecular clocks. Such approaches provide not only the divergence times
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between lineages, but also a wide range of parameters of evolutionary significance, such
as the rate of evolution and parameters related to speciation rates and trait evolution
(Drummond and Rambaut 2007).

Overall, phylogenetics provide the framework to conduct comparative analyses,
which rank amongst the most powerful tools to obtain information from past
evolutionary events and species comparisons. Phylogenetic methods are especially
important to study the evolutionary origins of traits of high complexity, either to infer
the relationships among taxa and therefore the order of changes along the phylogeny, or
to examine the mechanisms of molecular evolution involved in the evolutionary
assembly of the trait. Instances of phenotypes that evolved independently in different
lineages are particularly interesting study systems. Indeed, the multiple origins of a trait
represent replicates of the evolutionary process, which increases our power to
differentiate coincidence from causation. One of the most striking example of a
complex phenotype that repeatedly evolved in eukaryotes is the Cs photosynthetic
metabolism, with 62 independent origins in land plants (Sage et al. 2011).

1.5. C; photosynthesis as an example of a complex trait

Photosynthetic organisms assimilate atmospheric CO, via a set of reactions that convert
light into chemically available energy as ATP and NADPH, which in turn are consumed
to reduce CO, to sugars through a series of energy-dependent reactions known as
Calvin-Benson cycle, or photosynthetic carbon reduction (PCR). Both light reactions
and the PCR cycle first evolved ~ 2.4 billion years ago, and are common to all
organisms performing oxygenic photosynthesis (Hohmann-Marriott and Blankenship
2011). The primary enzyme catalysing carbon fixation via PCR cycle is ribulose 1,5-
bisphosphate carboxylase/oxygenase (Rubisco; Taiz and Zeiger 2010). Besides its
capacity to fix CO, in the 3-carbon compound RuBP, Rubisco can also fix O, a reaction
that competes with CO fixation since both occurs in the same active site of the enzyme.
However, while the fixation of CO, generates a three carbon intermediate (3-
phosphoglicerate, PGA), which is further reduced to generate the end-product of
photosynthesis, the triose phosphates (glyceraldehyde 3-phosphate, G3P), the fixation
of O, produces both PGA and another metabolite, 2-phosphoglicolate (2-PG). Since 2-
PG does not enter the PCR cycle and has no direct metabolic use, it is converted back to

RuBP through a series of energy-dependent reactions. These reactions take place in the
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chloroplast, peroxysomes and finally mitochondria, where CO, and NH," are released as
by-products. This biochemical pathway is known as photorespiratory carbon oxidation,
or photorespiration. The oxygenation reaction of Rubisco therefore decreases the
efficiency of carbon fixation in three ways, by (1) preventing CO, to be fixed, since O»
and CO, compete for the same active site in the enzyme, (2) consuming energy, and (3)
releasing previously fixed CO;(Taiz and Zeiger 2010).

The overall impact of photorespiration on the net carbon assimilation increases
with the relative O,:CO, concentration, which is directly influenced by temperature
(Bauwe et al. 2010). As temperature increases, CO, solubility decreases faster than O»
solubility. Also, the CO,:0, specificity of Rubisco decreases with increasing
temperatures. In addition, stomatal closure, which can be triggered by factors such as
aridity or high salinity, reduces CO, concentration in the leaf, thereby also influencing
photorespiration rates. Photorespiration therefore imposes a stronger selective pressure
in warm and dry habitats, where growth rates may be reduced as a consequence of
higher rates of O, fixation by Rubisco. CO,-concentrating mechanisms (CCMs)
represent an evolutionary “work around” for the dual affinity of Rubisco for O, and CO»
(Keeley and Rundel 2003; Edwards and Ogburn 2012). Their function increases the
concentration of CO; relative to O, at the site of Rubisco, hence almost completely
suppressing photorespiration and its associated costs. For this reason, CCMs confer an
advantage in all habitats that promote high levels of photorespiration. Two major CCMs
evolved in land plants over the ancestral photosynthetic pathway (i.e. Cs
photosynthesis), namely Crassulacean Acid Metabolism (CAM) and C4 photosynthesis.
These mechanisms are biochemically similar and rely on the separation of the initial
fixation of atmospheric CO, and its ultimate fixation by Rubisco in the PCR cycle. This
separation occurs temporally in CAM plants (with diurnal and nocturnal reactions), and
spatially in C4 plants (usually with two-cell reactions). A brief review of the C,
photosynthetic pathway, which is the study system of this dissertation, is presented
below.

The C, biochemical pathway was first described by Hatch and Slack (1966).
However, various observations pointing out to an unusual carbon fixation mechanism in
some tropical grasses preceded the formal description of the C, pathway (Furbank
2016). Hatch and Slack confirmed that malate and aspartate, and not PGA, were the first
labelled products of '*CO, fixation in sugarcane leaves (Kortschak et al. 1965), and

proposed a pathway which would eventually be known as C,4 photosynthesis.
13
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The C4 biochemistry relies on coupled metabolic reactions taking place in two
cell types, the mesophyll (M) and bundle sheath (BS) cells (Fig. 1.5). The CO, that
enters M cells is first equilibrated to bicarbonate (HCO3) by carbonic anhydrase (CA)
in the cytosol, and bicarbonate is incorporated into phosphoenolpyruvate (PEP) to
generate a four-carbon compound, oxalacetate (OAA), in a reaction catalyzed by PEP
carboxylase (PEPC). These two reactions are common to all C4 plants (Furbank 2011).
The fate of OAA and the pathway that releases CO; in the BS cells and regenerates PEP
varies across taxa (Kanai and Edwards 1999). Generically, this OAA is converted into
malate or pyruvate, which diffuses to BS cells, where it is decarboxylated by one or
more of three possible decarboxylating enzymes: NADP-malic enzyme (NADP-ME),
NAD-malic enzyme (NAD-ME) and PEP carboxykinase (PCK). The CO, that is
released then feeds the PCR pathway, which in C4 plants is confined to the BS cells,
while a parallel pathway regenerates PEP in the M cells. Since BS cells have low
diffusivity for CO, and are less exposed to the atmosphere than M cells, the C4 cycle
acts as a CO, pump, increasing the concentration of CO, relative to O,, therefore
reducing to insignificant levels the O, fixation by Rubisco, and the subsequent
photorespiratory pathway (von Caemmerer and Furbank 2003).

The C, pathway is usually associated with a typical leaf anatomical arrangement,
the so-called Kranz anatomy (Hattersley 1984; Dengler and Nelson 1999; Lundgren et
al. 2014). This arrangement was firstly described long before the discovery of C,
photosynthesis (Haberlandt 1884), and is generically characterized by short interveinal
distances and large BS cells. BS and M cells of C, plants have major differences
regarding their biochemical composition (Kanai and Edwards 1999), and position and
number of organelles (Sage et al. 2014; Stata et al. 2014). Also, these cells are
interconnected with higher densities of plasmodesmata in C, plants (Botha 1992; Danila
et al. 2016, 2018), which facilitate intercellular metabolite diffusion. Although this
constitutes the basal plan of C, anatomy, there is considerable variation in leaf
anatomical traits across C, species (Hattersley 1984; Kellogg 1999; Soros and Dengler
2001; Kadereit et al. 2003; Lundgren et al. 2014). This includes a wide range of BS to
M area, distance between veins, different numbers of bundle sheath cell layers, presence
of additional photosynthetic cell types (Tateoka 1958; Renvoize 1986), and in the most
exceptional case, species with a C, cycle that is performed among distinct compartments
within the same cell (Voznesenskaya et al. 2001). The involvement of multiple

anatomical and biochemical components make C, phenotype a typical complex trait,
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which is moreover highly convergent and therefore constitutes an excellent study

system to understand the genomic origins of complex traits.

OAA

ASP- AT 4 \EiK
A

SP-AT PEP+CO,
Asp 4> Asp

Mesophyll cell Bundle sheath cell

Fig. 1.5. Simplified representation of the C,4 biochemical cycle (NAD-ME subtype). Reactions take place
in two cell types interconnected by plasmodesmata. Enzymes are represented as blue shapes, with their
respective abbreviation: CA = carbonic anhydrase; ASP-AT = aspartate aminotransferase; ALA-AT =
alanine aminotransferase; NAD-ME = NAD-dependent malic enzyme; NADP-MDH = NADP-dependent
malate dehydrogenase; PCK = phosphoenolpyruvate carboxykinase; PEPC = phosphoenolpyruvate
carboxylase; PPDK = phosphoenolpyruvate, pyruvate dikinase; Rubisco = ribulose 1,5 bisphosphate
carboxylase/oxygenase. Metabolites: Asp = aspartate; HCO; = bicarbonate; MA = malate; OAA =
oxaloacetate; PA = pyruvate; PEP = phosphoenolpyruvate. PCR cycle is the photosynthetic carbon
reduction (Calvin-Benson) cycle.

1.6. The evolutionary origins of C, photosynthesis

The C,; metabolism is present in ~ 7,500 species in 19 families, accounting for
ca. 3% of angiosperm diversity (Sage et al. 1999; Sage et al. 2011). Despite their
relative low diversity, C4 plants account for a quarter of the terrestrial gross primary
production (Still et al. 2003). This is because large areas of the world are dominated by
Cs species, such as tropical and subtropical grasslands (Hartley 1958a; Hartley 1958b;
Hartley and Slater 1960). C4 has evolved independently at least 62 times (Sage et al.
2011), which makes it one of the most remarkable instances of convergent evolution in

eukaryotes (Stern 2013). The first C4 lineages evolved around 30 million years ago (Ma)
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in the Oligocene, which coincides with a drop in the global atmospheric CO»
concentration (Ehleringer et al. 1991; Christin et al. 2008; Vicentini et al. 2008). This
drop is suggested to be a major selective pressure on the evolution of C4 photosynthesis,
since it provided the conditions for C,4 to be energetically advantageous over Cs; plants in
habitats that promote photorespiration (Ehleringer and Bjorkman 1977). The dominance
of C, plants, however, happened ~ 20-25 million years later, during the Late Miocene,
which is characterized by the expansion of C,4 grasslands (Quade et al. 1989; Cerling
1999; Osborne 2008).

Despite their multiple convergent origins, C, species are not evenly distributed
across the phylogeny of land plants. Most of the C4 origins occurred in a few clades,
such as grasses (> 22 origins; GPWG II 2012), sedges (> five origins; Besnard et al.
2009), and Caryophyllales (> 15 origins; Sage et al. 2011). Such clustered phylogenetic
distribution points to the occurrence of preconditions for C4 evolution, which might be
present in only some phylogenetic groups (Sage 2001; Christin and Osborne 2014). In
terms of leaf anatomy, for example, it was shown that grass lineages with a proportion
of BS tissue in the leaf that is higher than 15% account for a significantly higher
number of C, origins (Christin et al. 2013). Recent evidence from studies on molecular
evolution suggests that some genetic preconditions also exist. Independent C, origins
co-opted the same genes from multiple copies present in the genomes of C; ancestors,
which suggests that some members of gene families are more suitable than others for
the C,4 function (Christin et al. 2007; Christin et al. 2009; Brown et al. 2011; Williams et
al. 2012; Christin et al. 2013; Moreno-Villena et al. 2018).

The multiple origins of C4 photosynthesis might suggest that the C, pathway is
easy to evolve, if, for example, its emergence were mediated by a master key regulator.
However, individual Cs-related genes are regulated at multiple levels, and these
regulatory mechanisms can vary across Cs lineages (Hibberd and Covshoff 2010;
Langdale 2011; Wang et al. 2011). Nonetheless, recent studies reported that independent
C, lineages express common regulatory elements (Aubry et al. 2014; John et al. 2014;
Reyna-Llorens 2018). These findings suggest that either these regulatory sequences
were already present in the common Cs ancestor or they evolved independently through
parallel, progressive genetic modifications. Gene regulation of leaf development has
been intensively studied, particularly due to efforts to engineer Cs photosynthesis into
Cs plants (von Caemmerer et al. 2012). The GOLDEN2 gene has an important role in

the formation of bundle-sheath cells in maize (Hall et al. 1998), and recently the
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constitutive expression of the transcription factors GOLDEN2-like in the C; rice
induced a proto-Kranz leaf anatomy (Wang et al. 2017). These recent findings suggest
that one or a few loci might control the development of C, leaf anatomy and tissue-
specific expression patterns. However, the other components of C4 photosynthesis are
controlled by different genetic modifications, so that the C, trait remains a complex
phenotype that relies on the coordinated action of multiple anatomical and biochemical
components.

The order in which the components of C, photosynthesis evolved is still debated.
The existence of so-called C;-Cs intermediate species provides clues on how this
transition might have happened (Monson and Moore 1989; Sage 2004, 2012). The C;3-Cy4
intermediate photosynthetic metabolism is characterized by a photorespiratory cycle
that occurs in two separate cells (Ku et al. 1983; Monson et al. 1984). In these plants, a
large proportion of the CO; that is released via photorespiration is refixed by Rubisco.
This metabolism, known as C,, or photorespiratory CO,-recycling, is present in lineages
that have in some cases closely related members that are C4, which also suggests that
this phenotype might be an evolutionary link between the C; and C, states. Biochemical
modeling suggested that a transition between the C, and C, states would result from the
need to rebalance nitrogen metabolism between the different types of cells in a process
that involves enzymes that are part of the Cs cycle (Mallmann et al. 2014). It is
furthermore predicted that any increase of the strength of a rudimentary C, cycle will
result in biomass gains, and therefore a fitness advantage (Heckmann et al. 2013). This
model was however based on a single C, origin, in the eudicot Flaveria (Asteraceae),
and evidence from comparative analyses are lacking. The grass family accounts for a
high number of C, origins, and is the most ecologically successful and economically
relevant group of C, plants. Grasses therefore represent an outstanding model group for

understanding C, evolution.

1.7. Grasses as a model group

The grass family (Poaceae) comprises more than 11,000 species with a cosmopolitan
distribution (Clayton and Renvoize 1986; Watson and Dallwitz 1992 onwards; Kellogg
2015). The group encompasses a large number of domesticated species, including the
three major food crops in the world - rice, wheat and maize -, some biofuel crops (e.g.

sugar cane and Miscanthus spp.) and various forage species used in pastures. Grasses
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also dominate vast natural areas of tropical and temperate regions, including grasslands
in African, the prairies of North America, the pampas of South America, and the
bamboo forests in Asia (Kellogg 2015). Such astonishing ecological success and
significance for human societies demonstrates the importance of this plant family.

Grasses are taxonomically divided into five phylogenetic major groups: the three
species-poor, early-diverging subfamilies Anomochlooideae, Pharoideae and
Puelioideae, and the two major clades (crown grasses) BOP and PACMAD (Fig. 1.6).
The BOP and PACMAD clades are similarly sized and include most of the species
diversity in the family. The BOP clade encompasses most of the cold-adapted species in
the family in addition to bamboos and rice and its relatives (Hartley 1961; 1973;
Kellogg 2015). The PACMAD diversity is mainly distributed across tropical and
subtropical regions, but with several lineages that colonized colder regions secondarily
(Hartley 1958; Hartley and Slater 1960; Kellogg 2015). The divergence between the two
clades probably happened between 50 and 60 Ma, based on molecular dating (Vicentini
et al. 2008; Bouchenak-Khelladi et al 2014; Jones et al. 2014; Christin et al. 2014). This
date would however be pushed back to ~ 80 Ma if controversial phytolith calibration
points were used for the estimation (Prasad et al. 2005; Christin et al. 2014; Kellogg
2015).

The ecological success of some dominant grasses in open and drier habitats is
generally associated with the C4 metabolism (Long 1999), which occurs in at least 4,500
grass species. All Cy4 grasses belong to the PACMAD clade, and this is the most species-
rich C4 group of angiosperms, with also the largest number of independent origins of the
trait (22-24 times; GPWG II 2012; Fig. 1.6). The oldest C,4 lineages evolved around 25-
35 Ma in the Chloridoideae subfamily, with other origins spread throughout the last 25
million years (Christin et al. 2008). The recurrent origins of C4 photosynthesis within
grasses constitute an outstanding system for comparative studies addressing the
ecological and physiological origins and consequences of this shift in photosynthetic
type (Edwards et al. 2008, 2010; Osborne and Freckleton 2009; Spriggs et al. 2014;
Atkinson et al. 2016; Watcharamongkol et al. 2018). In addition, these recurrent origins
coupled with extensive genomic resources for the family made it perfectly suited to
address the repeatability of adaptive changes at the molecular level (Christin et al. 2007,
2009). However, previous studies of Cs origins in grasses mainly relied on single
gene/enzyme analyses. In addition, the temporal scale of C4 evolution in this group can

blur some of the early events.
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Anomochloideae
Pharoideae
Puelioideae
Pooideae
BOP —{__ Bambusoideae
Ehrhartoideae
Aristidoideae
___r— Chloridoideae
Centropodia clade
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Arundinoideae
Micraireae
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Tristachyideae
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Neurachninae
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= C, only Homopholis clade
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= C, only —_

Cenchrinae

Panicoideae

Fig. 1.6. Phylogenetic relationships within the grass family (Poaceae) based on plastid markers. Tree
redrawn from GPWG II (2012).

Besides the old, large C4 clades, the grass family includes recent Cs4 lineages,
some of which contain Cs-C, intermediates. This is the case of Steinchisma and
Neurachne, for the latter of which includes Cs, Cs-C4 and C4 species (Duvall et al. 2003;
Christin et al. 2012b). However, the most promising grass to address the early events

during C, evolution might be Alloteropsis semialata. Although most species of the
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genus Alloteropsis (Boivinellinae, Panicoideae) are Cs, the species A. semialata includes
Cs4, Csand Cs-C4 intermediate populations (Ellis 1974; Lundgren et al. 2015; Lundgren
et al. 2016). A. semialata corresponds to one of the most recent divergences of
photosynthetic types in grasses (Christin et al. 2012a; GPWG 11 2012; Dunning et al.
2017), and provides, therefore, a remarkable model to investigate the evolution of the
complex Cj trait. C; and C4 individuals have been compared in the past to address the
ecophysiological consequences of C4 photosynthesis (e.g. Ripley et al. 2007; Ibrahim et
al. 2008; Osborne et al. 2008; Ripley et al. 2008), and recent intraspecific investigations
are revealing the history of transitions within 4. semialata and the complex it forms
with its congeners (Lundgren et al. 2015; Dunning et al. 2017). However, before the
present thesis, comparative genomic analyses had been conducted only with
transcriptome data and with only one C; and one C, representative (Christin et al. 2013).
This genus therefore represents an outstanding system to address the genomic origins of
the C4 complex trait, while comparison with other grass lineages can then determine the

generality of the observed patterns.
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1.8. Thesis Aims and Structure

The overarching aim of this dissertation is to identify genomic changes associated with
the evolutionary origin of complex traits. This effort is conducted using Ci
photosynthesis as a study system. Whole genome sequencing data of selected grass
lineages are analysed in a phylogenetic framework to address several inter-related
questions, which together aim to depict the evolutionary processes that lead to the

realization of complex physiological novelties.

In Chapter 2, I collaborate with colleagues from the University of Toulouse, in France,
to investigate the tempo and the order of changes involved in the transition to a Cy4
physiology in the Andropogoneae grasses. This species-rich lineage encompasses
multiple economically and ecologically important species, and the evolution of Cy is
assumed to be a key innovation for the ecological success of the group. Although this
group includes some of the most studied C, species (maize, sorghum and sugarcane),
previous comparative studies missed the changes leading to the evolution of the Cj trait
because of the lack of a known closely related C; lineage. In this chapter, I develop
novel phylogenomic approaches to verify whether a rare Cs lineage from India, sampled
by my collaborators, is sister to Andropogoneae. Sequence evolution of C,4 enzymes is
then analysed to determine whether adaptive changes happened at the base of
Andropogoneae, or were spread along the diversification of the group. Additionally, leaf
anatomical data are compiled to assess diversity in the components of the Cj trait within

Andropogoneae.

The insights gained in Chapter 2 are limited to interspecies comparisons due to the
ancient origin of Cs; photosynthesis in the Andropogoneae, which blurs the
microevolutionary changes associated with the trait. In Chapter 3, I overcome this
limitation by performing an intraspecific study, this time using an emergent C4 model,
the grass Alloteropsis semialata, which includes C; and non-Cs populations, and in
which C, evolved more recently, at ca. 3 Ma. To investigate the molecular mechanisms
underlying the transition to a C4 physiology, I test a novel hypothesis for the role of
gene duplication during C, evolution. I develop a novel approach to estimate gene copy

numbers from low-coverage genome datasets, and correlate it with published
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transcriptome data to test whether gene duplication can provide a mechanism to rapidly
increase the expression of C,; genes, therefore facilitating the evolution of a Cy
physiology. I further investigate whether the acquisition of genes better adapted for the
C, function (with the example of laterally acquired genes) supersedes the dosage effect

of gene duplication.

The results from Chapter 3 highlight the importance of some laterally-acquired genes
for the emergence of C, photosynthesis in A. semialata, and also the convenient study
system that they represent. In Chapter 4, I capitalize on this system to investigate the
order of acquisition of C4 components. Using low-coverage genome data, I assemble
alleles of laterally-acquired genes encoding two key C, enzymes to reconstruct the
history of gene flow among populations of A. semialata. This work is performed in a
population genomic framework developed by Dr. Jill Olofsson, a postdoctoral research
associate from our research group with whom I collaborated for this chapter. With a
detailed picture of the phylogeographical distribution of Cy4 laterally-acquired genes, we
then test whether components for the C; pathway can be acquired independently and

later combined during secondary contacts.

Chapter 4 sheds new light on the history of laterally-acquired genes within 4. semialata,
but these investigations are conducted on a very large scale with relatively few samples.
In Chapter 5, I sequence and assemble the genome of an 4. semialata individual to track
the post-acquisition spread of one of these genes in detail. New accessions from
candidate donors are examined to narrow the timing and geographical region where the
event of lateral transfer has occurred, and the fragment containing the laterally acquired
Cs4 gene in A. semialata is characterized, along with the circumstances of its transfer and
spread to different populations. With the example of lateral gene transfers, this chapter
highlights the role of intraspecific gene movements for building the trait diversity and

complexity accumulated throughout its evolutionary history.

Overall, each of the four studies contributes to fill in the knowledge gaps that produce
the apparent conundrum of evolving complex physiological traits. The findings
presented here suggest that most of the complexity observed in the Cy trait across
species is the result of lineage-specific increments on top of an initial C4 physiology,

rather than the necessary steps of a single route that culminates in an optimal, fully C4
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physiology. This thesis also develops new methodological approaches to extract
meaningful and robust biological information from the often neglected nuclear genome
sequences of low-coverage sequencing datasets. In this sense, this work provides
methods to gain valuable insights into a complex biological problem at relatively low

costs and in ways that are not restricted to model species.
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2.1. Abstract

Cs4 photosynthesis is a complex trait that sustains fast growth and high productivity in
tropical and subtropical conditions and evolved repeatedly in flowering plants. One of
the major C, lineages is Andropogoneae, a group of ~ 1,200 grass species that includes
some of the world's most important crops and species dominating tropical and some
temperate grasslands. Previous efforts to understand C, evolution in the group have
compared a few model C, species to distantly related Cs; species, so that changes directly
responsible for the transition to C4 could not be distinguished from those that preceded
or followed it. In this study, we developed a new approach to analyse the genomes of 98
grass species that captures the earliest diversification within Andropogoneae as well as
their C; relatives. Phylogenomics combined with molecular dating and positive
selection tests show that many changes linked to the evolution of C4 photosynthesis
happened in the Early Miocene, between 21 and 18 Ma, preceding the initial
diversification of Andropogoneae. This initial burst of changes was followed by an
extended period of modifications to leaf anatomy and biochemistry during the
diversification of Andropogoneae, so that a single C,4 origin gave birth to a diversity of
C4 phenotypes during 18 million years of speciation events and migration across
geographic and ecological space. Our innovative approach and sampling of the diversity
in the group reveals that one key transition can lead to a plethora of phenotypes

following sustained adaptation of the ancestral state.

Keywords: adaptive evolution, Andropogoneae, Cs; photosynthesis, complex traits,

herbarium genomics, Jansenelleae, Poaceae, phylogenomics.
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2.2. Introduction

One of the major goals of evolutionary biology is to understand the origins of key
innovations underlying the ecological success of some groups. This requires the study
of adaptive traits in a phylogenetic context, using comparisons of species differing in
character states (e.g. Bond et al. 2014; Rainford et al. 2014; McGee et al. 2015;
Sanchez-Garcia and Matheny 2017). Because species differ in numerous ways, such
comparisons must capture the diversity that emerged after the transition in addition to
the diversity that preceded it, to precisely identify the properties directly involved in the
origin of the trait of interest (e.g. Sprent 2007; Yukawa 2009; Endress 2011; Puttick
2014; Marek and Moore 2015; Clark et al. 2018). Among flowering plants, C,
photosynthesis represents an adaptive novelty with significant ecological consequences
(Sage 2004; Edwards et al. 2010; Christin and Osborne 2014).

Cs photosynthesis results from multiple anatomical and biochemical
modifications of the ancestral C; photosynthetic metabolism, which include (1) the
confinement of the primary enzyme of the photosynthetic carbon reduction pathway,
Rubisco, to a compartment isolated from the atmosphere, and (2) increased and cell-
specific activity of several enzymes that increase CO, concentration at the site of
Rubisco (Hatch 1987; von Caemmerer and Furbank 2003; Sage 2004). The
concentration of CO, around Rubisco boosts photosynthetic efficiency, and therefore
growth, particularly in high-light, warm and dry conditions (Long 1999; Atkinson et al.
2016).

Although the Cy trait requires the modification of multiple components, it has
evolved at least 62 times independently during the diversification of angiosperms (Sage
et al. 2011). The grass family (Poaceae) encompasses almost half of the C4 origins,
including some with particular ecological and economic relevance, such as the
Andropogoneae (Sage 2017). The roughly 1,200 species of this tribe are all C4, making
it the second most speciose C4 lineage (Sage et al. 2011). Andropogoneae include some
of the world's most important cereal and fuel crop plants, such as maize, sorghum,
sugarcane and Miscanthus spp. (e.g. silver grass), as well as numerous dominant species
of tropical and some temperate grasslands (Hartley 1958; Bond et al. 2008; Edwards et
al. 2010; Kellogg 2015). Besides generating some of the most productive plants in the
world, their Cy trait also increased the diversification of Andropogoneae, which in turn

have shaped ecosystems around the world (Osborne 2008; Edwards et al. 2010;
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Forrestel et al. 2014; Spriggs et al. 2014; Sage and Stata 2015).

Due to their economic and ecological importance, Andropogoneae have been
included in most studies addressing the evolutionary origins of C4 photosynthesis in
grasses. In particular, efforts to determine the genomic changes involved in the
transition to C4 photosynthesis have focused on comparisons between the two C4 model
Andropogoneae species — maize and sorghum — and distantly related C3; model grasses
(e.g. rice and Dichanthelium; Paterson et al. 2009; Wang et al. 2009; Emms et al. 2016;
Studer et al. 2016; Huang et al. 2017). Such a narrow taxon sampling neither covers the
diversity of anatomical and biochemical components observed among Cs grasses (e.g.
Hattersley 1984; Christin et al. 2013; Lundgren et al. 2014) nor among C,4 grasses
within the Andropogoneae themselves (Renvoize 1982a; Ueno 1995; Sinha and Kellogg
1996). However, sampling this diversity is crucial for determining those modifications
involved in the early origin of the C, pathway in the group as opposed to its subsequent
diversification (Christin et al. 2010; Dunning et al. 2017a). Furthermore, as with other
key innovations, it remains unclear whether C4 evolution was concentrated during a
short episode of transition or occurred over a prolonged period of improvement during
the diversification of C, clades. While determining the extent of changes required for
the initial transition to C4 would help understanding how such a complex trait evolved
so many times independently, it might also inform current efforts to engineer Cy
photosynthesis in rice (von Caemmerer et al. 2012).

The first divergence within Andropogoneae sensu Kellogg (2015) separates the
subtribe Arundinellinae from Andropogoneae s.s. (tribes Arundinelleae and
Andropogoneae, respectively in Soreng et al. 2017), the latter of which includes the
model species maize and sorghum. Until recently, no closely related C; sister lineage
was known for Andropogoneae (GPWG II 2012), but such a position has been
suggested for the C; genera Jansenella and Chandrasekharania based on individual
chloroplast or nuclear markers (Besnard et al. 2018; Hackel et al. 2018). Genomic
resources are extremely sparse for species from these genera and Arundinellinae, but
low-coverage genome scans have recently provided insights into the evolution of the
nuclear genome in other non-model grasses (Besnard et al. 2014, 2018; Chapter 3;
Chapter 4). Capitalizing on the availability of such genomic datasets as a side-product
of plastome sequencing (e.g. Washburn et al. 2015; Burke et al. 2016; Arthan et al.
2017; Piot et al. 2018), we are now able to phylogenetically track the modifications
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underlying one of the major innovations of flowering plants.

In this study, we combine novel approaches to analyse genome scans for a large
number of grasses covering the diversity of Cs relatives of Andropogoneae as well as
the earliest diversification within the group. First, we generate the first genome-wide
nuclear phylogeny of grasses to confirm relationships among Andropogoneae and with
their Cs relatives, and compare it to a new plastome phylogeny for the group. Next,
using molecular dating, we estimate the age of C. photosynthesis in Andropogoneae.
Anatomical traits are then mapped onto the time-calibrated phylogeny to infer leaf
structural transitions in the group. Finally, we use positive-selection analyses to detect
episodes of adaptive evolution in key C4 enzymes, testing the alternative hypotheses that
adaptive changes (i) occurred in a C; context and therefore predated the origin of
Andropogoneae, (ii) occurred at the base of the clade, during a short period of time,
representing the major transition from C; to C4 photosynthesis, or (iii) were sustained
throughout the history of the group, representing a prolonged period of gradual
innovation within the monophyletic C4 Andropogoneae. Overall, our study presents new
approaches to dissecting a complex adaptive trait and analysing its components in
isolation, to infer the tempo of key phenotypic transitions in a large group of ecological

importance.

2.3. Material and Methods

2.3.1. Species sampling, sequencing and distribution

A dataset of low-coverage genome sequences was assembled that covers the main
lineages of Andropogoneae including the subtribe Arundinellinae and the
Andropogoneae s.s. (sensu Kellogg 2015), which represents the earliest known split
within this C4 group (GPWG II 2012); their putative closest Cs relatives; a variety of
other C; and C,4 Panicoideae; and representatives of the other grass subfamilies (Table
2.1). In total, genomic data for 90 grass species were retrieved from previous studies,
and similar data for eight species were generated here (Table 2.1). For the latter, low-
coverage sequencing was performed using Illumina technology. Genomic DNA (gDNA)
was isolated from ca. 5-10 mg of leaf material using the BioSprint 15 DNA Plant Kit
(Qiagen). Libraries were prepared from 200-500 ng of gDNA using the Illumina TruSeq
Nano DNA Sample Prep Kit. Fragments were either sonicated or size-selected (50-300

bp of insert size) and enriched with 12 PCR cycles using the proofreading polymerase
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supplied with the Illumina kit (the latter specifically for libraries prepared from
herbarium material; Table 2.1). Paired-end sequencing of the genomic libraries was
performed either on a HiSeq 2000, 2500 or 3000 at the Genopole Toulouse or at the
Genoscope Evry platforms in France.

The geographic distribution of Andropogoneae and their C; relatives was
assessed with species-level distribution data for the World Geographical Scheme for
Recording Plant Distributions (TDWG) level-3 botanical regions (corresponding largely
to countries or states), retrieved from the World Catalogue of Selected Plant Families
(Clayton et al. 2016). Numbers of species and endemics per botanical region were
plotted with the package rgdal (Bivand et al. 2017) in R 3.4.3 (R Core Team 2017),
using shapefiles provided by the Royal Botanic Gardens, Kew
(https://www.kew.org/gis/tdwg/index.html, accessed on 10 August 2017).

2.3.2. Plastome analysis

Full plastome sequences were either retrieved from NCBI or assembled in this study
using the genomic datasets (Table 2.1). For those assembled here, either a de novo
strategy was used with the software OrgAsm v.1.0 (http://pythonhosted.org/ORG.asm),
or a consensus sequence was called by mapping reads to a closely related reference
plastome (where available) using Geneious v.9.1.8 (Kearse et al. 2012) and
extending/reducing indels by repeated mapping to contigs where necessary. Potential
errors in the de novo assembly were corrected by mapping the genomic reads to the
assembled sequence in Geneious, from which a new consensus sequence was called
using the highest-quality base criterion. Mean estimated sequencing depth ranged from
90 to 4602 reads per site.

The 98 plastome sequences were aligned with MAFFT v.7.13 (Katoh and
Standley 2013), after excluding the second inverted repeat region to avoid representing
the same sequence twice. Maximum likelihood (ML) plastome trees were inferred from
the 147,601 bp alignment using RAXML v.8.2.4 (Stamatakis 2014) with a GTR+CAT
substitution model and assessing node support with 1000 rapid bootstrap
pseudoreplicates. Trees were rooted using the BOP clade (Bambusoideae, Oryzoideae

and Pooideae) as outgroup (GPWG II 2012).
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Table 2.1. Genomic data information.

Species Voucher/isolate/ Subfamily/Tribe Source study SRA Plastome accession
Alloteropsis angusta Pauwels 1182 (BR) Paniceae Chapter 4 SRP082653 KX752090.1
Alloteropsis cimicina Hall 20 (K) Paniceae Lundgren et al. 2015 SRP082653 NC 027952.1
Alloteropsis semialata AusTRCF 322458 0167 Paniceae Lundgren et al. 2015 SRP082653  KT281145.1
Amphicarpum muhlenbergianum Clark et al. 1695 (ISC) Paniceae Burke et al. 2016 - NC_030619.1
Andropogon burmanicus Arthan 071 Andropogoneae Arthan et al. 2018 - KY596164.1
Aristida rufescens MSV330 Aristidoideae Piot et al. 2017 - MF563384.1
Arthraxon microphyllus Traiperm 537 Andropogoneae Arthan et al. 2018 - KY596183.1
Arthraxon prionodes PI<ITA>:659331 Andropogoneae Burke et al. 2016 - NC_030613.1
Arundinella deppeana Clark et al. 1680 (XAL) Andropogoneae Burke et al. 2016 - NC_030620.1
Arundinella hirta USDA PI 246756 Andropogoneae Washburn et al. 2015 SRR2163563 not submitted
Arundinella hookeri Kew #0050290 Andropogoneaec Washburn et al. 2015 SRR2163560 not submitted
Arundinella nepalensis MSV608 Andropogoneae This study - not submitted
Axonopus fissifolius Clark et al. 1703 (ISC) Paspaleae Burke et al. 2016 - NC_030501.1
Bothriochloa alta DEK:Duvall s.n. Andropogoneae Burke et al. 2016 - NC_030621.1
Brachiaria fragrans JMB19160 Paniceae Silva et al. 2017 - KX663837.1
Brachypodium distachyon SAMNO5519009 Pooideae NCBI SRA Archive ~ SRR4029428 NC 011032.1
Capillipedium venustum PI<ITA>:11713 Andropogoneae Burke et al. 2016 - NC _030622.1
Chandrasekharania keralensis ~ VSR54064 Jansenelleae Besnard et al. 2018 - not submitted
Chasechloa egregia LHB s.n. Paniceae Silva et al. 2017 - KX663836.1
Chasechloa madagascariensis ~ HPB11217 Paniceae Silva et al. 2017 - KX663838.1
Chasmanthium sessiliflorum ISC(USA-IA):Sanchez-Ken = Chasmanthiecaec Burke et al. 2016 - KU291494.1
Chrysopogon zizanioides Kellogg Vet-MRL-001 Andropogoneae Arthan et al. 2018 - KY596158.1
Coix lacryma-jobi Arthan 072 Andropogoneae Arthan et al. 2018 - KY596160.1
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Coleachne africana
Cymbopogon citratus
Danthoniopsis dinteri
Danthoniopsis stocksii
Dichanthelium acuminatum
Dichanthium aristatum
Digitaria glauca
Diheteropogon ampelectens
Dimeria ornithopoda
Echinochloa stagnina
Eremochloa ciliaris
Eriochloa meyeriana
Eriochrysis cayennensis
Eulalia aurea

Eulalia siamensis

Garnotia stricta var. longiseta
Garnotia tenella

Garnotia thailandica
Glyphochloa forficulata
Gynerium sagittatum
Hildaea pallens

Homolepis aturensis
Hyparrhenia subplumosa
Imperata cylindrica

Ischaemum afrum

RCHO09

09Cc
SRR2163566
RHR54967
Saarela 666 (CAN)
08Da

MSV950
PI<ITA>:12585
Traiperm 575
RCH49
Traiperm 524
Duvall s.n. (DEK)
Welker 365
PI<ITA>:12153
Traiperm 557
RS1386
Traiperm 552
Traiperm 535
HFP896
P6-301b
GB06-2014
GB06-2012
PI<ITA>:12665
DEK:Burke 21
PI<ITA>:364924

Micrairoideae
Andropogoneae
Tristachyideae
Tristachyideae
Paniceae
Andropogoneae
Paniceae
Andropogoneae
Andropogoneae
Paniceae
Andropogoneae
Paniceae
Andropogoneae
Andropogoneae
Andropogoneae
Andropogoneae
Andropogoneae
Andropogoneae
Andropogoneae
Gynerieae
Paspaleae
Paspaleae
Andropogoneae
Andropogoneae

Andropogoneae

Piot et al. 2017

Dunning et al. In prep

Burke et al. 2016
This study
Burke et al. 2016

Dunning et al. In prep

This study

Burke et al. 2016
Arthan et al. 2018
Piot et al. 2017
Arthan et al. 2018
Burke et al. 2016
Arthan et al. 2018
Burke et al. 2016
Arthan et al. 2018
Besnard et al. 2018
Arthan et al. 2018
Arthan et al. 2018
This study

This study

Piot et al. 2017
Piot et al. 2017
Burke et al. 2016
Burke et al. 2016
Burke et al. 2016

MF563382.1
not submitted
NC _030502.1
not submitted
NC _030623.1
not submitted
not submitted
KU291497.1
KY596130.1
MF563380.1
KY596146.1
NC 030624.1
NC 029882.1
NC 030503.1
KY596149.1
not submitted
KY596184.1
KY596171.1
not submitted
not submitted
MF563377.1
MF563378.1
NC _030625.1
NC 030487.1
NC 030488.1




Iseilema macratherum
Iseilema membranaceum
Jansenella griffithiana
Jansenella neglecta
Kerriochloa siamensis
Lasiacis nigra
Lasiorhachis hildebrandtii
Lasiurus scindicus
Lecomtella madagascariensis
Loudetia simplex
Loudetiopsis kerstingii
Megathyrsus maximus
Melinis minutiflora
Merxmuellera tsaratananensis
Miscanthus sinensis
Mnesithea helferi
Oncorachis ramosa
Oplismenus hirtellus
Oryza sativa

Otachyrium versicolor
Panicum capillare
Panicum lycopodioides
Paspalidium geminatum
Paspalum paniculatum
Paspalum vaginatum

Phyllostachys edulis

PI<ITA>:257760
07Im

CG209

SRY201
Traiperm 580
GB02-2014
LRK2008
AN-DJI/78-36
MSV603
MSV1049
PI<ITA>:12679
PI 12181
MSV609
MSV486
SAMNO1163223
Traiperm 574
Zuloaga 6960

Clark & Lewis 1644 (ISC)

SAMDO00045947
Zuloaga 7027
Saarela 769 (CAN)
GB04-2013
Giussani 313 (SI)
MSV500
SAMNO05660222
SAMNO03417478

Andropogoneae
Andropogoneae
Jansenelleae
Jansenelleae
Andropogoneae
Paniceae
Andropogoneae
Andropogoneae
Lecomtelleae
Tristachyideae
Tristachyideae
Paniceae
Paniceae
Danthonioideae
Andropogoneae
Andropogoneae
Paspaleae
Paniceae
Oryzoideae
Paspaleae
Paniceae
Paniceae
Paniceae
Paspaleae
Paniceae

Bambusoideae

Burke et al. 2016

Dunning et al. In prep

Besnard et al. 2018
This study

Arthan et al. 2018
Piot et al. 2017
Piot et al. 2017
Besnard et al. 2018
Besnard et al. 2013
Piot et al. 2017
Burke et al. 2016
Burke et al. 2016
This study

Piot et al. 2017
NCBI SRA Archive
Arthan et al. 2018
Burke et al. 2016
Burke et al. 2016
NCBI SRA Archive
Burke et al. 2016
Burke et al. 2016
Piot et al. 2017
Burke et al. 2016
Piot et al. 2017
NA

NA/Zhang et al. 2015

SRP015486
DRR054198

NC 030611.1
not submitted
not submitted
submit
KY596120.1
MF563376.1
MF563371.1
not submitted
HF543599.2
MF563366.1
NC 030612.1
NC 030489.1
not submitted
MF563375.1
NC _028721.1
KY596162.1
NC _030490.1
NC 030491.1
X15901.1

NC _030492.1
NC _030493.1
MF563374.1
NC _030494.1
MF563367.1

SRR4136360 not submitted
SRR1916022 NC 015817.1
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Plagiantha tenella
Polytoca digitata
Pseudolasiacis leptolomoides
Pseudosorghum fasciculare
Reynaudia filiformis
Rottboellia cochinchinensis
Sartidia dewinteri

Sartidia isaloensis

Sartidia perrieri

Setaria italica
Sorghastrum nutans
Sorghum bicolor
Sporobolus michauxianus
Steinchisma laxum
Stipagrostis hirtigluma
Streptostachys asperifolia
Themeda quadrivalvis
Themeda sp.

Themeda triandra
Thyridolepis xerophila
Tristachya humbertii
Urochloa reptans
Whiteochloa capillipes

Zea mays

Zuloaga 6953
Arthan 054
MSV983

Arthan 067

E12208
ISC(USA-IA)Clark et al. 1698
SDW698

MSV1325
HPB10751

SRA pooled samples
DEK:Wysocki s.n.
SAMNO05519228
SAMNO05920556
Zuloaga 7416
MSV902
GB01-2012
MSV350

Saarela 1833

ALO1

Saarela 1643 (CAN)
MSV1369

Morden 1221 (HAW)
Duvall s.n. (DEK)
SAMEA4040121

Paspaleae
Andropogoneae
Paniceae
Andropogoneae
Paspaleae
Andropogoneae
Aristidoideae
Aristidoideae
Aristidoideae
Paniceae
Andropogoneae
Andropogoneae
Chloridoideae
Paspaleae
Aristidoideae
Paspaleae
Andropogoneae
Andropogoneae
Andropogoneae
Paniceae
Tristachyideae
Paniceae
Paniceae

Andropogoneae

Burke et al. 2016
Arthan et al. 2018
Piot et al. 2017
Arthan et al. 2018
This study

Burke et al. 2016
Besnard et al. 2014
Piot et al. 2017
Besnard et al. 2014
NCBI SRA Archive
Burke et al. 2016
NCBI SRA Archive
NA

Burke et al. 2016
Piot et al. 2017

Piot et al. 2017
Dunning et al. 2017
Burke et al. 2016
Dunning et al. 2017
Burke et al. 2016
Piot et al. 2017
Burke et al. 2016
Burke et al. 2016
NCBI SRA Archive

SRR4028749
SRR4434179

SRX2735032

SRX2735038

ERR1462673

NC 030497.1
KY596178.1
MF563372.1
KY596157.1
not submitted
NC 030615.1
KJ819550.1
MF563370.1
KJ819549.1
KJ001642.1
NC_030498.1
NC _008602.1
NC 029416.1
NC 030499.1
MF563365.1
MF563369.1
KY707773.1
KU291484.1
KY707767.1
NC 030616.1
MF563368.1
NC _030617.1
NC _030618.1
NC _001666.2
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2.3.3. Genome-wide nuclear analysis

A novel approach was developed to automatically assemble full or partial coding
sequences of nuclear genes from low-coverage genome scans. A genome-wide reference
dataset of groups of co-orthologous genes at the Panicoideae subfamily level (i.e. all
genes descended from a single gene in the most recent common ancestor of Panicoideae
via a combination of speciation and duplication events) was retrieved from Dunning et
al. (2017b). Genes potentially transferred from organelles to the nuclear genome were
identified via BLAST (e-value threshold of 10°) using Sorghum bicolor organellar
genomes as reference, and subsequently removed from this dataset. The final genome-
wide reference dataset consisted of 11,313 groups of Panicoideae co-orthologs. The
sequences of S. bicolor were extracted from this dataset and used as references for
downstream analyses. These genes are descended from a single gene in the common
ancestor of Panicoideae, but might be duplicated in some subgroups of Panicoideae or
other grasses. Collapsing such duplicates allows extracting phylogenetically useful
markers.

Gene models corresponding to each of the 11,313 references were assembled
independently for each of the 98 grass species included here. First, raw genomic
datasets were filtered using NGSQC Toolkit v.2.3.3 (Patel and Jain 2012) to retain only
high-quality reads (i.e. > 80% of the bases with Phred quality score > 20), and to
remove adaptor contamination and reads with ambiguous bases. The retained reads were
subsequently trimmed from the 3’ end to remove bases with Phred score < 20. The
filtered genomic datasets were then mapped as single-end reads to the genome-wide
reference using Bowtie2 v.2.3.2 (Langmead 2012) with default parameters. Consensus
sequences were called based on variant call format (VCF) files from the read alignments
using the mpileup function of Samtools v.1.5 (Li et al. 2009) implemented in a bash-
scripted pipeline, modified from Chapter 4. [IUPAC ambiguity codes were used for all
variable sites. Sequences of all species and for all 11,313 genes were then concatenated
to generate an initial supermatrix of 18,787,352 bp. Sites available for less than 70% of
species were removed using trimAl v.1.4 (Capella-Gutiérrez et al. 2009), decreasing the
proportion of missing data in the supermatrix from 74% to 26%, and a ML tree was
inferred on the resulting 124,487 bp alignment with RAXML as described above.

In addition to the genome-wide dataset, eight individual nuclear markers

previously used to infer grass phylogenies (GPWG 2001; Bomblies and Doebley 2005;
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Doust et al. 2007; Christin et al. 2012b; Estep et al. 2012, 2014) were investigated,
namely aberrant panicle organization I (apol), arogenate dehydrogenase (arodeh), the
DELLA protein-encoding gene dwarf 8 (dwarf8), floricaula/leafy-like (floricaula),
knotted 1 (knl), phytochrome B (phyB), retarded palea 1 (repl) and granule-bound
starch synthase 1 (GBSSI or waxy). Sequences for the putative C; sister group of
Andropogoneae and the Arundinellinae Garnotia stricta var. longiseta were manually
assembled by mapping reads to reference sequences in Geneious and calling a majority-
rule consensus, as described in Besnard et al. (2018). Preliminary gene assembly for
Jansenella neglecta revealed two divergent copies, of which one was very similar to the
sequence of J. griffithiana, suggesting a hybrid origin (e.g. allopolyploid) of J. neglecta.
However, this species was not included in the phylogenetic analyses because the
relatively low sequencing depth prevented phasing the reads into alleles for the selected
genes. The assembled sequences were aligned with additional data retrieved from NCBI
nucleotide databases using MAFFT. Trees were inferred for each of the eight markers
using MrBayes v.3.2.2 (Ronquist et al. 2012) with the GTR+G substitution model. Two
parallel analyses consisting of four chains each were run for 40,000,000 generations.
After verifying the convergence of the runs, the burn-in period was set to 50%, and a
consensus tree was inferred for each gene using all the posterior trees for the parallel

analyses.

2.3.4. Molecular dating

Divergence times were estimated for the nuclear and plastid datasets using a relaxed
molecular clock as implemented in BEAST v.1.8.4 (Drummond and Rambaut 2007). To
further reduce missing data in the nuclear dataset, sites available for less than 75% of
species and species with more than 25% missing data were removed from the initial
supermatrix. The final nuclear dataset included 66 species, with an alignment length of
32,501 bp and a proportion of missing data of 9%. The plastome alignment was reduced
to coding sequences (57,239 bp) of the same 66 species for dating. The trees were time-
calibrated by fixing the age of the split between the two main groups of grasses, the
PACMAD and BOP clades, to 51.2 Ma (based on a previous analysis of nuclear datasets
with different fossil calibration points; Prasad et al. 2011; Christin et al. 2014), using a
normal distribution with standard deviation of 0.0001. This age represents the scenario

based on macrofossils only, but we also report ages with the equivalent based on
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disputed microfossils (82.4 Ma for the same node; Christin et al. 2014). The GTR+G
substitution model was used, with the Yule model as speciation prior and a lognormal
uncorrelated relaxed clock (Drummond et al. 2006). For each dataset, two or three
MCMC chains were run in parallel for at least 160,000,000 generations. The runs were
monitored using Tracer v.1.6 (Rambaut et al. 2013), checking for convergence and
effective sample sizes >100 for all parameters. The burn-in period was set to the point
of convergence of the runs (20%) and all trees sampled after that were combined. For

each dataset, median ages were summarized on the maximum clade credibility tree.

2.3.5. Carbon isotopes and leaf anatomy

Photosynthetic types were retrieved from the literature (Osborne et al. 2014). The
photosynthetic type of J. griffithiana was verified through analysis of carbon isotopes.
Leaf fragments from the sequenced herbarium specimen were analysed using an ANCA
GSL preparation module coupled to a Sercon 20-20 stable isotope ratio mass
spectrometer (PDZ Europa, Cheshire, UK). Carbon isotopic ratios (8"°C, in %o) were
reported relative to the standard Pee Dee Belemnite (PDB). Values of §"°C ranging from
-33 to -24%o are typical of C; plants, and values higher than -17%o indicate that the
plants grew using a C4 pathway (O’Leary 1988).

Leaf anatomical phenotypes were characterized for members of Andropogoneae
and their C; relatives, using data from the literature (Renvoize 1982a, 1982b, 1982c,
1985; Ueno 1995; Zuloaga et al. 2000; Christin et al. 2013; Watson et al. 1992). In
addition, new leaf cross sections were prepared for the samples of J. griffithiana and G.
stricta used for genome sequencing. A leaf fragment (ca. 2 cm) was rehydrated by
warming the sample in dH,O up to 60°C followed by immersion in 1% KOH overnight.
The rehydrated fragment was then dehydrated through an ethanol series from 10% to
100% EtOH, with steps of 30 min. The leaf fragment was then resin-infiltrated with
Technovit 7100 (Heraeus Kulzer GmbH, Wehrheim, Germany). Cross sections of 9 pm
were obtained using a microtome (Leica RM 2245, Leica Biosystems Nussloch GmbH,
Nussloch, Germany) and stained with Toluidine Blue O (Sigma-Aldrich, St. Louis,
MO). Micrographs were obtained using an Olympus BX51 microscope coupled to an
Olympus DP71 camera (Olympus Corporation, Tokyo, Japan). A number of qualitative
and quantitative leaf characters related to the C, function were measured on the cross

sections following Christin et al. (2013): number of bundle sheath layers, distance
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between the centres of consecutive veins (interveinal distance), minimal distance
between the bundle sheaths of consecutive veins (bundle sheath distance), fraction of
the mesophyll plus bundle sheath area represented by the inner bundle sheath (% inner
sheath area), presence/absence of distinctive cells (sensu Tateoka 1958; Renvoize

1982b), and localization of starch production.

2.3.6. Positive selection tests

To test for episodes of adaptive evolution of C4 enzymes during different periods of the
history of Andropogoneae, positive selection tests were conducted on alignments of five
genes encoding proteins known to play important roles in the C4 pathway (Hatch 1987),
namely NADP-malate dehydrogenase (NADP-MDH), NADP-malic enzyme (NADP-
ME), phosphoenolpyruvate carboxykinase (PCK), phosphoenolpyruvate carboxylase
(PEPC) and pyruvate, phosphate dikinase (PPDK). Complete or partial coding
sequences for the Cs sister group of Andropogoneae and G. stricta were manually
assembled, as described above. Additional sequences retrieved from NCBI and
Washburn et al. (2017) were included, and the datasets were aligned using MAFFT. The
3" positions of codons were used for phylogenetic inference to decrease biases due to
adaptive evolution (Christin et al. 2012a). Phylogenetic trees were obtained using
Bayesian inference with MrBayes as described above.

The trees were used to conduct positive selection analyses, after pruning C,
species outside Andropogoneae to avoid selection signals in other C4 groups, and
enforcing the monophyly of Arundinellinae in one of the gene trees (PPDK). Removing
genes from other C, taxa was necessary to avoid inflating the dN/dS estimated for the
background branches or underestimating it in foreground branches by misidentifying
Cs-specific genes in these other taxa that are not the focus of the present study. A
number of codon models were optimized using codeml as part of PAML v. 4.9 (Yang
2008).The null model, assuming no selection, was compared to several branch-site
models hypothesizing shifts in the selective pressure in some sets of foreground
branches defined a priori: (1) the branch leading to Andropogoneae and its C; sister
group (positive selection before the transition to Cj); (2) the branch leading to
Andropogoneae (positive selection during the transition to C,); and (3) the branches
leading to each of the two main Andropogoneae groups Arundinellinae and

Andropogoneae s.s. (positive selection just after the transition to C4). Each model was
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repeated with sustained selection from the selected branches to all descendants, and
with a shift to relaxed selection instead of positive selection in foreground branches.
The best model was selected using the Akaike Information Criterion (AIC), after
verifying that it was significantly better than the null model (at a significance level of
5%) as assessed via a likelihood ratio test with a p-value adjusted for multiple testing
using the Bonferroni correction.

The number of amino acid substitutions through time was assessed by estimating
the branch lengths on the amino acid alignment while constraining the topology to that
obtained on 3™ positions of codons. This was performed for the five core C, genes,
using [Q-tree v.1.6.1 (Nguyen et al. 2015) with an automated selection of the model of

protein sequence evolution.

2.4. Results
2.4.1. Nuclear and plastid trees

We inferred nuclear and plastid ML trees on a dataset consisting of 98 grass species.
Both nuclear and plastid trees recovered most of the relationships among the major
groups of grasses expected based on previous studies, with some notable exceptions
(Figs 2.S1 and 2.S2). Among subfamilies, both the nuclear and plastome trees placed
Aristidoideae as sister to the other PACMAD subfamilies, which is consistent with
previous analyses of large nuclear datasets (Moreno-Villena et al. 2018), individual
chloroplast markers (e.g. GPWG II 2012), some plastome partitions (Saarela et al.
2018), but not with the largest plastome analyses to date (Cotton et al. 2015; Burke et al.
2016; Saarela et al. 2018). Incongruence between the phylogenies recovered from
plastid and nuclear genomes is observed within the well-sampled Panicoideae subfamily
(Fig. 2.1), which points to different histories of the genomes, as recently suggested
using a smaller dataset (Washburn et al. 2015, 2017). The C; genera Jansenella and
Chandrasekharania form a strongly supported group sister to Andropogoneae, with a
bootstrap value (BS) of 100 in both nuclear and plastome trees (Figs 2.S1 and 2.S2).
This relationship was also highly supported in all trees for individual nuclear markers
(Fig. 2.S3), although the group was paraphyletic in one case (apol). Our data and
analysis therefore provide strong evidence that the clade formed by the genera
Jansenella and Chandrasekharania (hereafter Jansenelleae) is the C; lineage most

closely related to the Andropogoneae grasses.
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Within Andropogoneae, the group formed by the genera Garnotia and
Arundinella (subtribe Arundinellinae) is sister to the Andropogoneae s.s. in all analyses,
but occasionally paraphyletic with respect to Andropogoneae (Fig. 2.1; Fig. 2.S3). Short
internal branches and low bootstrap support values within Andropogoneae s.s. are
associated with high incongruence between nuclear and plastid trees, suggesting a
complex history for the group, which might be related to a rapid radiation and frequent
hybridization (Estep et al. 2014). In particular, nuclear and plastid trees identify
different taxa as sister to the rest of Andropogoneae s.s. (Arthraxon in the nuclear tree,

Lasiurus in the plastome tree; Figs 2.S1 and 2.S2).

2.4.2. Divergence time estimates and biogeography

The confirmation of the sister relationship between Jansenelleae and Andropogoneae
allows refined divergence time estimates, including for the origin of C4 photosynthesis
in the group. Based on a secondary calibration considering only macrofossils, the
nuclear and plastid datasets provided similar dates of divergence between
Andropogoneae and its C; sister lineage at 21.3 (95% HPD = 16.5 — 26) Ma and 21.1
(95% HPD = 14.6 — 27.6) Ma, respectively (Fig. 2.1; Table 2.2). These dates would be
pushed back to 33.9 and 33.5 Ma, respectively, if a microfossil dating scenario were
followed. The first split within Andropogoneae was estimated at 19.2 (95% HPD = 14.9
— 23.8) Ma and 17.9 (95% HPD = 12.2 — 23.7) Ma for nuclear and plastid datasets,
respectively (30.5 and 28.5 under a microfossil dating scenario).

We present a summary of the global distribution of species diversity and
endemism of the Jansenelleae-Andropogoneae lineage in Figure 2.2. Of the three
species in Jansenelleae, two are restricted to the Western Ghats of India and only J.
griffithiana extends to other regions of mainland South East Asia, including Sri Lanka,
Myanmar and Thailand. Andropogoneae s.s. and subtribe Arundinellinae have a wider
distribution, but species diversity and endemism, relative to the TDWG boundaries, are

also concentrated in India and South East Asia.

42



2. Continued adaptation of C4 photosynthesis after initial burst of changes

Plastome

Andropogoneae

Themeda triandra
Cymbopogon citratus
Sorghastrum nutans
Miscanthus sinensis
Pseudosorghum fasciculare
Eulalia siamensis
Lasiorhachis hildebrandtii
Sorghum bicolor

Imperata cylindrica
Andropogon burmanicus
Rottboellia cochinchinensis
Coix lacryma—jobi
Ischaemum afrum

Zea mays

Lasiurus scindicus

& Arundinella nepalensis

Capillipedium venustum
Dichanthium aristatum
Iseilema membranaceum
Themeda quadrivalvis
Themeda sp. Saarela 1833

Jansenelleae

Paspaleae

Paniceae

—e

Arundinella deppeana
Garnotia stricta

Jansenella neglecta
—+:{Jansenella riffithiana

Chandrasekharania keralensis
Axonopus fissifolius
Streptostachys asperifolia
Hilcﬁzea pal]Zns

Paspalum vaginatum
Paspalum paniculatum
Otachyrium versicolor
Homolepis aturensis
Reynaudia filiformis
Pseudolasiacis leptolomoides
Oplismenus hirtellus

Lasiacis nigra

Panicum lycopodioides
Chasechloa madagascariensis
Chasechloa egregia
Brachiaria fragrans
Echinochloa stagnina

Alloteropsis semialata
—EAlloteropsis angusta

Alloteropsis cimicina

—e Urochloa reptans

Melinis minutiflora

—

¢ Setaria italica

Paspalidium geminatum
1 T_: Thyridolepis xerophila

Dichanthelium acuminatum
Digitaria glauca

Lecomtella madagascariensis

Panicoideac)

Gynerium sagittatum

Chasmanthium laxum

. :Loudetia simplex
Tristachyideae . 0o
* Tristachya humbertii

Danthoniopsis stocksii

PACMAD

Sporobolus michauxianus

Merxmuellera tsaratananensis

Coelachne africana

Aristida rufescens

Stipagrostis hirtigluma

Brachypodium distachyon

Phyllostachys edulis

Oryza sativa

10 0

Nuclear genome

37 Panicoideae
PACMAD
+7
BOP
0 10 20 30 40 50

43



2. Continued adaptation of C4 photosynthesis after initial burst of changes

Fig. 2.1. Time-calibrated trees of grasses based on (A) plastid and (B) genome-wide nuclear data.
Divergence times were inferred from reduced 66-taxon datasets with columns with non-coding regions
removed from plastomes (A) and columns with high amounts of missing data removed for nuclear
genome sequences (B). The full 98-taxon maximum likelihood trees can be found in Figs 2.S1 and 2.S2
(Supplemental Information). The BOP-PACMAD split was calibrated at 51.2 Ma following Christin et al.
(2014). Branches are coloured in red for C4 and black for C; species, and the red star indicates the C,
origin in Andropogoneae. Major taxonomic groups in Panicoideae are shaded. Dots on nodes indicate
Bayesian posterior support >0.95.

Table 2.2. Divergence time estimates for selected lineages of grasses based on plastome
and nuclear genome sequences'.

Genome-wide

Clade / Dataset Plastome
nuclear markers
34.7 31
pOP erown (24.8-456) (17.8 - 443)
434 45
PACMAD crown (346 511) (78 512)
Panicoideae crown 36.4 36.4
(26.3-46.6) (29.2 - 43)
. 21.1 21.3
Jansenelleae / Andropogoneae split (14.6 - 27.6) (165 26)
Andropogoneae crown 17.9 19.2
pos (122-23.7) (149 23.8)
Andropogoneae s.s. crown 11.9 15.9
posoneRe S (8- 16) (121 19.7)

! Values are median ages in million years ago (Ma), with 95% HPD intervals in parentheses.
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Fig. 2.2. Distribution and endemism of Andropogoneae and Jansenelleae lineages.
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2.4.3. Anatomical changes during the early diversification of

Andropogoneae

Anatomical and biochemical characters linked to C4 photosynthesis were assessed based
on the literature and new measurements for various Andropogoneae and their Cs
relatives (Table 2.3). Our carbon isotope analysis confirmed that J. griffithiana is a C;
plant (8"°C = -27.28 %o). Its leaf anatomy is typical of C; grasses, with two layers of
bundle sheath cells (Fig. 2.3A), which contradicts previous reports (Metcalfe 1960;
Tiirpe 1970). As with other C; species, it has a large distance between consecutive
bundle sheaths, and no sign of minor veins or distinctive cells (Fig. 2.3B). In addition,
the proportion of the leaf occupied by the inner bundle sheath falls within the range
observed for other C; grasses (Christin et al. 2013). The leaf anatomy of G. stricta was
similar to that previously reported for Arundinellinae (Renvoize 1982c, 1986; Watson
2017). Its veins are surrounded by a single bundle sheath and are separated by a large
number of mesophyll cells (Fig. 2.3B). Multiple distinctive cells separate the veins, and
staining suggests starch production in both bundle sheaths and distinctive cells (Fig.
2.3B). Similar anatomical structures are observed in other Arundinellinae (Renvoize
1982c, 1986; Watson 2017), but also in the genus Arthraxon (Ueno 1995), which is an
Andropogoneae s.s. representative that diverged early from the rest of the group (e.g.
GPWG 1I 2012; Estep et al. 2014). By contrast, most Andropogoneae s.s. lack
distinctive cells and decrease the distance between consecutive veins via the
proliferation of minor veins (Fig. 2.3B; Table 2.3). The distribution of these traits on the
phylogeny suggests either a switch between minor veins and distinctive cells at the base

of Andropogoneae s.s., or independent origins of these characters.
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(B)

Jansenella

I

Arundinella

200 pm

Fig. 2.3. Leaf transverse sections of
representatives of Jansenelleae and
Andropogoneae. (A) Jansenella
griffithiana. OS = outer bundle
sheath; IS = inner bundle sheath;

(B) Jansenella griffithiana, Garnotia
stricta,  Arundinella  nepalensis,
Heteropogon contortus and
Ischaemum afrum. The latter three
pictures are from Christin et al.
(2013). Blue, red and green arrows
indicate major veins, distinctive cells
and minor veins, respectively.
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Table 2.3. Leaf anatomical measurements of traits associated with C4 photosynthesis in
Jansenella griffithiana and representatives of Andropogoneae.

Bundle Interveinal % Inner Bundle e .
. . . sheath  Distinctive Starch in
Lineage/Species sheath  distance = Sheath .
layers (um) Area distance cells BSC
(pm)
Jansenelleae
Jansenella griffithiana (Cs) 2 471 0.01 403 A A
Arundinellinae
Arundinella nepalensis (C)" 1 215 0.27 101
Garnotia stricta (Cs) 1 191 0.11 187 P
Andropogoneae s.s.
Arthraxon sp. (Co)>* 1 - - P P
Chrysopogon pallidus (Cs)' 1 112 0.23 29 A P
Heteropogon contortus (Cs)" 1 80 0.21 32 A P
Ischaemum afirum (C,)' 1 109 0.24 52 A P
Sorghum halepense (Cs)' 1 119 0.20 53 A P

A = absent, P = present; ' Data extracted from Christin et al. (2013); ? Data extracted from Watson et al.
(1992 onwards); * Data extracted from Ueno (1995).

2.4.4. Positive selection in C, enzymes

Phylogenetic trees for genes encoding C4 enzymes inferred from 3™ positions of codons
were compatible with genome-wide trees (Fig. 2.54). In all cases, Jansenelleae were
sister to Andropogoneae, in which Arundinellinae and Andropogoneae s.s. represent the
first split, with one exception (PPDK), in which Arundinellinae is paraphyletic (Fig.
2.S4). Lineage-specific duplications are observed within Andropogoneae s.s. and
Arundinellinae species for NADP-ME, and only in Andropogoneae s.s. for NADP-
MDH (Fig. 2.S4), as previously reported (Rondeau et al. 2005; Christin et al. 2009a;
Wang et al. 2009).

The inferred trees were used to track episodes of adaptive evolution in
Andropogoneae, independently for each gene. In all five core C4 genes analysed, the
best model inferred a shift of selective pressures in Andropogoneae which was sustained
until the present (Table 2.4). For two genes (NADP-MDH and PPDK), the shift
occurred at the base of Andropogoneae, and the model assuming a shift to positive
selection was significantly better than the model assuming a shift to relaxed selection. In

the three other genes (NADP-ME, PCK and PEPC), the shift of selective pressures
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occurred independently in Arundinellinae and Andropogoneae s.s.; in these cases, a shift
of selective pressures was statistically supported, but models assuming a shift to
positive or relaxed selection performed equally well (Table 2.4).

In the model assuming shifts to positive selection, the Bayes Empirical Bayes
approach (BEB) identified 25 amino acid sites of PEPC under different selective
pressures in Andropogoneae. At all of these sites, there is variation in the amino acids
observed in Arundinellinae and Andropogoneae s.s. species (Fig. 2.S4), and in most
cases they differ from the C; outgroups. None of these 25 sites correspond to the 12
previously identified as convergently selected in multiple grass lineages (Christin et al.
2007). However, these 12 sites contained substitutions in all of the Andropogoneae
species, except for G. stricta, in which four of these sites were not modified when
compared to the C; sister group. A total of 29 sites of NADP-ME were identified by the
BEB approach to be under different selective pressures in Andropogoneae. Interestingly,
the amino acids at these sites varied among genes of Andropogoneae (Fig. 2.S4),
suggesting that mutations accumulated gradually during the diversification of the group.
To visualize the amount of amino acid substitutions during different periods of
Andropogoneae history, we estimated branch lengths from amino acid sequences after
excluding C, species outside of Andropogoneae. Overall, numerous substitutions
occurred on PEPC, PPDK and to some extent on NADP-ME at the base of
Andropogoneae, and increased rates compared to non-C,; genes were sustained
throughout Andropogoneae (Figs 2.4 and 2.5). By contrast, bursts of amino acid
substitutions on NADP-MDH occurred mainly in the Andropogoneae s.s., while
increased number of substitutions on PCK were restricted to some species within both
Arundinellinae and Andropogoneae s.s. (Figs 2.4 and 2.5). The same patterns were
observed when C, species outside of Andropogoneae were included in the analyses (Fig.
2.S5). Increased rates of amino acid substitution on all five genes characterize most Cy4
branches, as was observed in the Andropogoneae, which highlights the highly

convergent nature of C, evolution in grasses.
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Table 2.4. Positive selection tests in three scenarios of C4 enzyme adaptation in the group including Jansenelleae and Andropogoneae’.

Branch site models

Two episodes

Single episode (During Cs evolution,

Scenarios of Single episode

adaptly ¢ (Preceding C,evolution) (During Cs evolution, at the base of Arundinellinae and
evolution at the base of Andropogoneae)
Andropogoneae s.s.)
Gene? n Slti/[n;zdel Internal branch Sustained Internal branch Sustained Internal branch Sustained
(Enzyme) species (null model) only selection only selection only selection
BSA BSA1 BSA BSA1 BSA BSA1 BSA BSA1 BSA BSA1 BSA BSA1
gffi%”;,‘fﬁgé) 32 4550 4750 4950 1302 587 4478 4678 974  0.00% 475 4950 1393 238
gfg}f__l\]/f; 51 248.58 250.58 252.58 57.41 59.41  250.58 252.58 2.33 4.19 250.58  252.58  0.00% 1.84
pck-1P1
(PCK) 39 65.40 67.40  69.40 15.68 17.68 67.40  69.40 2.61 4.61 67.40  69.40  0.00% 2.00
ppc-1P3
(PEPC) 56 516.68 518.68 520.68 44.49  46.49 479.67 481.67 17.01 19.01 483.59 48397  0.00%* 2.00
pg)cgcbllff 28 59.88 61.88 63.88 20.11 19.70  61.88 63.88 3.80 0.00* 58.06 59.50 6.36 3.66

'dAIC values relative to the best-fit model for each gene are shown. The best-fit model is highlighted in bold with an asterisk. Two hypotheses of enzyme adaptation were tested for
each scenario, the first assuming positive selection in the internal branch leading to the ancestor of the group specified in the scenarios, the second assuming sustained selection,
which includes the ancestor plus all descendant branches. For each hypothesis, two branch-site models were used to test for a relaxation of purifying selection (BSA), and potential
positive selection (BSA1).

% Gene notation following Moreno-Villena et al. (2018)
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Fig. 2.5. Changes in protein sequence and leaf anatomy of C, components in the Andropogoneae grasses. A time-calibrated tree of Panicoideae is presented, with selected non-C,
species outside Andropogoneae. Branch thickness is proportional to the rate of protein change and colours represent different C, enzymes. A simplified transverse section of the leaf

is presented on the right, with colours representing the different tissues.
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2.5. Discussion

2.5.1. A single origin of the new C, physiology followed by

continued anatomical changes

In previous grass phylogenies, Andropogoneae formed a large clade entirely composed
of Cy4species, and its closest known C; relatives belonged to a different group in which
there were multiple independent Cy4 lineages (GPWG 11 2012). The branch leading to
Andropogoneae was therefore long, preventing the precise inference of changes leading
to C4 evolution in this group. We confirm here that Jansenella and Chandrasekharania
form the sister group of Andropogoneae, both based on plastome phylogenies and on
markers spread across the nuclear genomes. This, combined with a distinctive
morphology, supports their recognition as a separate tribe, Jansenelleae (Appendix 1).
We further confirm that the group is Cs, as previously suggested (Ttirpe 1970; Renvoize
1985, 1986), providing a shorter branch connecting the last known C; ancestor of
Andropogoneae (most recent ancestor shared with Jansenelleae) and the first split
within the group. The anatomy of Jansenella is typical of C; grasses, with a large
distance between consecutive veins, a double bundle sheath and no minor veins or
distinctive cells (Fig. 2.3). In addition, the genes encoding Cs-related enzymes from
Jansenella and Chandrasekharania are similar to those of other C; grasses, with no
traces of positive selection or increased rates of amino acid replacements (Figs 2.4, 2.54
and 2.S5; Table 2.4). We therefore conclude that the last common ancestor of
Jansenelleae and Andropogoneae was a typical Cs plant, with the anatomical and genetic
characteristics common to all PACMAD grasses (Christin et al. 2013; Emms et al. 2016;
Moreno-Villena et al. 2018). The changes responsible for the emergence of a C,
pathway therefore happened after the divergence between Andropogoneae and
Jansenelleae. Previous studies comparing C; and Cs anatomical traits or genomes
typically sampled only a few Andropogoneae species, preventing assigning changes to
different phases of C, evolution (Christin et al. 2013; Emms et al. 2016; Huang et al.
2017), as enabled here thanks to our denser species sampling.

The comparison of anatomical types suggests multiple modifications during the
early diversification of Andropogoneae. All species from this group have a single
bundle sheath (Renvoize 1982), which is ontogenetically equivalent to the inner sheath

of C; grasses (i.e. mestome sheath; Dengler et al. 1985). The large distance between
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consecutive veins, as observed in Jansenella (Table 2.3), is reduced in Arundinellinae
by the insertion of one or multiple distinctive cells, where Rubisco can be segregated
(Fig. 2.3; Dengler and Dengler 1990; Sinha and Kellogg 1996). While these distinctive
cells are shared by some Andropogoneae s.s. (Ueno 1995), most use a different strategy
to reduce the distance between consecutive veins, which consists of the proliferation of
minor veins (Table 2.3; Lundgren et al. 2014). Distinctive cells and minor veins have
similar developmental patterns (Dengler et al. 1996), and the former could be precursors
of the latter, in which case minor veins could represent the specialization of ancestral
distinctive cells after the split of Andropogoneae s.s. from Arundinellinae. Alternatively,
the ancestral state of the group could be minor veins that later degenerated in
Arundinellinae and some Andropogoneae, or else these specializations evolved multiple
times during the early diversification of the group. In all cases, the phylogenetic
distribution of distinctive cells and minor veins shows that changes following the initial
transition to C, led to diverse anatomical solutions for the effective segregation of

biochemical reactions.

2.5.2. Modifications of C; enzymes occurred throughout the

diversification of Andropogoneae

It is accepted that the emergence of a C; pathway requires the co-option of multiple
enzymes already existing in the C; ancestor via their massive upregulation (Hibberd and
Covshoff 2010; Moreno-Villena et al. 2018). This is followed by adaptation of their
kinetics for the new catalytic context through numerous amino acid replacements
(Blasing et al. 2002; Tausta et al. 2002; Christin et al. 2007; Huang et al. 2017). Positive
selection tests conducted here for multiple Cs-encoding genes from Andropogoneae and
other grasses confirm that the evolution of C4 genes in this group involved numerous
adaptive modifications of the coding sequences (Table 2.4; Fig. 2.S4; Christin et al.
2007, 2009; Wang et al. 2009; Huang et al. 2017). The key enzyme of the C4 pathway,
PEPC, underwent convergent changes in numerous groups of grasses, and most were
shared between Arundinella and Andropogoneae s.s. (Christin et al. 2007). However,
only a fraction of these changes are also observed in Garnotia stricta, indicating that the
enzyme underwent adaptive changes both before and after the split among the major
lineages of Andropogoneae (Fig. 2.S4), and codon models did not favour positive

selection at the base of the whole clade (Table 2.4). The assumption of adaptive
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evolution on the branch leading to Andropogoneae is supported for genes encoding
NADP-MDH, NADP-ME, and PPDK (Table 2.4), and a comparison of branch lengths
shows increased rates of sustained amino acid replacements in genes for these three C,
enzymes at the base of Andropogoneae (Fig. 2.4). Our analyses therefore confirm that
massive changes happened at the base of Andropogoneae, but models assuming that
positive selection persisted after early episodes of adaptive evolution are strongly
favoured for at least two genes (Table 2.4). In addition, increased rates of sustained
amino acid replacements are observed on many branches within the group. We conclude
that important alterations of enzymes for the initial build-up of a C4 cycle at the base of
Andropogoneae were followed by continued adaptation throughout the diversification
of the group.

While some enzymes participate in all biochemical variants of the C4 cycle
(Kanai and Edwards 1999), the identity of the enzyme(s) responsible for the
decarboxylation of CO; in the bundle sheath varies among Cs lineages (Prendergast et
al. 1987; Sage et al. 2011). Our analyses concordantly indicate that the decarboxylating
enzyme PCK underwent rounds of amino acid replacements only in some derived
groups within Andropogoneae (Figs 2.4 and 2.S4), without evidence of positive
selection at the base of the whole group (Table 2.4). This conclusion was reached
previously (Christin et al. 2009b) and supports later additions of a PCK-catalyzed
decarboxylation reaction in some of the Andropogoneae (Gutierrez et al. 1974; Walker
et al. 1997; Wingler et al. 1999). However, our data also indicate that NADP-ME, which
is the main decarboxylating enzyme in all Andropogoneae, similarly acquired its C,
properties relatively late in the history of the group. Again, the best model assumed
adaptive evolution throughout Andropogoneae (Table 2.4). Genes for NADP-ME were
duplicated independently in Andropogoneae s.s., Garnotia and Arundinella, and amino
acid replacements are especially prevalent in one of the copies in each group (Figs 2.4
and 2.S4; Christin et al. 2009a). These observations point to independent adaptation of
the enzyme kinetics, but the expression patterns also likely evolved independently in
Andropogoneae s.s. and Arundinellinae. Indeed, modifications of the promoter regions
allowing the Cs-specific binding of a transcription factor are restricted to one of the
Andropogoneae s.s. duplicates that fulfils the Cs function (Borba et al. 2018), which
evolved after the split from Arundinellinae. We therefore hypothesize that the common
ancestor of the Andropogoneae performed a C, cycle based on several decarboxylating

enzymes relatively abundant in many Cs; grasses (Moreno-Villena et al. 2018), with
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some amino acid changes in the other C4; enzymes. Further modifications, which
canalized the use of NADP-ME, added a PCK shuttle, or improved the action of PEPC,
PPDK and NADP-MDH, happened later during the diversification of the group, so that
its numerous C, species represent a diversity of realizations of the C, pathway. Similar
conclusions were reached for small groups that evolved the Cj trait recently (Dunning et
al. 2017a), but we show here for the first time that the continuous adaptation of the C4
trait can be sustained over long evolutionary periods, leaving traces even within one of

the largest C4 groups.

2.5.3. Cy physiology evolved during the early Miocene in

Andropogoneae

Besides inferring the changes underlying C4 evolution in Andropogoneae, our genome-
wide, time-calibrated phylogenies encompassing a diversity of Andropogoneae and their
closest C; relatives shed new light on the age and geographic origin of C,
photosynthesis in the group. Our molecular dating estimated the split between
Jansenelleae and Andropogoneae at roughly 21 Ma, with the first split within
Andropogoneae at 18-19 Ma. While older ages would be inferred if disputed
microfossils dates are considered (see Results), these dates represent the interval in
which C, most likely evolved in this group. Reconstructing the ancient biogeography of
Andropogoneae is complicated by their diversity and presumably numerous dispersals
across large distances, but India represents the centre of diversity of Andropogoneae s.s.
(already noted by Hartley 1958) and Arundinellinae as well as Jansenelleae (Fig. 2.2;
Bor 1955; Nair et al. 1982; Yadav et al. 2010). We conclude that C4 photosynthesis
likely originated in this lineage on the Indian subcontinent in the Early Miocene. Once
the three species of Jansenelleae occur in open habitats (Bor 1955; Nair et al. 1982;
Yadav et al. 2010), the transition likely happened in full-light conditions, which favour
the C, type in warm regions (Osborne and Freckleton 2009). Also, the occurrence of at
least J. griffithiana in regularly burning grasslands (Shilla and Tiwari 2015) suggests
that fire may already have played a structuring role before the transition. Increasing
seasonality (Sage et al. 2012) and warming may have provided the selective impetus for
the transition to Cy4 in the group; the Asian monsoon system was probably established by
~24 Ma but intensified over the Miocene (Guo et al. 2002; Clift 2006; Clift et al. 2008),
while global temperatures were high through the Early and Middle Miocene,
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terminating with global cooling and regional drying of Asia ~15 Ma (Zachos et al. 2001;
Clift 2006; Srivastava et al. 2018).

The contrast between the sister groups Jansenelleae and Andropogoneae is
striking. While the former has only three extant species, two of them restricted to small
regions of India, the latter encompasses roughly 1,200 species spread around the world,
many of which are dominant in savanna ecosystems (Hulbert 1988; Solbrig 1996; Bond
et al. 2003; Kellogg 2015). This difference is partially explained by the divergence of
photosynthetic types, but the expansion of C4 grasslands happened 7-15 Ma after C,
originated in Andropogoneae (Edwards et al. 2010), and increased diversification
occurred only in some of its subclades (Spriggs et al. 2014). While the initial Cy trait
might have played the role of a key innovation broadening the niche of early
Andropogoneae (Lundgren et al. 2015), the later diversification and dominance of some
subgroups, their rapid dispersal across large distances (Dunning et al. 2017b) and into
different ecosystems (Watcharamongkol et al. 2018) were likely enabled by the
acquisition of additional attributes. Traits only partially related or entirely unrelated to
Cs photosynthesis, such as frequent allopolyploidy, herbivore resistance and fire
tolerance have previously been used to explain the success of some Andropogoneae
(Stebbins 1975; Bond et al. 2003; Edwards et al. 2010; Visser et al. 2012; Estep et al.
2014; Forrestel et al. 2014; Ripley et al. 2015; Linder et al. 2018). We suggest that the
diversity of Cs phenotypes revealed here might also contribute to variation among
Andropogoneae. For instance, the addition of a PCK shuttle, which happened
recurrently in some derived Andropogoneae (Figs 2.4 and 2.S4), is predicted to increase
tolerance to fluctuating light conditions (Bellasio and Griffiths 2014; Wang et al. 2014).
Other anatomical and biochemical variations observed here might alter the hydraulic
efficiency and growth rates of the different Andropogoneae. Overall, we conclude that,
because of continuous adaptive reinforcement following a key physiological transition,
descendants of a lineage sharing the derived trait should not all be considered as

functionally equivalent.

2.6. Conclusions

We confirmed a rare C; lineage from the Indian subcontinent, Jansenelleae, as sister to
the Andropogoneae grasses. This opens new avenues for comparative analysis of Cy4

evolution, which were explored here. The C, pathway in Andropogoneae most likely
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evolved in the Early Miocene between roughly 21 and 18 Ma, and many adaptive
changes in C4 enzymes happened during this 3-My period, while many more occurred
during the next 18 million years of sustained adaptation. The group including
Andropogoneae apparently originated on the Indian subcontinent, and the evolutionary
diversification of the C, phenotype after its origin might have been associated with the
spread of Andropogoneae into novel niches and to different regions of the globe,

contributing to the success of this emblematic group of savanna grasses.
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2.8. Appendix 1

Jansenelleae Voronts. & E.A.Kellogg tr. nov.
Type: Jansenella Bor, Kew Bull. 1955: 96. 1955.

Included genera: Chandrasekharania, Jansenella

Diagnosis:
Jansenelleae differ from Andropogoneae by their awned lower lemma (lower lemma is

muticous in the Andropogoneae, or very rarely awned or absent).

Description:

Delicate annuals, rooting at the lower nodes, with ascending culms. Ligule shortly
membranous. Leaf blades membranous, lanceolate. Inflorescence shortly branched,
appearing capitate, sometimes with secondary branching. Spikelets paired, each spikelet
pair with one short and one long pedicel, the pedicel disarticulating at the apex so one
spikelet is a dispersal unit (upper floret also a dispersal unit in Jansenella). Sessile and
pedicelled spikelets similar, laterally compressed, 2-flowered. Glumes 2, apically
acuminate to shortly awned. Lower glume separated from the rest of the spikelet by an
elongated rachilla internode. Lower floret sterile, staminate, or bisexual. Lower lemma
shortly awned, either entire (Jansenella) or awn arising between two erose apical lobes
(Chandrasekharania). Lower palea present. Upper floret bisexual. Upper lemma awned
from a bidentate apex, but variable in its shape and indumentum: either with two hair
tufts, twisted dehiscent awn arising between long-acuminate lobes (Jansenella) or
without hair tufts, short straight awn arising between two erose apical lobes

(Chandrasekharania). Stamens 3. Grain ellipsoid; hilum punctiform.

Leaf anatomy:
Outer and inner bundle sheaths present. More than four cells between consecutive veins.

No distinctive cells. Starch storage in the chlorenchyma.

Distribution:
India (Maharashtra, Chhattisgarh, Odisha, Karnataka, Kerala, Tamil Nadu, Meghalaya);
Sri Lanka; Myanmar (Bago); Thailand (Peninsular).
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Notes:

The awned lower lemma appears to be a synapomorphy for the Jansenelleae. Only one
species in the Andropogoneae sensu stricto has been recorded as having an awned lower
lemma: Microstegium somae (Hayata) Ohwi (fide Hsu 1975; Shouliang and Phillips
2006). Garnotia in the Arundinellinae (sensu Kellogg 2015) is unlike the rest of the
tribe with only a single floret, with a lemma which is sometimes awned, and cannot be

meaningfully compared to the lower lemma of the two-flowered Panicoideae.
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2.9. Supporting Information
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Fig. 2.S1. Maximum likelihood tree based on complete plastomes. Red and black branches are C4 and C;

species, respectively. Bootstrap support values are shown on nodes (values < 50% were omitted).
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Fig. 2.52. Maximum likelihood tree based on genome-wide nuclear sequences. Red and black branches
are C4 and C; species, respectively. Bootstrap support values are shown on nodes (values < 50% were

omitted).
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Fig. 2.S3. Bayesian trees based on individual nuclear markers. Red and black branches are C, and C;

species, respectively. Posterior probabilities are shown near nodes (values < 50% were omitted).
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KM578123.1 Cq, 1llzpedlum spicigerum
JQ951709.1 Chrysopogon gryllus
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U61217.1 Stipa viridula

U61214.1 Poa pratensis
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EU272420.1 Cenchrus ciliaris
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EU272463.1 Tatianyx arnacites
EU272440.1 Mesosetum chaseae
EU272414.1 Altoparadisium chapadense
EU272417.1 Arthropogon villosus
EU272434.1 Homolepis glutinosa
EU272435.1 Homolepis isocalycia

= EU272431.1 Echinolaena inflexa
100 EU272462.1 Streptostachys ramosa
T EU272418.1 Axonopus fissifolius
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AF443818.1 Trf’gsacum dactyloides
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AF443800.1 Bothriochloa odorata
o AF443804.1 Cleistachne sorghoides
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¢ DQ494704.1 Saccharum officinarum
4 5 AF443816.1 Saccharum officinarum
AF137311.1 Miscanthus sinensis
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IN560781.2 Diheteropogon amplectens
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2. SI. Continued adaptation of C, photosynthesis after initial burst of changes

Fig. 2.54. Bayesian trees of genes encoding C4 enzymes inferred from 3rd positions of codons. Amino
acid sites under positive selection according to a Bayes Empirical Bayes test are show on the right, with
asterisks indicating posterior probabilities (* > 95% and ** > 99%). Red and black branches are C4 and C;
species, respectively. Dashed branches are C. species outside Andropogoneae that were pruned before

positive selection analyses. Posterior probabilities are shown near nodes (values < 50% were omitted).
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Aristidoid . 1St . .
IO i NIGO0302.1 Stiperonti phmoss Phosphoenolpyruvate carboxylase
"""" 190 0 Aristisa purpurea c72511
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2. SI. Continued adaptation of C4 photosynthesis after initial burst of changes

Fig. 2.S5. Protein trees with topologies constrained to that obtained using 3™ positions of codons for
genes encoding five core C4 enzymes: NADP-malate dehydrogenase (NADP-MDH), NADP-malic
enzyme (NADP-ME), phosphoenolpyruvate carboxykinase (PCK), phosphoenolpyruvate carboxylase
(PEPC) and pyruvate phosphate dikinase (PPDK). Scale bar = 0.01 amino acid substitutions per site.
Branches are coloured in red for C4 and black for C; accessions. Dashed branches are C. species outside

Andropogoneae that were pruned before positive selection analyses.
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3. Gene duplication and dosage effects during early C4 evolution

3.1. Abstract

The importance of gene duplication for evolutionary diversification has been mainly
discussed in terms of genetic redundancy allowing neofunctionalization. In the case of
C,4 photosynthesis, which evolved via the co-option of multiple enzymes to boost carbon
fixation in tropical conditions, the importance of genetic redundancy has not been
consistently supported by genomic studies. Here, we test for a different role for gene
duplication in the early evolution of C4 photosynthesis, via dosage effects creating rapid
step changes in expression levels. Using genome-wide data for accessions of the grass
genus Alloteropsis that recently diversified into different photosynthetic types, we
estimate gene copy numbers and demonstrate that recurrent duplications in two
important families of C4 genes coincided with increases in transcript abundance along
the phylogeny, in some cases via a pure dosage effect. While increased gene copy
number during the initial emergence of C4 photosynthesis probably offered a rapid route
to enhanced expression, we also find losses of duplicates following the acquisition of
genes encoding better-suited isoforms. The dosage effect of gene duplication might
therefore act as a transient process during the evolution of a C4 biochemistry, rendered

obsolete by the fixation of regulatory mutations increasing expression levels.

Keywords: Biochemical pathway, C4 photosynthesis, copy number variation, dosage

effect, gene duplication, grasses, low-coverage sequencing
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3. Gene duplication and dosage effects during early C4 evolution

3.2. Introduction

Cs4 photosynthesis is a complex trait that results from the co-ordinated action of multiple
biochemical and anatomical components to concentrate CO, at the site of Rubisco,
increasing photosynthetic efficiency under warm and dry conditions (Hatch 1987; Sage
2004). Despite its complexity, the C, trait evolved multiple times independently in
several groups of angiosperms (Sage et al. 2011). All enzymes required for the C,
pathway were present in non-C4 ancestors, where they were responsible for different,
non-photosynthetic functions (Sage 2004; Aubry et al. 2011). The evolution of Cs4
photosynthesis consequently required the co-option of these enzymes into new
functions, followed by changes in their expression patterns and/or catalytic properties
(Blasing et al. 2000; Tausta et al. 2002; Gowik et al. 2004; Akyildiz et al. 2007; Christin
et al. 2007; Hibberd and Covshoff 2010; Huang et al. 2017). It has been hypothesized
that this massive co-option was facilitated by gene duplication, with one of the
duplicates acquiring the novel C4 function via neofunctionalization while the other
continued to fulfil the ancestral function (Monson 1999, 2003; Sage 2004). However,
recent genomic studies have not supported this hypothesis of genetic redundancy
facilitating neofunctionalization, meaning that the genomic mechanisms enabling the
acquisition of novel functions during C,4 evolution remain largely unknown.

Most Cs-related enzymes are encoded by multigene families, with numerous
paralogues that emerged via multiple rounds of whole-genome and single-gene
duplications during angiosperm diversification (Wang et al. 2009; Christin et al. 2013,
2015; Huang et al. 2017). However, the number of paralogues within each of these gene
families does not differ significantly between C; and C, species (Williams et al. 2012;
van den Bergh et al. 2014). Comparative genomics on a handful of grasses have
identified duplicates that have been retained on branches leading to two C4 origins, but
these did not encode enzymes necessarily involved in the C4 cycle (Emms et al. 2016).
Indeed, investigations focusing on gene families with a known function in C,
photosynthesis indicate that the gain of a Cs-specific function was generally not directly
preceded by a gene duplication event (Christin et al. 2007, 2009; Wang et al. 2009).
Although the creation of a large reservoir of ancient duplications might still be
important (Monson 2003), these various lines of evidence suggest that C, evolution did
not consistently involve duplication followed by neofunctionalization of one copy while

the other retained the ancestral function. However, gene duplication might still have
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played a role in the initial emergence of C, photosynthesis, via a combination of dosage
effects and neofunctionalization.

Small-scale or whole-genome duplications are generally expected to increase
transcript abundance through a gene dosage effect (Otto et al. 1986; Kondrashov et al.
2002; Conant and Wolfe 2008; Conant et al. 2014). Instances of retention of duplicated
genes due to a dosage effect on expression levels have been reported for a number of
adaptive traits, which include insecticide resistance in the Culex mosquito (Mouches et
al. 1986), cold protection in Antarctic fishes (Chen et al. 2008), and nematode resistance
in soybean (Cook et al. 2012). Positive selection on the dosage effect of newborn
duplicates is predicted in cases where the protein products physically interact with
molecules such as toxins or nutrients, or in cases in which proteins need rapid and
constant production at high levels (Kondrashov et al. 2002; Kondrashov 2012). The
dosage effect of gene duplication might consequently be important for the establishment
of a C4 cycle. Current models of C4 evolution hypothesize that a weak Cs cycle can first
emerge using enzymes that have not been adapted to the C, catalytic context (Sage
2004; Heckmann et al. 2013; Christin and Osborne 2014; Mallmann et al. 2014;
Heckmann 2016; Dunning et al. 2017). Gene duplications increasing the transcript
abundance of Cs-related genes in plants with a weak Cs cycle would increase the
strength of the pathway, which is predicted to boost carbon assimilation and fitness
(Heckmann et al. 2013; Mallmann et al. 2014), leading to the preferential retention of
the duplicates. We propose here to test the hypothesis that gene duplications contributed
to the initial emergence of a Cs biochemistry via dosage effects, with subsequent
neofunctionalization. We capitalize on the diversity of C4 enzymes that evolved in the
recent past within the grass genus Alloteropsis.

The Alloteropsis genus contains five species, four of which are Cs, while the
fifth, A. semialata, encompasses C, as well as non-C4 populations with and without a
weak C, cycle (Ellis, 1974; Lundgren et al. 2016). The diversification of 4. semialata
took place during the last 3 million years (Lundgren et al. 2015), and only a few genes
are markedly up-regulated in the C4 accessions compared with C; populations (Dunning
et al. 2017). In some cases, the identity of genes used for the C,4 cycle differs among Cs
populations of A. semialata, which is interpreted as the footprint of a gradual adaptation
of C, photosynthesis during the diversification of the group involving secondary gene
flow among previously isolated populations (Chapter 4; Dunning et al. 2017). This
group therefore represents an outstanding system to investigate the small-scale
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processes that led to Cs photosynthesis, including the importance of genomic
rearrangements such as duplications for C4 evolution.

Genome scans coupled with genome size estimates are used here to assess the
gene content of accessions of the genus Alloteropsis varying in their photosynthetic
type, testing (i) whether the copy number of genes encoding Cs-related proteins varies
among accessions of Alloteropsis; (i1) whether gene duplications coincide with the co-
option of genes for a C4 function; and (iii) whether increases in gene copy number result
from the duplication of genomic material or from retroposition events (i.e. insertion of
retrotranscribed RNA into the genome; Kaessmann et al. 2009). In addition, we retrieve
published transcriptomes for members of the Alloteropsis genus (Dunning et al. 2017)
and associate them with newly generated high-coverage genome sequencing to test (iv)
whether recently duplicated genes are expressed; (v) whether multiple copies all
contribute to overall transcript abundance; and (vi) whether increases in copy number of
Csrelated genes along the phylogenetic tree were associated with increases in
expression levels. This comparative analysis of gene copy numbers provides evidence
for a potential role for recent gene duplications in physiological innovation through

rapid and drastic changes of transcript abundance.

3.3. Materials and Methods

3.3.1. Taxon sampling and genome data

A total of 20 genome-wide, low-coverage sequencing datasets of Alloteropsis J. Presl
were retrieved from published studies (Table 3.1; Lundgren et al. 2015; Chapter 4;
NCBI accession no. SRP082653). These include two accessions of the C4 A. angusta
Stapf, one of the C. species A. cimicina (L.) Stapf, and 17 of A. semialata (R. Br.)
Hitchc. Among these 17 A. semialata, 12 are C, individuals sampled across a broad
geographical range from West Africa to Australia, and the five non-C4 include three
individuals with a weak C, cycle (‘C;+C4’ in Dunning et al. 2017; note that this term is
equivalent to ‘type Il Cs—C, intermediates’ sensu Edwards and Ku 1987) and two C;
individuals from South Africa. Each of the genomic datasets consists of paired-end
[llumina reads, with read lengths of 100, 125, or 150 bp (Table 3.1). In this study, the
raw reads were filtered using the NGSQC Toolkit (Patel and Jain 2012) to retain only
high-quality sequences (i.e. >70% of read length with Phred quality >20), and to
remove primer and adaptor contaminated reads. The genome size and ploidy level of
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some of the individuals analysed here were retrieved from previous studies that used the
same accessions (Lundgren et al. 2015; Chapter 4). Some accessions were only
available as herbarium samples, preventing estimates of genome sizes or ploidy levels.

High-coverage sequencing datasets were generated here for two individuals to
allow single nucleotide polymorphism (SNP) analyses (see below). This included one
C;3+C4 accession from Tanzania (TAN2) already sequenced at low coverage and one Cs
accession from a population where another individual was sequenced at low coverage
(TPE1; Table 3.1). For these two samples, 250 bp long paired reads were obtained with
the Illumina technology.

The different sequence datasets were obtained from whole genomic DNA, so
that reads can belong to any of the nuclear, chloroplast, and mitochondrial genomes.
Reads from the two organellar genomes were identified by mapping the genomic
datasets onto representative chloroplast and mitochondrial genomes using Bowtie2
(Langmead and Salzberg 2012) with default parameters, and removed before analyses.
Mitochondrial genomes were assembled de novo (Supplementary text S1) using the
approach described in Lundgren et al. (2015), while chloroplast genomes were retrieved
from Lundgren et al. (2015) and Chapter 4. On average, 3% of the initial reads were

removed because of their organellar origin (Table 3.1).
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Table 3.1. Genome data information.

D Species .Carbon Genome size‘ Country Transcriptome Sequencing Sequencer Read Total nuclear Organella:‘ Theoretic::l
isotope (Gb/2Cx")/Ploidy sample? batch? Length  genome reads reads (%)" Coverage

Ciml1 A. cimicina (O - Madagascar ACIM 2 HiSeq 2500 100 20,898,025 2.0 0.95
Angl A. angusta Cy - DRC - 5 HiSeq 3000 150 14,751,007 2.6 1.01
Ang?2 A. angusta Cy 1.95/2n Uganda - 2 HiSeq 2500 100 18,665,954 1.9 0.96
RSA1  A. semialata G - South Africa - 1 HiSeq 2500 100 14,821,009 0.8 0.67
RSA2  A. semialata G 1.80/2n South Africa KWT3 1 HiSeq 2500 100 12,524,356 0.6 0.70
TAN1  A. semialata Ci+Cy 1.88/2n Tanzania LO4 2 HiSeq 2500 100 18,899,157 4.0 1.01
TAN2-A  A. semialata Cs+Cy 2.19/2n Tanzania LO1 2 HiSeq 2500 100 20,065,838 4.2 0.92
TAN2-A®  A. semialata C+Cy 2.19/2n Tanzania LO1 6 HiSeq 2500 250 45,774,384 3.4 5.05
TAN3  A. semialata C+Cy - Tanzania - 3 HiSeq 2500 125 35,782,290 1.6 2.03
DRC1  A. semialata Cs - DRC - 5 HiSeq 3000 150 33,933,832 3.6 2.31
DRC2  A. semialata (O - DRC - 4 HiSeq 3000 150 23,098,686 3.1 1.57
DRC3 4. semialata (O - DRC - 3 HiSeq 2500 125 28,889,427 6.4 1.64
DRC4  A. semialata Cy - DRC - 5 HiSeq 3000 150 14,749,392 4.0 1.01
TAN4  A. semialata Cy 2.01/2n Tanzania LO2 2 HiSeq 2500 100 18,596,076 3.2 0.93
RSA3 A semialata Cy 5.22/6n South Africa MDBS 1 HiSeq 2500 100 13,824,190 0.8 0.26
KEN1 4. semialata Cs - Kenya - 3 HiSeq 2500 125 25,405,608 4.9 1.44
BUR1 4. semialata (O 1.95/2n Burkina Faso BF3 1 HiSeq 2500 100 13,498,418 0.9 0.69
MAD!1  A. semialata (O 2.05/2n Madagascar MAJ 1 HiSeq 2500 100 16,440,692 1.8 0.80
THA1  A. semialata Cy - Thailand - 2 HiSeq 2500 100 16,873,534 2.1 0.77
TPEL-3  A. semialata Cy 1.87/2n Taiwan TW10 2 HiSeq 2500 100 15,435,339 4.8 0.83
TPE1-10° A. semialata Cy 1.87/2n Taiwan TW10 7 HiSeq 2500 250 169,555,422 34 21.92
AUS1  A. semialata Cy 2.20/2n Australia AUS2 1 HiSeq 2500 100 11,600,487 0.8 0.53

! Genome size (Gb/2Cx) = total genome mass (pg) x 0.978; 2 Data retrieved from Dunning et al. (2017; Table 3.54); * Accessions with the same batch number were sequenced
together; * Percentage of reads mapping to chloroplast and mitochondrial genomes; ° Based on 2C genome size; after removing organellar reads; assuming a value of 2.2 Gb
(maximum value of a diploid individual of A/loteropsis) for unknown genome sizes; ® Dataset generated for this study. Other datasets were retrieved either from Lundgren et al.
(2015) or Chapter 4.
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3.3.2. Mapping of reads on reference datasets

Gene copy numbers were estimated using a modified read depth approach (Alkan et al.
2009; Yoon et al. 2009; Teo et al. 2012). This strategy divides the genome into non-
overlapping regions (bins) and uses the number of genomic reads mapped to each of
these regions to estimate gene copy number. Bins receiving in some accessions more or
fewer reads than expected under a null statistical model are considered copy number
variants (Fig. 3.1). Given the current lack of a reference genome for any Alloteropsis
species, genomic data were mapped to a reference data set consisting of coding
sequences (CDSs) of 4. cimicina and A. semialata, which was retrieved from the
transcriptome study of Dunning et al. (2017). Briefly, this data set comprises groups of
co-orthologues at the Panicoideae subfamily level, the group of grasses that includes the
genus Alloteropsis. Each group of co-orthologues encompasses all the genes that are
descended by speciation and/or gene duplication from a single gene in the common
ancestor of Panicoideae. Only genes captured in one of the Alloteropsis transcriptomes
and with co-orthologues in at least one of Sorghum bicolor and Setaria italica were
included. Increases in copy number detected here therefore correspond to duplications
that happened after the initial diversification of Panicoideae, about 30 million years ago.
Manually curated alignments using longer transcripts of 23 gene families with a known
function in C4 biochemistry (Bréutigam et al. 2011) and the gene encoding the Rubisco
small subunit (rbcS) were added into the reference data set. These manually curated
alignments improved read mapping accuracy in cases where paralogues with high
sequence similarity were present, such as laterally acquired forms previously identified
for phosphoenolpyruvate carboxylase (PEPC; ppc gene) and phosphoenolpyruvate
carboxykinase (PCK; pck gene; Christin et al. 2012; Dunning et al. 2017). Overall, this
genome-wide data set comprised 12688 groups of co-orthologues, belonging to 5589
gene families.

Genomic reads were mapped onto the genome-wide CDS data set using
Bowtie2, with default parameters, randomly assigning reads mapped to multiple
sequences to one of the top hits, and using the local alignment option. Reads were
mapped as single-end reads to avoid false negatives when one of the reads mapped
outside the CDS. The number of mapped reads (counts) per group of co-orthologues
was obtained using SAMtools (Li et al. 2009) and used to compute gene copy number

estimates as described below.
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Fig. 3.1. Read depth approach for gene copy number estimation. Duplications are inferred when the
number of read counts expected for a determined gene is significantly higher than the expected read
counts for single-copy genes, according to an underlying statistical model.

3.3.3. Estimates of copy numbers

Under the assumption that each site in the genome has an equal probability of being the
first site of a given read, the expected read count (c) for any genomic region i of length

L can be computed as:
E(c)=N L/ G) ()

where N is the total number of sequencing reads and G is the haploid genome size (in
number of bases). Assuming the counts ¢ is a random variable that follows a binomial
distribution, with the total binomial trials being the total number of reads N, the
probability of a region i being captured by one read is equivalent to the probability of

success in each binomial trial, which is:
P=L/G (2)

A well-known complication of quantitative genomic studies based on read depth
is the sequencing bias linked to the GC content of the sequenced region, which is

particular to sequencing approaches where library preparation includes PCR steps, as
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3. Gene duplication and dosage effects during early C4 evolution

required for degraded DNA extracted from herbarium samples (Dohm et al. 2008; Aird
et al. 2011; Benjamini and Speed 2012; Teo et al. 2012). The relationship between
sequencing depth and GC content can vary across sequencing runs (Benjamini and
Speed 2012), and previous studies have quantified this relationship using various
metrics (Alkan et al. 2009; Bellos et al. 2012; Benjamini and Speed 2012). In this study,
preliminary analyses confirmed that the relationship varied among the different batches
of library preparation and sequencing (Fig. 3.S1). The relationship between read counts
and GC content was consequently estimated for each sample by using the counts of
genes extracted from the genome-wide reference mapping. Read counts were
normalized by gene length, and genes with no count or counts > 1.5 times the median
count were removed from this particular analysis, to enrich the data set with putative
single-copy genes. These length-normalized counts were then expressed as a linear

function of the mean GC content of the target genes (x;), so that:

ci/Li=a+ bx; (3)

The coefficients a and b were estimated individually for each genome data set
using a linear model fit procedure in R (R Development Core Team 2017). To
homogenize the number of genes across GC content classes, 60 genes were randomly
drawn from those present in each of nine equally spaced classes of GC content from
38% to 78%, and linear coefficients were calculated on the pooled subsample. Only
genes longer than 700 bp were used here, since such long genes receive more reads and
therefore provide more accurate copy number estimates. This procedure was repeated
100 times, providing a non-parametric estimate of variation for the coefficients. An
approximate correction of the binomial probability of success in each trial (Equation 2)
by the GC content was then obtained by substituting Equations 3 and 1 in Equation 2, so
that:

P=L;x(a+bx)/N (4)

Note that these new probabilities are independent of the genome size and can
therefore be estimated for any sample. If E(c;) is the expected count when a target gene
is present as a single copy, an estimate of the absolute number of copies 4 can be
obtained as:
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ki = ci/ E(c) (5)

The expected counts and confidence intervals for single-copy genes were
computed using a binomial quantile function implemented in R, with a confidence level
of 99% corrected for multiple comparisons using the Bonferroni method. Genes were
considered duplicated if the counts were above the upper limit of this confidence
interval, and single copy if the counts were within the confidence interval limits
(inclusive). Although partial copies can exist following incomplete duplications, copy
number estimates for duplicated genes were rounded up for follow-up analyses. Genes
were considered absent when no read count was detected, provided the confidence
intervals for the expected counts did not include zero. In such cases, and in cases where
read counts were below the lower limit of the confidence interval, the genes were

removed from the analysis, since accurate copy numbers could not be estimated.

3.3.4. Quantitative real-time PCR estimates of copy number

A number of concerns have been raised about the use of high-throughput sequencing
data for genome analyses of structural diversity, such as copy number variants
(Benjamini and Speed 2012; Teo et al. 2012). In particular, the above-mentioned GC
content bias and others resulting from the library preparations represent potential
caveats. We consequently performed quantitative real-time PCR (qPCR) assays to
confirm the accuracy of the copy numbers estimated from the genome data. The gene
family encoding the key C4 enzyme phosphoenolpyruvate carboxylase (ppc genes) was
selected for qPCR analyses since it included genes encompassing a wide range of copy
numbers according to the read depth estimates (see the Results). Three paralogues
(ppc_1P3, ppc_IP6, and ppc_IP7) were analysed in six individuals of A. semialata
from a wide geographic and phylogenetic sampling (BUR1, RSA2, TAN2, TANI,
MADI, and TPE1).

Alignments consisting of partial gene models of ppc groups of co-orthologues
were assembled for Alloteropsis species using a genome-walking approach to include
intron sequences, and were used as reference for primer design. Two pairs of primers
per paralogue were designed to amplify 92—161 bp regions that include exon and intron

sequences (except for one pair for ppc _1P7, which encompassed only exon sequences;

99



3. Gene duplication and dosage effects during early C4 evolution

Table 3.S1). The copy number estimated via qPCR consequently captured only putative
duplications of genomic DNA, and excluded potential retroposition instances (Zhang
2003; Kaessmann et al. 2009; Reams and Roth 2015). To perform the assays, genomic
DNA (gDNA) was isolated from fresh leaves of A. semialata individuals using the
DNeasy Plant Kit (Qiagen), following the manufacturer’s instructions. SYBR green-
based qPCRs were prepared using 1x Power SYBR green PCR Master Mix (Thermo
Fisher Scientific), 0.25 uM of each primer, and 6.25 ng of gDNA in a total volume of 20
ul, with three technical replicates and non-template controls per reaction. Assays were
carried out on a QuantStudio 12K Flex Real Time PCR instrument (Life Technologies)
with an initial incubation of 10 min at 95 °C (Taq activation), followed by 40 cycles of
15 s at 95 °C (denaturation) and 60 s at 60 °C (annealing and extension). Amplification
specificity was assessed via melting curves generated immediately after each assay, in
which samples were incubated for 15 s at 95 °C and 60 s at 60 °C, followed by
incremental temperature increases of 0.3 °C up to 95 °C. The melting temperature of the
amplified fragments was then calculated based on their expected sequences and
compared with the peak temperature values obtained from the melting curve assays.
Baseline, threshold cycle, and PCR efficiency were determined using the LinRegPCR
software v. 2016.0 (Ramakers et al. 2003). Samples with PCR efficiency <1.85 or >2.1
were excluded from the subsequent analysis. The Pfaffl method (Pfaffl 2001) was used
to correct for different PCR efficiencies across amplicon groups, and copy numbers of
ppc genes were expressed relative to the mean of the two pairs of primers used for the

ppc_1P7 gene.

3.3.5. Phylogenetic analyses of duplicated genes

To determine whether duplications of ppc and pck (see the Results) occurred before or
after the diversification of 4. semialata lineages, we assembled partial allele models by
manually phasing polymorphisms using paired-end information. Ambiguous nucleotides
were called for polymorphisms that could not be phased. Alleles of TPEI and TAN2
were assembled using the high-coverage data, while raw transcriptome data of the genus
Alloteropsis retrieved from Dunning et al. (2017) were used for the other accessions.
Sequences were aligned using MAFFT v7.130b (Katoh and Standley 2013), and
phylogenetic trees were inferred using PhyML (Guindon and Gascuel 2003) under a
GTR+G model of nucleotide substitution, with 100 bootstrap pseudoreplicates.
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3.3.6. Allele-specific expression analyses

The relative contribution of each allele/paralogue of pck and ppc to the overall transcript
abundance was assessed and compared with their relative frequency in the genomes
through the analysis of SNPs. Reads from the genome and transcriptome datasets were
mapped to reference alignments of the ppc and pck gene families, and the read depth
was determined for each SNP of each gene using Geneious v. 6.8 (Kearse et al. 2012).
For each SNP, the abundance of the minor allele (defined on the transcriptome data as
the variant base receiving fewer reads) was calculated as a proportion of the total read
count for that site, for both transcriptome and genome data. Because the genomic
frequency can vary among SNPs for multicopy genes (i.e. each variant can be present in
any number of alleles up to twice the number of copies in a diploid individual), the
contribution of different alleles to transcript abundance was evaluated via frequency
correlations between transcriptome and genome datasets. Note that the polyploid
individual was excluded from these analyses because of insufficient coverage to assess

accurately polymorphisms among its high number of alleles.

3.3.7. Association between changes in copy number and

transcript abundance

To test for an association between changes in copy number and changes in gene
expression, transcript abundances in leaves were retrieved for 14 Cs-related genes
captured in a study of transcriptomes of the genus Alloteropsis grown in controlled
conditions (Dunning et al. 2017). The average abundance between two biological
replicates in reads per kilobase per million mapped reads (RPKM) is used here. Values
were logl0 transformed before analysis to homogenize variances. Accessions were
considered for this analysis only if genome and transcriptome data were available for
the same individual, or individuals from the same population, except in two cases
(representing A. cimicina and the C; A. semialata) for which genome and transcriptome
data were available for closely related individuals from different populations (Lundgren
et al. 2015; Chapter 4). Note that excluding these two individuals did not significantly
alter the results. High-coverage sequence data were not used here to avoid
pseudoreplication of some populations.

Homologous genes within a gene family do not represent independent data
points as they result from events of gene duplication and/or speciation from a common
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ancestor. We consequently used phylogenetic generalized least squares (PGLS) under a
Brownian model of evolution to test for correlated changes between gene copy number
and transcript abundance using the R packages nlme and APE (Paradis et al. 2004). A
Bonferroni correction was used to adjust significance levels for multiple testing. The
sequence alignment of the respective gene family was extracted from the genome-wide
data set generated from transcriptomes (see above), and the accessions with no
associated genome data were removed. Bayesian trees were inferred from this alignment
under a GTR+G+I substitution model using MrBayes v3.2.2 (Ronquist et al. 2012), with
two parallel analyses running for 10000000 generations. After verifying the
convergence of the runs, a consensus tree was generated using trees sampled after a
burn-in period of 50%. The effect of topological uncertainty on the PGLS results was
assessed by repeating the analysis using 100 independent trees sampled every 50000

generations after the burn-in period.

3.4. Results
3.4.1. Background distribution of gene copy numbers

Copy numbers were estimated for markers sampled across the genome for each
accession, providing a background distribution of copy numbers per haploid
chromosome set (Fig. 3.S2). Most genes were estimated as single copy, and the
proportion of duplicated genes ranged from 9% to 28% across accessions, with 0.5—
1.3% genes being absent (Table 3.2). The same copy numbers were estimated among
individuals belonging to the same nuclear group, as previously defined in A. semialata
(Chapter 4), for 82% of the genes, on average. Although there was a weak positive
correlation between coverage and the proportion of absent genes (R’=0.34, P=0.055),
no significant association was found between coverage and the proportion of single-
copy (R’=0, P=0.41) or duplicated genes (R’=0, P=0.53), which suggests that the
inferred duplications reflect biological rather than methodological differences. Similar
estimates were found moreover between individuals from the same population based on
low- and high-coverage datasets (Fig. 3.S3), indicating that low-coverage sequencing
provides an accurate assessment of gene copy number variation. The variation in
genome size (Table 3.1) was not explained by differences in gene copy number, with
correlations being non-significant for the proportion of both absent and duplicated
genes.
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Table 3.2. Background distribution of gene copy numbers in A/loteropsis accessions.

Photosynthetic Total genes Proportions (%)’

Accession  Species metabolism  analysed’ Single-copy Duplicated Absent
Ciml A cimicina C 12,057 (88.29—.490.6) (8.69 % 1 (0.80;90.9)
Angl 4. angusta Cs 8,966 (81513-.986.9) a 1.%?7.4) (1.21i21.4)
Ang2 A angusta Cs 9,700 (81?3.'55.8) (12.;{?7.1) (1.31;31.4)
RSAl A semialata Cs 8,935 (81.%3:%5.9) (13_4115_.?7,6) (0.70;70-8)
RSA2 4. semialata G 6,996 (84?8 .?88) a 130 }4.6) (0.50250.7)
TANL 4. semialata  Cy+C, 11,376 (87.858-.429.3) (9.91? B 1.6) (0.80;80.9)
TAN2 A semialata  CstCy 11,221 (85.26: 187.2) (12.}3-%4.1) (0.70;70.7)
TAN3  A. semialata Cy+Cy 12,195 (77.;9:%2,2) (17,;9-.31.7) (0.60;60.6)
DRCI  A. semialata C 12,162 (76.47—9 81.3) (18.210 l423) (0.60;60.6)
DRC2  A. semialata C 11,946 (78.851-. 183. ) (16.; %30.9) (0.60;60.6)
DRC3 4. semialata C 11,941 (75.;8-' 380.7) (18.?— 24) (0.70;70.7)
DRC4  A. semialata (on 11,014 (79.?_.‘;;3'9) (15_4117_.30,2) (0.60;70-7)
TAN4 4. semialata C 11,214 (85.866—.687.3) (11.5?3.6) (0.80;80.8)
RSA3  A. semialata C 10,248 (86.28-. 189.4) (9.91-1 12 3.1) (0.60;60.7)
KEN1  A. semialata Cs 10,381 © 430_'676.5) (22?58 '_435) (1 1 1)
BURI  A. semialata C, 9,448 (8728_.4;59'5) (9,71?.191 .9) (0.70;70-8)
MADI 4. semialata C 10,226 (86.%8—. 189.1) (10.5 1-.212.6) (0.70270.7)
THAL  A. semialata Cs 10,926 (868-7 %;58.6) (10.2 1-'13.3) (0.70;80.8)
TPE1  A. semialata Cs 10,730 (87.858_'589'3) (9,91?.171,7) (0.70;80-8)
AUS1  A. semialata C, 7,174 (878?59'7) 9.6 }112,3) (0.60;70-7)

! After removing genes with confidence intervals for the expected read counts including zero, and genes with read
counts between 1 and and the lower limit of the confidence interval (See methods); ? Percentage of single-copy,
duplicated or absent genes relative to the total number of genes analysed. Values are medians calculated from the
resampling procedure used for the GC-content correction, with the minimum and maximum values shown between
parentheses.

103



3. Gene duplication and dosage effects during early C4 evolution

3.4.2. Duplications of C, protein-coding genes

We estimated copy numbers for a total of 82 genes belonging to 23 gene families with
some gene lineages encoding proteins known to be involved in the C4 pathway of some
species. For 45 of these genes belonging to 19 families, at least one duplication was
observed in the genus Alloteropsis (Table 3.S2). Putative ancient duplications (shared by
A. semialata, A. angusta, and A. cimicina) include those for pyruvate kinase (pk IPI)
and NADP-dependent malic enzyme (nadpme_1P4). A number of genes have incurred
independent duplications and/or secondary losses within A. semialata and A. angusta,
including those for a tonoplast malate/fumarate transporter (td¢ /P2), in addition to
those encoding phosphoenolpyruvate carboxylase (ppc_IP3) and phosphoenolpyruvate
carboxykinase (pck IP1 LGT:C). The pck 1P1 LGT:C gene was laterally acquired
after the split between the Cs lineage and the lineage including C;+C4 and Cs A.
semialata, which now use it as part of their C,4 cycle (Chapter 4; Dunning et al. 2017),
and subsequently duplicated only in the C4 group (Fig. 3.2). The ppc gene family has a
particularly high diversity of copy numbers, which is especially marked for ppc IP3
and ppc_1P6, both of which are used for the C4 cycle of some accessions (Dunning et
al. 2017).

The phylogenetic distribution of duplicates could be explained by different
combinations of duplications and secondary gene losses (Fig. 3.2), but these scenarios
can be distinguished based on gene trees. The multiple copies of pck IPI LGT:C
retrieved from the Ci A. semialata form a monophyletic clade, which is split into
subgroups corresponding to African and Asian/Australian accessions (Fig. 3.S4). This
pattern could be explained by independent duplications in each of the two groups or a
duplication at their base followed by recombination or concerted evolution within each
of the groups. The multiple copies of ppc_1P6 specific to TPEI (and THAL; Fig. 3.2),
which is the only accession to use this gene for its C4 pathway (Dunning et al. 2017), are
very similar and cluster in the phylogeny (Fig. 3.S5), which supports the hypothesis of
very recent duplications. The multiple ppc_1P3 copies of the C;+Cs and Cs A. semialata
form distinct, well-supported monophyletic groups and, within the Cs group, copies
from the same accession tend to cluster despite a lack of resolution in some parts of the
tree (Fig. 3.S6). This, again, suggests either independent duplications or concerted
evolution following early duplications. Secondary losses of extra copies of ppc 1P3 and

the complete loss of ppc 1P6 are inferred in the Australian accession (AUS1), which is
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the only accession carrying one of the laterally acquired ppc genes (ppc 1P3 LGT:A;
Fig. 3.2).

The copy numbers estimated for ppc IP3 and ppc_1P6 from the genome data
were significantly correlated with those estimated by qPCR (R’=0.88, P<0.001; Fig.
3.3). Since intronic regions were amplified in both pairs of primers used for the qPCR
analysis, we conclude that the observed duplications correspond to duplications of
genomic DNA. Differences in copy number of ppc_1P3 between different primer pairs
may be explained by the existence of a polymorphism in a region amplified by one of
the primers, which would prevent the amplification of one of the alleles. Analyses of
sequence alignments confirmed this was the case for at least one individual (MADI).
Alternatively, it is also possible that in other accessions some of the duplicates are

present as partial copies originating from illegitimate recombination.

3.4.3. Increases in transcript abundance associated with lineage-

specific duplications

Our analyses of Cs-related genes revealed remarkable variation in copy number of ppc
and pck among Alloteropsis lineages. For each polymorphic site, the frequency of the
minor variant was strongly correlated between high-coverage genome and transcriptome
datasets across the eight copies of ppc 1P6 identified in TPE1 by the qPCR analysis
(R’=0.93, P<0.001; Fig. 3.4). While the correlation between transcriptome and genome
sequencing was also observed for ppc IP3 of TPE1, it was weaker (R’=0.38, P=0.06;
Fig. 3.4; Table 3.S4), which might stem from lower overall transcript abundance and a
small number of SNPs increasing statistical noise, or variation in the transcript
contribution of different copies. The association between genome and transcriptome
SNP frequencies varied among the other samples (Table 3.S4), which reflects a
combination of low genome coverage of individual variants, variants not shared among
the individuals used for genome and transcriptome sequencing, and biased
transcriptome contribution of different copies. Nonetheless, the analyses of ppc IP3
and pck 1Pl LGT:C genes clearly show that multiple copies are expressed at
consequent levels in the Cs+C4 and C, accessions, contributing to the elevated overall
transcript levels of these genes in the C;+Cs and C4 4. semialata (Table 3.S3; Dunning
et al. 2017). Overall, the SNP analyses provide strong support for duplicates being

equally expressed in some accessions (e.g. ppc_IP6 of TPEI), and show a widespread
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contribution of multiple copies to the elevated transcript abundance of ppc and pck

genes.
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Fig. 3.2. Copy number variation of selected genes of phosphoenolpyruvate carboxylase (ppc) and
phosphoenolpyruvate carboxykinase (pck) in the Alloteropsis genus. LGT:A, C, and M are laterally
acquired genes (Christin et al. 2012). Nuclear phylogeny of the Alloteropsis genus was modified from
Chapter 4, with lineages indicated. Copy number estimates are based on low-coverage genome data.
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3. Gene duplication and dosage effects during early C4 evolution

Finally, we tested whether the observed changes in copy number were
statistically associated with changes in transcript abundance during the evolutionary
diversification of the genus Alloteropsis. The conclusions of the statistical tests are
robust to topological uncertainty (Table 3.S5), and we therefore discuss here only the
results of the PGLS analyses based on the consensus tree (Table 3.3). Out of the 14 C.-
related gene families for which transcript abundance was available in Dunning et al.
(2017), 10 showed copy number variation among the accessions used for this analysis.
We found a consistent positive association between changes in copy number and
changes in transcript abundance that was significant after correction for multiple testing
in two of them, ppc (P<0.001) and pck (P=0.002; Table 3.3; Fig. 3.5; Fig. 3.S7). In the
case of ppc, these effects were mainly driven by a few copy number changes in
ppc_IP3 and ppc 1P6 (Fig. 3.5A), which, along with the laterally acquired ppc genes
(ppc_IP3 LGT:A, ppc IP3 LGT:M, and ppc IP3 LGT:C), are the most highly
expressed copies of this gene family in the C4 accessions of the Alloteropsis genus
(Dunning et al. 2017). For pck, the duplication of pck IPI LGT:C after the split
between the Cs;+C, and C, lineages was tightly associated with increases in transcript
abundance of this gene (Fig. 3.5B). Although the other eight families include, in some
cases, genes varying in copy number and transcript abundance, the statistical association
was not significant after taking the phylogeny into account. In addition, analyses of
rbeS showed a decrease in abundance in C;+Cy4 and C4 accessions, which was associated
with increases in gene copy numbers, highlighting processes other than dosage effects
during the diversification of this gene family in terms of copy number and transcript

abundance (Fig. 3.S8).
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Table 3.3. Test for the association between changes in gene copy number and changes in

transcript abundance in Alloteropsis.

Gene family Cop)lf‘annlg:ber Transcri[;tn lelundance p-value?
Alanine aminotransferase (ALA-AT) 1-2 0-1,838 0.08
Aspartate aminotransferase (ASP-AT) 1-2 9-2,632 0.48
Carbonic anhydrase (CA) 1-3 3-13,169 0.46
Dicarboxylate transporter (DIT) 1 0-342 -
NAD-malate dehydrogenase (NAD-MDH) 1-4 21-1,528 0.11
NAD-malic enzyme (NAD-ME) 1-2 12-162 0.57
NADP-malate dehydrogenase (NADP-MDH) 1 15 -3,537 -
NADP-malic enzyme (NADP-ME) 1-3 0-5,746 0.56
PEP carboxykinase (PCK) 1-3 11-5,187 0.002
PEP carboxylase (PEPC) 1-5 0-11,153 <0.001
Pyruvate phosphate dikinase (PPDK) 1-2 0-12,796 0.82
PEP-phosphate translocator (PPT) 1-2 19-2,593 0.62
Sodium bile acid symporter (SBAS) 1 17 -17,105 -
Triosephosphate-phosphate translocator (TPT) 1-2 8-3,213 -

' In RPKM; retrieved from Dunning et al. (2017); > p-values were obtained using a phylogenetic
generalized least squares (PGLS) fitting under a Brownian model of character evolution. Gene families
lacking p-values do not show copy number variation, or contain representatives with no gene sequence

available for the phylogenetic analysis.
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Fig. 3.3. Comparison of copy
number estimates obtained from
gPCR assays and from low-
coverage genomic data for the
genes ppc_IP3 and ppc 1P6 in
six A. semialata accessions.
Copy numbers are expressed
relative to the ppc IP7 gene.
Error bars are SEs from 2-3
technical replicates for gqPCR
estimates, and non-parametric
error estimates from the GC
correction resampling procedure
for the genomic estimates of
copy number. Dashed error bars
for the genomic estimates are
confidence intervals for
expected single-copy genes. The
upper panel indicates the
correlation  between  qPCR
estimates (mean value of both
pairs of primers) and genomic
estimates of copy number for
ppc_1P3 and ppc_1P6, with the
solid line being the regression
line and the dashed line the
identity line.
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Fig. 3.4. Relative read depth of variants detected at polymorphic sites of (A) ppc_1P6 and (B) ppc_1P3
genes in the genome and transcriptome of a C, individual of 4. semialata (TPE1). Each data point is a
polymorphic site and is expressed as the depth of the minor base relative to the total depth for that site.
The red line is the fitted linear model of transcriptome and genome data and the dashed black line is the
identity line. The data points cluster around frequencies of 0.125, 0.25, 0.375, and 0.5, which correspond
to one, two, three, and four alleles out of a total of eight alleles from four duplicates.

3.5. Discussion

3.5.1. Recent gene duplications linked to physiological innovation

via potential dosage effects

In this study, we used genome analyses to show that genes for ppc and pck recurrently
increased in numbers during the evolution of C, photosynthesis in the genus
Alloteropsis (Fig. 3.2). These genes encode some of the few enzymes that reach very
high levels in the C3+C4 and C4 4. semialata (Ueno and Sentoku 2006; Lundgren et al.
2016; Dunning et al. 2017), and increases in copy numbers statistically coincided with
enhanced transcript abundance (Table 3.3; Fig. 3.5). One potential explanation for this
pattern is that increased gene expression and high transcript abundance favoured
frequent retroposition; that is, high transcription caused gene duplication (Kaessmann et
al. 2009). However, if this were the case, we would expect that increased copy number
would uniquely involve exon sequences, which is disproved by our qPCR results.
Analyses of polymorphisms further demonstrate that the multiple copies contribute to

the overall high transcript abundances, with at least in some cases an equal contribution
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from each copy (Fig. 3.4). We therefore conclude that duplication of genomic DNA
directly contributed to the expression levels of these genes, via dosage effects.
Modifications of the regulatory mechanisms during the diversification of land plants
and grasses are probably responsible for the variation of transcript abundance observed
among single-copy gene lineages, and recent duplications would then have quickly
enhanced the transcript level associated with some of the ancestral gene (Fig. 3.5),
which can reach consequent levels in the non-C, ancestors (Moreno-Villena et al. 2018).
Evidence for this mechanism was obtained here for only two genes, which encode
proteins that are responsible for the initial fixation of atmospheric carbon into organic
compounds and the release of CO, to feed the Ci cycle, respectively. Three other
enzymes show marked increases in transcript abundance in the Cs;+C,; and/or C, A.
semialata (Dunning et al. 2017), without evidence of gene copy number increases
(Table 3.3). Unsurprisingly, the proposed dosage effect therefore concerns only a subset
of the C, genes, but it probably played a key role first in the emergence of a weak C,
cycle in the C;+Cy4 accessions, and then in the strengthening of this cycle in the Cy
accessions, which is predicted to impact positively on fitness (Heckmann et al. 2013;
Mallmann et al. 2014; Brautigam and Gowik 2016). Our results therefore suggest that
dosage effects contributed to physiological innovation in the studied taxa, in association
with changes in the regulatory properties of genes encoding other enzymes.

Establishing the context of the duplications behind these increased copy
numbers would require assembled genomes, but could involve unequal crossing over,
chromosomal duplication, or the action of transposable elements (Zhang 2003; Reams
and Roth 2015). Using high-coverage sequencing from genomic DNA or
transcriptomes, we were able to assemble multiple copies of some ppc and pck genes in
diploid accessions of 4. semialata. While phylogenetic trees supported early
duplications in some cases, the copies tended to group per accessions (Figs 3.S4-3.S6).
The number of assembled copies was moreover below that estimated based on
sequencing depth, suggesting that identical alleles exist. These patterns could be
explained by recurrent gene duplications during the history of the Alloteropsis genus, or
recombination, for example among tandem duplicates, leading to concerted evolution
homogenizing the duplicated copies within geographically isolated lineages (Brown et

al. 1972; Nei and Rooney 2005).
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Fig. 3.5. Association between changes in gene copy number and transcript abundance for (A)
phosphoenolpyruvate carboxylase (ppc) and (B) phosphoenolpyruvate carboxykinase (pck). For each
gene in each accession, circles next to the tips of the gene phylogeny are proportional to the estimated
gene copy number (top) and transcript abundance (log10 RPKM; bottom). Dots are coloured according to
the photosynthetic type (blue=Cs, green=Cs+C,, red=Cs). The boxplots on the right show the distribution
of transcript abundances per class of copy numbers.

3.5.2. Duplicates get lost after the acquisition of better-suited
copies

At least three events of lateral gene transfers (LGTs) of ppc and one of pck occurred in
the Alloteropsis genus (Christin et al. 2012; Chapter 4), and some of the laterally
acquired genes are expressed at high levels in the transcriptome of the accessions
carrying such genes (Dunning et al. 2017). In most of these accessions, the vertically
inherited copies of ppc and pck are strongly down-regulated, or not expressed at all
(Dunning et al. 2017). Apart from the Southeast Asian clade, all C4 accessions of A.
semialata studied here carry at least one laterally acquired ppc gene in their genomes.
Interestingly, in this exception, multiple duplications of ppc_1P6 were retained and are
associated with drastic changes in transcript abundance that are specific to this clade
(Fig. 3.5). On the other hand, the presence of some LGT copies (ppc_IP3 _LGT:C and
ppc_1P3 LGT:A) coincides with the loss of the initial duplicates of the vertically
inherited ppc_1P3 gene (Fig. 3.2; Chapter 4). These findings indicate that, once a gene
better suited for the C, function is acquired, the selective pressure on the original copy

is relaxed, leading over time to pseudogenization and/or gene loss.
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With multiple copies of genes related to C4 metabolism, the chances that some of
these copies will acquire C, adaptive mutations increase. Our analyses indeed identified
non-synonymous polymorphisms among multiple copies of some genes. In four cases,
such substitutions on ppc generate amino acid changes that were recurrently selected in
a number of other C4 grasses, suggesting that they adapt the protein for the C, catalytic
context (Christin et al. 2007). While not detectable with our approach, regulatory
mutations, identified for other C4 groups (e.g. Gowik et al. 2004; Akyildiz et al. 2007),
might similarly be present in only some of the multiple copies reported here. Genes that
do not have the adaptive mutations can be lost via negative selection or drift, and those
with the beneficial mutations are retained, leading to typical neofunctionalization. As
reported here, the acquisition of more suitable gene versions, illustrated by the LGTs,
can indeed relax the selection over duplicated copies that were once preserved via
dosage selection, but from there on will be subjected to pseudogenization or eventually
neofunctionalization. This suggests that during the course of evolution, fewer, more
optimized genes are likely to remain, which would explain why more established Cs
lineages are not enriched in Cs-related genes (Williams et al. 2012; van den Bergh et al.
2014). The presence of multiple gene copies therefore probably contributes to the
emergence of C, photosynthesis via a combination of dosage effects and increased

opportunities for neofunctionalization, both of which are evolutionarily transient.

3.5.3. Low-coverage sequencing correctly identified duplicates

Low-coverage genomic datasets are increasingly used for a wide range of population
genomic (Buerkle and Gompert 2013; Nicod et al. 2016; Chapter 4) and phylogenetic
studies (Bock et al. 2014; Dodsworth 2015; Washburn et al. 2015). While such datasets
are relatively cheap to obtain and can be generated from poorly conserved samples such
as those from museum collections (Besnard et al. 2014; Silva et al. 2017), they come
with their limitations. In particular, sequencing biases are inherent to the PCR steps
involved in the sample preparation, and lead to over-representation of regions with
specific GC contents (Benjamini and Speed, 2012; Ross et al. 2013; see the Materials
and methods). It is therefore necessary to validate the results with independent evidence,
provided here by qPCR. Slight variation between qPCR estimates and those based on
low-coverage data confirmed that copy numbers inferred from read depths are in some

cases under- or overestimated, as expected given both the low coverage and the
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difficulty in precisely correcting for the sequencing bias. However, the general patterns
are correctly identified, as indicated by the similarity of estimates among closely related
accessions, and by the strong agreement in the estimates based on low- and high-
coverage datasets in cases where both were available for individuals from the same
population (Fig. 3.S3). In addition, individual events of gene duplication inferred from
low-coverage data are qualitatively correct, being in all cases confirmed by independent
qPCR.

The intersection of different lines of evidence shows that our approach
represents a valid strategy to infer patterns of copy number variation for a large number
of non-model species. Some of the genomic datasets included here come from samples
only available in herbarium collections, which were collected up to 60 years ago
(Chapter 4). In cases where living material is not available, low-coverage sequencing
represents a valuable resource to shed light not only on the phylogenetic relationships,
but also the genomic content of important taxa (Besnard et al. 2014), and, as shown
here, variation in gene copy number. In the near future, the increasing availability of
sequencing datasets for non-model species will offer multiple opportunities to track the
genomic dynamics underlying a large array of physiological adaptations in a variety of

taxa.

3.6. Conclusions

Using comparative genomics, we showed that the duplication of genes encoding two
key enzymes required for C4 photosynthesis coincided with the co-option of these genes
for the new metabolic pathway. Based on published transcriptome data, we propose that
changes in copy number altered the expression levels via pure dosage effects, with
duplication events representing major effect mutations that can rapidly double
transcription levels of some genes, which might have contributed to the emergence of a
weak C, cycle in some plants. Once the Cs4 cycle was in place, selection could act to
optimize it, which probably involved fixing beneficial mutations on individual genes,
including substitutions and indels in both regulatory and coding sequences. The
selection of better-suited isoforms apparently led to pseudogenization of the previous
duplicates. We therefore suggest that gene copy number decreases as beneficial
mutations in the promoter or coding sequences are fixed, in a process of

neofunctionalization. The beneficial effects of gene duplication for physiological
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innovation are therefore likely to be transitory, with no footprint on longer evolutionary

scales.
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Transcript Abundance (log10 RPKM)

Gene Copy Number

Fig. 3.S8. Distribution of transcript abundance among classes of copy numbers for genes encoding the
small unit of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco; rbcS).

Table 3.S1. List of primer sequences of ppc genes used for quantitative real-time PCR assays.

Gene

Primer ID

Sequence

Expected
amplicon
length/
Melting
temperature

ppc_1P6 - pair 1
(exon 6 — intron 6)

ppc_1P6 - pair 2
(exon 7 — intron 7)

ppc_1P3 - pair 1
(exon 8 — intron 8)

ppc_1P3 - pair 2
(exon 8 — exon 9)

ppc_1P7 - pair 1
(exon 7 — intron 7)

ppc_1P7 - pair 2
(exon 8)

ppclP6-FOR-pl
ppclP6-REVpl
ppclP6-FOR-p2
ppclP6-REV-p2
ppcl1P3 native-FOR-pl
ppclP3_native-REV-pl
ppclP3 _native-FOR-p2
ppclP3 native-REV-p2
ppclP7-FOR-pl
ppclP7-REV-pl
ppclP7-FOR-p2
ppclP7-FOR-p2

5'-GCACGAGCAGATGAATTAC-3'
5'-GTGAAAGTAGCCATCTACCATG-3'
5'-GCACGCCAGTTGTTATCCAG-3'
5'-CAATATGTGCAGTTCAAAGGTTC-3'
5-GTTCGTCGAGTACTTCCGATC-3'
5-GTGTGGCCTGACACGATC-3'
5-CGGTTCGTCGAGTACTTCCG-3'
5-CGTACTCCGTCTCAGGTGTGG-3'
5'-CGTGTGATTCTGAGTGATGTC-3'
5'-GCTAGACAAATCGAATGACCAC-3'
5'-CCGACATACTGATGTTATGGA-3'
5-ACGGCCTCTTTCCATTAAGTT-3'

92 bp
73.8°C

109 bp
76.4°C

115 bp
78.8°C

136 bp
80.4°C

161 bp
78.3°C

119 bp
76.7°C
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Table 3.S2. List of duplicated genes of Cs-related gene families within Alloteropsis.

Alloteropsis lineages

Gene family Gene with gene duplications’
Adenylate kinase (AK) ak 1P1 I
ak 2P2 I, IVa
Alanine aminotransferase (ALA-AT) alaat 1P2 IL, II1, T'Va
alaat 1P3 11, 111, IVa, MB
alaat 1P5 III, IVa, MB
Aspartate aminotransferase (ASP-AT) aspat_1PI IL, 111, MB
aspat_1P2 IVa
aspat_2P3 Ang, MB
aspat_3P4 Ang, 111, IVa, MB
Carbonic anhydrase (CA) ca_IPI MB
ca 2P2 il
ca 2P3 Cim, II, II1, IVa, IVb, MB
Dicarboxylate carrier (DIC) dic 1P] Cim, 11, II1, IVa, MB

Dicarboxylate transporter (DIT) -
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gapdh _2P1

no duplications

IL, 111, IVa, IVb, MB

gapdh 2P2 IVa
gapdh_3P1 Ang
NAD-dependent malate dehydrogenase (NAD-MDH) nadmdh_1P1 I, IVb
nadmdh_1P8§ Cim
nadmdh_2P4 I
nadmdh_3P5 11, 111, I'Va, IVb, MB
NAD-malic enzyme (NAD-ME) nadme_I1P1 Cim, IVa
nadme 2P2 IVa
NADP-dependent malate dehydrogenase (NADP-MDH)  nadpmdh_1P1 IVa, MB
NADP-malic enzyme (NADP-ME) nadpme 1Pl Cim, III, IVa, IVb, MB
nadpme_1P2 Ang, IVa
nadpme_1P4 Cim, Ang, 111, IVa, MB
PEP carboxykinase (PCK) pck 1P1 LGT:C  Ang, III, IVa, IVb, MB
PEP carboxylase kinase (PEPC-K) pepck 1P3 Ang
pepck 3P6 IVa
Pyruvate kinase (PK) pk_IPI Cim, Ang, 11{;[}131 L, IVa, IV,
pk 1P2 MB
Inorganic pyrophosphatase (PPA) ppa_2P1 IVa, MB
ppa_3P1 MB
ppa_4P1.6 111
PEP carboxylase (PEPC) ppc_IP3 Ang, 11, II1, IVa, IVb, MB
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ppc_1P3 LGT:A IVb
ppc_IP3 LGT:M Cim, 11T
ppc_1P6 Cim, IVb
ppc_IP7 II
Phosphoglycerate kinase (PGK) - no duplications
Pyruvate phosphate dikinase (PPDK) ppdk_1PI L I, IVb, MB
ppdk _1P2 MB
I;R}l/)r)uvate phosphate dikinase regulatory protein (PPDK- ) no duplications
PEP-phosphate translocator (PPT) ppt _1P4 Ang, 111, IVa
ppt_1P6 11, 111, I'Va, IVb, MB
Sodium bile acid symporter 1 (SBAS) - no duplications
Tonoplast malate/fumarate transporter (TDT) tdt 1P2 Ang, I, IVa, IVb, MB
Triosephosphate-phosphate translocator (TPT) tpt 1P2 Cim

LT, 11, 1T and 1V refers to the nuclear clades of 4. semialata (Chapter 4); Ang is A. angusta; Cim is A.
cimicina; MB refers to A. semialata individuals with mixed genetic background (Chapter 4).
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Table 3.S3. Read depth of transcriptome and genome data for polymorphic sites of ppc and pck genes of accessions of the genus Alloteropsis.

Transcriptome Low-coverage genome High-coverage genome
gene accession site exon :,amr:;l;i; Z‘amrizlt::'i dataset ::g;:)l: :::;ﬁ:)l:- ratio dataset ::leal}f)l:_ ::::ﬁ::_ ratio dataset ::leapj:)l:- g::ﬁ:)l; ratio
pcklPl BUR1 359 6 A G BF3 76 68 0.472 BURI1 0 0 -
pcklPl BURI 548 7 C T BF3 195 81 0.293 BURI1 1 0 0.000
pcklPl BURI 578 7 T G BF3 211 115 0.353 BURI1 1 0 0.000
pcklPl BURI 617 8 T G BF3 179 118 0.397 BURI 1 1 0.500
pcklPl BUR1 713 8 C T BF3 170 128 0.430 BURI1 2 0 0.000
pcklPl BUR1 1166 10 T C BF3 133 89 0.401 BURI1 1 0 0.000
pcklPl BURI 1264 10 A G BF3 112 110 0.495 BURI1 0 0 -
pcklPl BURI 1265 10 C T BF3 114 105  0.479 BURI1 0 0 -
pcklPl TAN1 1129 10 C G LO4 87 73 0.456 TANI1 2 0 0.000
pcklPl TANI 1207 10 G C LO4 71 52 0.423 TANI1 0 0 -
pcklPl TAN1 1222 10 G A LO4 60 43 0.417 TAN1 0 0 -
pcklPl TAN1 1230 10 A G LO4 54 38 0.413 TAN1 0 0 -
pcklPl TAN2 1096 10 G C LO1 38 31 0.449  TAN2-A 0 2 1.000 TAN2-A 3 1 0.250
pcklPl TAN2 1174 10 C G LO1 49 29 0.372  TAN2-A 0 1 1.000 TAN2-A 1 5 0.833
pcklPl TAN2 1191 10 A G LO1 39 40 0.506 TAN2-A 0 1 1.000 TAN2-A 1 5 0.833
pcklPl TAN2 1199 10 G A LO1 32 21 0.396  TAN2-A 0 1 1.000 TAN2-A | 5 0.833
pcklPl TAN4 1108 10 C G LO2 20 14 0.412 TAN4 1 2 0.667
pcklPl TAN4 1162 10 T C LO2 26 16 0.381 TAN4 1 0 0.000
pcklPl TAN4 1183 10 C A LO2 23 15 0.395 TAN4 1 0 0.000
pcklPl TAN4 1186 10 G C LO2 24 16 0.400 TAN4 1 0 0.000
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ppclP6 TPE1 832 4 G T TW10 9379 3148 0.251 TPEI1-3 5 1 0.167 TPEL1-10 151 52 0.256
ppclP6 TPE1 935 4 T C TW10 12325 4028 0.246 TPEIL-3 4 0 0.000 TPEL-10 169 33 0.163
ppclP6 TPEI 1136 6 C T TW10 13550 1635 0.108 TPEIL-3 4 0 0.000 TPE1-10 203 29  0.125
ppclP6 TPE1 1334 7 A G TW10 12780 4294 0.251 TPE1-3 2 3 0.600 TPEI-10 166 62 0.272
ppclP6 TPE1 1364 8 C T TW10 14543 4966  0.255 TPE1-3 0 1 1.000 TPEI-10 163 54 0.249
ppclP6 TPE1 1400 8 C T TW10 13988 2063 0.129 TPEI1-3 3 0 0.000 TPEI-10 191 36 0.159
ppclP6 TPEI 1518 8 C T TWI10 24632 3445 0.123 TPEI1-3 14 0 0.000 TPE1-10 215 41  0.160
ppclP6 TPE1 1594 8 A G TW10 10480 6114 0.368 TPEIL-3 10 1 0.091 TPEL-10 136 80  0.370
ppclP6 TPE1 1703 8 A G TW10 22019 2984  0.119 TPEIL-3 11 1 0.083 TPEI-10 171 31 0.153
ppclP6 TPE1 1759 8 G A TW10 22892 2874 0.112 TPE1-3 11 0 0.000 TPEI-10 181 17  0.086
ppclP6 TPE1 1812 8 G T TW10 17538 2977 0.145 TPE1-3 11 3 0.214 TPEI-10 168 34  0.168
ppclP6 TPE1 1905 8 C T TW10 25978 4227 0.140 TPEI1-3 8 3 0.273 TPEL1-10 187 37 0.165
ppclP6 TPE1 2051 8 C T TW10 20246 3035 0.130 TPEI1-3 9 1 0.100 TPEL1-10 191 37 0.162
ppclP6 TPE1 2078 8 A G TW10 22324 3090 0.122 TPEI1-3 9 1 0.100 TPEI-10 184 30 0.140
ppclP6 TPEI 2230 8 G A TW10 25374 3961 0.135 TPEIL-3 4 4 0.500 TPE1-10 183 26 0.124
ppclP6 TPE1 2804 9 C T TW10 17988 2513  0.123 TPE1-3 3 0 0.000 TPEI-10 184 22 0.107
ppclP6 TPE1 2945 9 G A TW10 30514 4681 0.133 TPE1-3 6 2 0.250 TPEI-10 192 24 0.111
ppclP6 TPE1 3055 9 G A TW10 29902 4754 0.137 TPEI1-3 4 0 0.000 TPE1-10 205 33 0.139
ppclP6 TPE1 3187 10 C T TW10 28165 16983 0.376 TPEI1-3 6 1 0.143 TPEI1-10 99 56  0.361
ppclP6 TPEI 3369 10 G A TW10 25262 3876  0.133 TPEI1-3 11 0 0.000 TPEL1-10 129 24 0.157
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Table 3.S4. Allele-specific expression analyses.

Gene Accession Type Sequencing depth Number of SNPs Mean de[)th‘ Mean depth! Regression analysis
(transcript) (genome) Slope R? p-value
pcklPl LGT AUSI1 Cs low-coverage 5 12,577 4.2 0.27 0 0.46
pcklPl LGT BURI1 Cs low-coverage 6 9,038 5 1.6 0.91 <0.001
pcklPl LGT MADI1 Cs low-coverage 5 595 5 0.84 0.93 0.01
pcklPl LGT TAN4 Cs low-coverage 6 1,145 4 0.08 0 0.38
pcklPl LGT TPE1-3 Cs low-coverage 4 2,372 4.2 -0.19 0 0.57
pcklPl BURI1 Cs low-coverage 5 284 1.4 0.06 0 0.71
pcklPl TAN2-A Cs+Cy low-coverage 4 70 1.2 - - -
pcklPl TAN4 Cs low-coverage 4 38 1.5 0.03 0.41 0.22
ppclP3 LGT A AUSI1 Cs low-coverage 4 3,631 2.5 0.28 0.7 0.1
ppclP3 LGT M BURI1 Cs low-coverage 5 6,724 2.2 -0.13 0 0.81
ppclP3 LGT M MADI1 Cs low-coverage 4 181 2.8 0.12 0 0.45
ppclP3 BURI1 Cs low-coverage 77 7,760 12.2 0.2 0.07 0.01
ppclP3 MADI1 Cs low-coverage 58 748 9.3 0.03 0 0.74
ppclP3 RSA2 Cs low-coverage 46 268 2.8 0.03 0.05 0.09
ppclP3 TAN1 Cs+Cy low-coverage 4 859 8.8 0.06 0 0.74
ppclP3 TAN2-A Cs+Cy low-coverage 4 1,330 3.8 0.26 0.74 0.09
ppclP3 TAN4 Cs low-coverage 22 50 6.4 0.17 0.13 0.06
ppclP3 TPE1-3 Cs low-coverage 8 2,572 6.5 -0.06 0 0.38
ppclP6 TPEI-3 Cy low-coverage 30 20,032 8.4 0.21 023  <0.001
pcklPl_LGT TPE1-10 Cs high-coverage 4 2,372 158.8 1.26 0.75 0.09
pcklPl TAN2-A Cs+Cy high-coverage 4 70 5.5 -0.04 0 0.8
ppclP3 TAN2-A Ci+Cy high-coverage 4 1,330 20 0.48 0.38 0.23
ppclP3 TPE1-10 Cs high-coverage 8 2,572 181.9 0.61 0.38 0.06
ppclP6 TPE1-10 Cs high-coverage 30 20,032 209.3 0.99 093  <0.001

! Mean number of reads covering each SNP; ? Linear regression of the depth of the minor allele in the transcriptome and genome datasets.



3. SI. Gene duplication and dosage effects during early C, evolution

Table 3.S5. Effect of phylogenetic tree on the phylogenetic generalized least squares (PGLS)
analysis used to test for an association between changes in gene copy number and changes in

transcript abundance.

Gene family

p-value range'

Alanine aminotransferase (ALA-AT)
Aspartate aminotransferase (ASP-AT)
Carbonic anhydrase (CA)
Dicarboxylate transporter (DIT)
NAD-malate dehydrogenase (NAD-MDH)
NAD-malic enzyme (NAD-ME)
NADP-malate dehydrogenase (NADP-MDH)
NADP-malic enzyme (NADP-ME)

PEP carboxykinase (PCK)

PEP carboxylase (PEPC)

Pyruvate phosphate dikinase (PPDK)
PEP-phosphate translocator (PPT)
Sodium bile acid symporter (SBAS)
Triosephosphate-phosphate translocator (TPT)

0.041-0.279
0.288 - 0.536
0.392 -0.62
0.061 —0.224
0.499 —0.633
0.405 - 0.591
0.001 - 0.006
<0.001
0.798 — 0.835
0.557-0.764

! p-value ranges are the interquartile range of PGLS fitting computed using 100 independent Bayesian
trees. Before the analysis, transcript abundance values were logl0 transformed and copy numbers were
expressed as integers. Gene families lacking p-values do not show copy number variation, or contain
representatives with no gene sequence available for the phylogenetic analysis. p-value ranges in bold
include statistically significant results after correcting the significance level (o = 0.05) for multiple

comparisons.
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4. Genome biogeography reveals intraspecific spread of adaptive mutations

4.1. Abstract

Physiological novelties are often studied at macro-evolutionary scales such that their
micro-evolutionary origins remain poorly understood. Here, we test the hypothesis that
key components of a complex trait can evolve in isolation and later be combined by
gene flow. We use C, photosynthesis as a study system, a derived physiology that
increases plant productivity in warm, dry conditions. The grass Alloteropsis semialata
includes Cs and non-C,4 genotypes, with some populations using laterally acquired Cs-
adaptive loci, providing an outstanding system to track the spread of novel adaptive
mutations. Using genome data from C4 and non-C4 A. semialata individuals spanning
the species’ range, we infer and date past migrations of different parts of the genome.
Our results show that photosynthetic types initially diverged in isolated populations,
where key C4 components were acquired. However, rare but recurrent subsequent gene
flow allowed the spread of adaptive loci across genetic pools. Indeed, laterally acquired
genes for key C, functions were rapidly passed between populations with otherwise
distinct genomic backgrounds. Thus, our intraspecific study of Cs-related genomic
variation indicates that components of adaptive traits can evolve separately and later be
combined through secondary gene flow, leading to the assembly and optimization of

evolutionary innovations.

Keywords: adaptation, C, photosynthesis, gene flow, Ilateral gene transfer,

phylogeography.
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4.2. Introduction

Over evolutionary time, living organisms have been able to colonize almost every
possible environment, often via the acquisition of novel adaptations. While impressive
changes can be observed across phyla, adaptive evolution by natural selection occurs
within populations (e.g. Geber and Griffen 2003; Morjan and Rieseberg 2004). For most
complex adaptive novelties, the intraspecific dynamics that lead to their progressive
emergence are poorly understood. Indeed, if novel complex traits gain their function
only when multiple anatomical and/or biochemical components work together, the order
of acquisition of such components raises intriguing questions (Meléndez-Hevia et al.
1996; Lenski et al. 2003). One possibility is that the acquisition of one key component
is sufficient to trigger a novel trait (e.g. Ourisson and Nakatani 1994), allowing the
subsequent selection of novel mutations for the other components in the genetic pool
that fixed the first component. The alternative would assume that components
accumulate independently of each other in isolated populations and are later assembled
by secondary gene flow and subsequent selection to form the complex trait (Morjan and
Rieseberg 2004; Leinonen et al. 2006; Hufford et al. 2013; Ellstrand 2014; Miller et al.
2014). Differentiating these scenarios requires the inference of the order of mutations
for a novel complex trait, as well as their past spread throughout the history of
divergence, migration and secondary gene flow in one or several related species. Such
investigations must rely on study systems in which variation in an adaptive complex
trait, and its underlying genomic basis, can be traced back through time.

Cs4 photosynthesis is a physiological state, present in ~3% of plant species (Sage
2016), which results from the co-ordinated action of multiple enzymes and anatomical
components (Hatch 1987; Christin and Osborne 2014). C4 biochemistry relies on well-
characterized enzymes that also exist in non-C, plants, but with altered abundance,
cellular and subcellular localization, regulation and kinetics (Kanai and Edwards 1999).
The main effect of C4 photosynthesis is an increase in CO, concentration at the place of
its fixation by the enzyme Rubisco in the Calvin—Benson cycle (von Caemmerer and
Furbank 2003). This is advantageous in conditions that restrict CO, availability,
especially in warm and arid environments under the low-CO, atmosphere that has
prevailed for the last 30 million years (Sage et al. 2012). C, plants consequently
dominate most open biomes in tropical and subtropical regions, where they achieve high

growth rates and large biomass (Griffith et al. 2015; Atkinson et al. 2016). Despite its
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apparent complexity, Cs photosynthesis evolved more than 60 times independently over
the ancestral C; type (Sage et al. 2011), and evolutionary transitions were facilitated by
the existence of anatomical and genetic enablers in some groups of plants (Christin et al.
2013b, 2015). However, the micro-evolutionary history of photosynthetic transitions is
yet to be addressed.

Most C, lineages evolved this photosynthetic system millions of years ago, so
that the initial changes linked to C, evolution remain obscured (Christin and Osborne
2014). In a couple of groups, closely related species present a spectrum of more or less
complete C, traits, which is interpreted as the footprint of the gradual evolution of C4
(e.g. McKown et al. 2005; Christin et al. 2011; Fisher et al. 2015). These groups provide
powerful systems to reconstruct the order of changes during the transition to C,
photosynthesis (e.g. McKown and Dengler 2007; Heckmann et al. 2013; Williams et al.
2013). However, the presumed lack of gene flow among these related species impedes
testing hypotheses about the importance of secondary gene flow mixing mutations that
were fixed in isolated populations. So far, the presence of genotypes with different
photosynthetic types has been reported in only one taxon, the grass Alloteropsis
semialata.

Alloteropsis semialata includes C; and C, individuals (Ellis 1974), and a recent
study further described individuals with only some of the C, anatomical and
biochemical components, which allow a weak C, cycle (i.e. C;—C4 intermediates;
Lundgren et al. 2016). Other species in this genus, A. angusta, A. cimicina, A.
paniculata and A. papillosa, are Cs, but perform the C, cycle using different enzymes
and leaf tissues than 4. semialata, which points to independent realizations of the C,
phenotype (Christin et al. 2010). Analyses of genes for key C4 enzymes in a handful of
accessions have revealed that some populations of 4. semialata carry C4 genes that have
been laterally acquired from distant C, relatives (Christin et al. 2012). The laterally
acquired genes include one for phosphoenolpyruvate carboxykinase (pck) and three
different copies for phosphoenolpyruvate carboxylase (ppc). These laterally acquired
genes are integrated into the Cs cycle of some extant accessions of Alloteropsis (Christin
et al. 2012, 2013a), but genes for other C4 enzymes have been transmitted following the
species tree (vertically inherited), and gained their C; function via novel mutations
(Christin et al. 2013a). Some C4 Alloteropsis populations presumably still use the
vertically inherited ppc and pck homologs for their Cs cycles. However, the laterally

acquired ppc and pck copies spent millions of years in other C4 species, where they
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acquired adaptive mutations that likely increased their fit for the C4 function before their
transfer (Christin et al. 2012). The potential adaptive value of the laterally acquired
genes, as well as their restriction to some C, populations, provides a tractable system to
elucidate gene movements that led to the emergence and strengthening of the complex
Cs adaptive trait. However, the geographical distributions and frequencies of these
laterally acquired genes are still poorly understood, and the genome history of A.
semialata remains largely unexplored.

In this study, we obtain low-coverage whole-genome sequencing data from A.
semialata individuals spread across the species’ geographical range and differing in
photosynthetic type. We use the data to first infer the history of isolation and secondary
contact, and then to track the acquisition and spread of the laterally acquired genes. This
biogeographic framework allows us to test whether the C4 complex trait was assembled
via the sequential fixation of novel mutations within each isolated gene pool or via gene
flow combining mutations that had been fixed in distinct gene pools (Fig. 4.1). In the
first scenario, the history of Cs-adaptive mutations, represented by the laterally acquired
genes, would correspond to the sequence of migration and isolation of populations and
largely match the history of the rest of the genome (Fig. 4.1A). In the second scenario,
the history of Cs-adaptive mutations would differ from that of the rest of the genome,
their selection-driven spread across genetic lineages resulting in more recent
coalescence times and gene topologies that differ from the species topology (Fig. 4.1B).
This first intraspecific spatial genomic analysis of key components of the C4 complex
trait opens new avenues to understand the micro-evolutionary processes that led to

macro-evolutionary innovations.
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Fig. 4.1. Competing scenarios for the assembly of a complex trait. (A) The trait is assembled by
sequential fixation mutations within each genetic pool; (B) Mutations that were fixed in isolation are later
assembled via secondary gene flow. The species tree is outlined by thick grey branches, and colored
branches indicate novel mutations on individual genes. Individual gene trees are drawn in blue and red on
the right. In scenario (A) the histories of adaptive mutations correspond to the history of the rest of the
genome and all gene trees are concordant, while in scenario (B) the histories of the adaptive mutations
differ from that of the rest of the genome, with gene trees that do not match the species tree.

4.3. Material and Methods

4.3.1. Sampling, sequencing and genome sizing

A low-coverage whole-genome sequencing approach (genome skimming) was used to
reconstruct the genome history of Alloteropsis. This approach has become increasingly
attractive for inferring population parameters (e.g. Buerkle and Gompert 2013;
Fumagalli et al. 2013) and for studying complex traits (Li et al. 2011). It also allows de
novo assembly of high copy number regions of the genome, such as organelle genomes
(Besnard et al. 2014; Dodsworth 2015), and can be applied to samples of limited quality
and quantity, such as herbarium or museum collections (Besnard et al. 2014). Genome-
skimming data for eleven A. semialata individuals, and one of each of the congeneric A.
cimicina and A. angusta, were retrieved from a previous study that used them to
assemble chloroplast genomes (Table 4.S1; Lundgren et al. 2015, 2016). The

photosynthetic type of these samples has been determined previously, and they
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encompass non-C, individuals with and without a weak C, cycle, as well as multiple C,4
accessions (Table 4.S1; Lundgren et al. 2015, 2016). An additional eight Alloteropsis
accessions were sampled here to increase the resolution of genome biogeography for the
group (Table 4.S1). These include one accession from each of the congeneric species 4.
paniculata and A. angusta, and six additional A. semialata individuals. These samples
were selected to increase the plastid and photosynthetic diversity, with a special focus
on the Zambezian biogeographic region (spanning Tanzania, Zambia and the
Democratic Republic of Congo — DRC; Linder et al. 2012; Table 4.S1), where the
majority of the chloroplast and photosynthetic diversities are found (Lundgren et al.
2015, 2016). Three of the newly sequenced A. semialata accessions (‘DRC3’, ‘TAN3’
and ‘KEN1’) were previously characterized with stable carbon isotopes (Lundgren et al.
2015), which can distinguish plants grown using mainly C, photosynthesis from those
that acquired a significant portion of their carbon via the ancestral C; cycle, whether or
not it is complemented by a weak Cs cycle (Smith and Brown 1973; Cerling et al.
1997). One of these three accessions (‘TAN3’) is isotopically intermediate, indicating
that a strong C,4 cycle occurs, but that some atmospheric carbon is still fixed directly by
the Cs cycle (Peisker 1986; Monson et al. 1988). For four of the new samples, carbon
isotopes were measured on a leaf fragment as previously described (Lundgren et al.
2015), which revealed that all of them had carbon isotope values within the C4 range
(Table 4.S1).

DNA was extracted, quality checked and sequenced as described in Lundgren et
al. (2015), except that the DNA of these accessions was not sonicated prior to the library
preparation due to the high degree of DNA degradation in these herbarium specimens.
Each sample was individually barcoded and pooled with 23 other samples (from the
same or unrelated projects) before paired-end sequencing (100—150 bp) on one Illumina
lane (HiSeq-2500 or HiSeq-3000) at the Genopole platform of Toulouse or at the
Genoscope platform of Evry (only A. paniculata; Table 4.S1). The final data set
consisted of sequence data for a total of 21 individuals, sequenced in six different runs
(Table 4.S1).

The genome size was estimated for accessions for which live material was
available by flow cytometry following the one-step protocol of Dolezel et al. (2007)
with minor modifications as described in Clark et al. (2016). We selected Oryza sativa
IR36 (2C =1 pg; Bennett and Smith 1991) and the Ebihara buffer (Ebihara et al. 2005)

as the most appropriate internal standard and nuclei isolation buffer for all but one
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accessions (Table 4.S1). For the ‘RSA3’ accession, whose C-value was estimated to be
about three time larger than other accessions, we used the Pisum sativum ‘Ctirad’
standard (2C = 9.09 pg; Dolezel et al. 1992) and the GPB buffer (Loureiro et al. 2007),
supplemented with 3% of PVP.

4.3.2. Assembly and analyses of chloroplast genomes

Complete chloroplast genomes were de novo assembled for the newly sequenced
individuals using the genome walking method described in Lundgren et al. (2015). The
newly generated chloroplast genomes were manually aligned with those already
available, and a time-calibrated phylogenetic tree was inferred with beast v. 1.5.4
(Drummond and Rambaut 2007), as described in Lundgren et al. (2015). Monophyly of
the outgroup (4. cimicina + A. paniculata) and the ingroup (4. angusta + A. semialata)
was enforced to root the phylogeny, which is consistent with all previous analyses
(Ibrahim et al. 2009; Christin et al. 2012; GPWGII 2012; Lundgren et al. 2015). The
root of the tree was fixed to 11 Ma (as found by Lundgren et al. 2015), which was
achieved with a normal distribution of mean of 11 and standard deviation of 0.0001.
Two different analyses were run for 20 000 000 generations, sampling a tree every 1000
generations. After checking the convergence of the runs in tracer v. 1.5.0 (Drummond
and Rambaut 2007), the burn-in period was set to 2 000 000 generations, and the
maximum credibility tree was identified from the trees sampled after the burn-in period

in both analyses, mapping median ages on nodes.

4.3.3. Genotyping across the nuclear genome

A reference genome for Alloteropsis is currently lacking. However, the grass Setaria
italica (common name: Foxtail millet) belongs to the same tribe as Alloteropsis
(Paniceae) and has a well-assembled reference genome (jgiv2.0.27; Bennetzen et al.
2012). Setaria and Alloteropsis diverged approximately 20 Ma (Christin et al. 2012), a
time that is sufficient for a complete turnover of noncoding sequences (Ammiraju et al.
2008). However, reads corresponding to coding regions across the genome can still be
reliably mapped (see Results).

Raw sequencing reads were quality filtered using the NGSQC toolkit v. 2.3.3
(Patel and Jain 2012). Reads with more than 20% of the bases having a quality score

below Q20 and reads with ambiguous bases were removed. Furthermore, low-quality
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bases (<Q20) were trimmed from the 3’ end of the remaining reads. The filtered reads
were mapped to the Setaria reference genome, using bowtie2 v. 2.2.3 (Langmead et al.
2009). Raw alignment files were cleaned using samtools v.1.2 (Li et al. 2009) and
picard tools v.1.92 (http://picard.sourceforge.net/). PCR duplicates were removed, and
only uniquely aligned reads in proper pairs were kept. This will remove most of the
reads mapped to repetitive sequences, such as transposable elements, while retaining
reads mapping to sequences that have been duplicated after the split of Alloteropsis and
Setaria. The cleaned alignments were used to call single nucleotide polymorphic
variants (SNPs) with samtools v. 0.1.19 using the mpileup function followed by the
vefutil.pl script with default setting supplied with the program. The South African C4
individual ‘RSA3’ was excluded during SNP calling to avoid any bias that might result
from the presence of more than two alleles in this polyploid (see Lundgren et al. 2015
and Table 4.S1). Genotypes of each accession, including ‘RSA3’, at all called SNP
positions were extracted from the alignments using the mpileup function in samtools
v.0.1.19, supplying the program with the positions of the called SNPs, and in-house
developed scripts for further processing. The low-coverage data caused genotype
probabilities to be low, which precluded effective filtering based on these probabilities.
Therefore, fixed genotype calls were used. To evaluate the proportion of SNPs
corresponding to exon sequences, annotations were extracted for the 25 727 coding
regions of the Setaria genome with homologs in maize and rice genomes (from now on
referred to as SZR homologs). The positions of the raw SNPs were intersected with the
SZR homolog annotations in bedtools v.2.19.1 using default settings (Quinlan and Hall
2010).

SNPs with coverage above 2.5 times the genomewide coverage (Table 4.S2)
were converted to unknown genotype calls. Furthermore, genotypes with more than two
allele calls were also converted to missing data, and finally, positions with more than
50% missing data/unknown genotypes were discarded. The remaining 170 629 positions
were used to infer a phylogenetic tree, using PhyML (Guindon et al. 2010) and a GTR
substitution model (the best fit model as determined by hierarchical likelihood ratio
tests), after coding heterozygous sites with [UPAC codes. Support was evaluated with
100-bootstrap pseudoreplicates. The low-coverage data likely cause some alleles to be
missed, leading to an overestimate of homozygosity. However, no bias is expected in

the missing allele, so that the low coverage is unlikely to lead to spurious groupings.
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To test for a bias due to uneven coverage across samples (Table 4.S2), we
repeated the phylogenetic analysis on a resampled alignment, where all samples have
the same number of bases mapped to the Setaria genome. Reads were randomly
sampled without replacement from the filtered alignment files until the number of bases
across the sampled reads equalled that of the sample with the lowest coverage. These
reanalyses were first conducted with all samples, which resulted in a low number of
positions constrained to the samples with the lowest coverage. While analyses on the
resampled data set were consistent with the whole-data set analyses, the limited number
of characters resulted in reduced support. We consequently repeated the resampling
allowing for the full alignment of the two A. semialata samples with the lowest
coverage and alignment success (‘AUS1’ and ‘RSA2’) to be retained at a slightly lower
coverage than the rest of the samples. SNPs were called as outlined above, which

allowed for the retention of 22 821 SNPs.

4.3.4. Genetic structure and test for secondary gene flow

Preliminary cluster analyses with a focus on A. semialata showed that a more stringent
filtering of the SNPs improved convergence of the analyses. Only positions with <10%
missing data (2607 SNPs) within this species were consequently kept for analyses of its
population structure, using the structure software (Pritchard et al. 2000). Ten
independent analyses were run for each number of population components (K) from one
to ten, under the admixture model. The adequate run length and burn-in periods were
determined through preliminary analyses, which indicated that a burn-in period of 300
000 generations followed by 200 000 iterations provided stable estimates for all K
values. The optimal K values were determined using the method of Evanno et al.
(2005), as implemented in structureharvester (Earl and vonHoldt 2012). The results of
the ten runs for each K were summarized using clumpp v. 1.1.2 (Jakobsson and
Rosenberg 2007) and graphically displayed using distruct v. 1.1 (Rosenberg 2004).
These analyses were repeated without the polyploid individual ‘RSA3’, which led to the
same cluster assignments, showing that differences in ploidy levels do not affect the
conclusions. Finally, the cluster analyses were repeated on alignments based on the
reads subsampled to similar coverage in all samples, allowing for 25% missing data per

site (retention of 681 SNPs).
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Different relationships among fractions of the nuclear genome can result from
reticulated evolution or incomplete lineage sorting (Green et al. 2010; Durand et al.
2011). To distinguish these two possibilities, the ABBA-BABA method, which relies on
the D statistic to test for asymmetry in the frequencies of incongruent phylogenetic
groupings (Green et al. 2010; Durand et al. 2011), was used to test for secondary gene
flow on a genomewide level in cases suggested by phylogenetic and clustering analyses
(see Results). The low coverage likely leads to an overestimate of homozygous sites,
but no bias is expected towards ABBA or BABA sites, leaving estimations of distorted
gene flow unaffected. For each test, a four-taxon phylogeny was selected, consisting of
an outgroup and three tips among which secondary gene flow is suspected. Reads
mapping to the 170 629 SNPs were recovered from the filtered alignment files using
bedtools v.2.19.1 by intersecting the alignment files with positional information of the
SNPs using default settings. The recovered reads were evaluated using the -doAbbababa
option in the angsd program version 0.911 (Korneliussen et al. 2014). A jackknifed
estimate of the D statistic and the corresponding Z-value were obtained by the

jackknif.R script supplied with the angsd program.

4.3.5. Assembly and analyses of selected genes

Two different groups of closely related genes were selected for detailed analyses. The
genes selected were two Csrelated protein-coding genes, phosphoenolpyruvate
carboxylase (ppc genes) and phosphoenolpyruvate carboxykinase (pck genes), that
include some copies acquired by Alloteropsis from distantly related species via lateral
gene transfer, while other copies were vertically inherited following the species tree
(Christin et al. 2012). Previous conclusions regarding the distribution of these genes
among accessions of Alloteropsis were based on PCR and Sanger sequencing, which
can be biased due to the possibility of primer binding mismatches. The
presence/absence of the laterally acquired ppc and pck genes and their vertically
inherited homologs across the accessions were therefore re-evaluated here using the
genome-skimming data, as well as new PCR and Sanger sequencing with primer
verified against the new genomic data. Using molecular dating, the divergence times of
the laterally acquired genes were compared to those of vertically inherited homologs

belonging to the same set of accessions.
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Reads were first mapped on gene segments of the ppc and pck genes from
different accessions of Alloteropsis (grass co-orthologs ppc-1P3 and pck-1P1; Christin
et al. 2012, 2015). These segments have been previously sequenced and analysed in a
number of other C; and C, grasses (Christin et al. 2012). The availability of this rich
reference data set allows mapping to closely related accessions of Alloteropsis, which
improves the alignment success compared to the whole-genome approach described
above, and increases the confidence in the assignment. The gene segments cover exons
8-10 for ppc and exons 3—-10 for pck, including introns, and represent approximately
46% (1492 bp) and 63% (1487 bp), respectively, of the full-length coding sequences. In-
house Perl scripts were used to unambiguously assign reads to genes of these data sets,
following the phylogenetic annotation method of Christin et al. (2015). In summary, this
approach consists of: (i) building a reference data set of sequences with known identity
for closely related gene lineages, (ii) using blast searches to identify all sequences
homologous to any of these reference sequences in the query data set (the filtered reads
in this case), (iii) independently aligning each homologous sequence to the reference
data set and inferring a phylogenetic tree and (iv) establishing the identity of each of the
query sequences based on the phylogenetic group in which it is nested. Assignment of
reads to the gene lineages was verified by visual inspection of the phylogenetic trees
and the alignments. Subsequently, all reads assigned to each of the vertically inherited
or laterally acquired gene lineages were retrieved, and aligned to PCR-isolated
sequences (see Results) using geneious v. 6.8 (Kearse et al. 2012). The reads were then
assembled into gene models, comprising introns and exons, for the studied segments.
Multiple gene models were assembled for a single individual when the existence of
distinct alleles was supported by at least two different polymorphic sites, each with at
least two independent reads. Paired-end reads were then merged into contigs if they
shared the polymorphisms. Reads that did not overlap the polymorphic sites were
merged with all alleles, replacing additional polymorphisms with [UPAC ambiguity
codes.

To check whether partial pseudogenes that do not include the studied segments
exist in some genomes, the presence of laterally acquired ppc genes was also tested
using only coding sequences corresponding to exons 1-7, which were retrieved from a
transcriptome study of A. semialata (Christin et al. 2012). This transcriptome was
generated for a South African C, polyploid with two laterally acquired ppc genes, but

the vertically inherited versions of ppc and pck were not available in this transcriptome,
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preventing phylogenetic analyses. Blastn searches were used to identify reads mapping
to one of the two laterally acquired ppc genes on at least 50 bp with at least 99% of
identity. Finally, the presence/absence of the different pck and ppc copies was further
confirmed via PCR and Sanger sequencing using primers specific to the different gene
copies (Table 4.S3; Christin et al. 2012). PCR, purification and sequencing were
conducted as described in Lundgren et al. (2015), except for changes of the annealing
temperature and/or extension time (Table 4.S3). These PCR were conducted only on
samples for which good quality DNA was available. Indeed, DNA isolated from
herbarium samples is highly degraded, precluding reliable PCR screening.

To verify the gene models assembled from genome skimming for ppc and pck,
the PCR amplified and Sanger sequenced fragments of the vertically inherited and
laterally acquired genes were added to the genes assembled from short-read data. The
data sets were aligned using muscle v3.8.31 (Edgar 2004) with default parameters, and
the alignments were manually refined. Maximum-likelihood phylogenetic trees were
inferred using PhyML, under a GTR+G model, and with 100-bootstrap
pseudoreplicates. Molecular dating was performed on the same alignments using beast
as described above for chloroplast markers, but with a coalescent prior. The
Andropogoneae/Paspaleae group (represented by Sorghum, Paspalum and one of the
laterally acquired ppc) was selected as the outgroup, and the root of the tree was
calibrated with a normal distribution with a mean of 31 Ma, and a standard deviation of

0.0001, as previously estimated for this node (Christin et al. 2014).

4.4. Results
4.4.1. Read alignment and SNP calling

The number of filtered paired-end reads varied across samples, for a genomewide
coverage ranging from 0.70 to 4.52 (Table 4.S2). The proportion of filtered paired-end
reads that aligned to the Sefaria genome varied between 4.04% and 10.23%, and
between 1.22% and 2.94% aligned to the coding regions (Table 4.S2). While the
mapping was performed across the whole genome of Setaria (excluding the organelle
genomes), divergence of noncoding sequences means that high mapping success is
expected to be concentrated mostly onto coding sequences. About 9% of the Setaria
genome corresponds to exons (Bennetzen et al. 2012). Assuming that the total length of

exons is similar in the two species, the larger genome of Alloteropsis means that this
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proportion should be about 4.5%, so that approximately half of the reads corresponding
to nuclear exons were mapped. The rest of the reads that belong to exons probably
correspond to gene sections that are too divergent between the two species to
successfully map.

Only uniquely aligned reads were used to call SNPs, which inherently excludes
common repetitive regions such as transposons. However, 1111 raw SNPs had a higher
than expected coverage (>5%) across at least 50% of the samples. The positions of 91%
(1007) of these high-coverage SNPs fell outside of the SZR homolog regions, and the
rest were concentrated to only 14 SZR homologs. We therefore hypothesize that these
high-coverage SNPs stem from genetic regions (mostly noncoding) that have been
duplicated after the split between Alloteropsis and Setaria and they were subsequently
removed from the analyses.

A total of 170 629 SNPs with <50% missing data across the 21 accessions were
finally selected for downstream analyses. These sites are spread across all chromosomes
(Fig. 4.S1) and 96% of them fall within one of 9948 SZR homologs. The 2607 SNPs
used for the cluster analysis (<90% missing data across the Alloteropsis semialata
samples) were equally well spread across the genome (Fig. 4.S1) and 97% fall within
one of 848 SZR homologs. Most of the variation in missing data across samples (Table
4.82) is likely explained by differences in coverage, although the presence/absence of
genes within each accession might also influence the individual mapping success.

Overall, our analyses show that our pipeline, despite a low overall coverage and
low alignment success due to the large divergence time between Alloteropsis and

Setaria, captures variation in almost 10 000 genes spread across the genomes of grasses.

4.4.2. Phylogenetic trees

The plastid phylogeny identified two C, individuals from DRC with haplotypes that
form a new C, plastid lineage based on divergence times (i.e. lineage G, sister to lineage
F; Figs 4.2 and 4.S2). Relationships based on markers sampled across the nuclear
genome confirm the monophyly of A. semialata and its sister-group relationship to
Alloteropsis angusta, but present multiple incongruences with the chloroplast tree
within 4. semialata (Figs 4.2 and 4.S3). In this genomewide tree, the first divergence
leads to a group composed of the non-C, accessions of 4. semialata from South Africa

without any known C4 cycle (Clade I; Figs 4.2 and 4.S3), and the second divergence
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leads to a group comprising the non-C, accessions from the Zambezian region that use a
weak C; cycle (Clade II; Figs 4.2 and 4.S3; C;-Cs4 intermediates sensu Lundgren et al.
2016). The isotopically intermediate accession ‘TAN3’ is then sister to all C4 accessions
(Figs 4.2 and 4.S3). The two C4 accessions bearing the plastid lineage G form a
paraphyletic clade, while the other C, accessions from the Zambezian region (‘TAN4’,
‘DRC3’ and ‘DRC4’) are grouped in a strongly supported clade (Clade III; Figs 4.2 and
4.S3). The South African polyploid individual ‘RSA3’ is sister to the Cy4 individuals
sampled outside of the Zambezian region, and the rest of the C4 accessions form the
strongly supported clade IV, with two subclades corresponding to Africa plus
Madagascar and Asia plus Australia (Figs 4.2 and 4.S3). The nuclear phylogeny based
on the resampled data set is mostly identical to the one based on the whole data set (Figs

4.83 and 4.84).

4.4.3. Genetic structure and secondary gene flow within

Alloteropsis semialata

Based on the whole-genome clustering analysis, four clusters explain the data set best,
and adding groups does not improve the likelihood (Fig. 4.3B). However, the method of
Evanno et al. (2005) indicates that the maximum fit improvement is at two clusters,
with four clusters representing the second maximum fit improvement (Fig. 4.3C). With
four clusters, the main clades from the genome wide phylogeny are recovered (Figs 4.2
and 4.3A). This genetic structure matches the photosynthetic types rather than the
geographic origin, with the non-C, clades I and II and the C4 clades III and IV each
forming distinct homogenous groups (Fig. 4.3A). The three Zambezian individuals that
formed a paraphyletic clade in the nuclear phylogeny (‘TAN3’, ‘DRCI1’ and ‘DRC2’)
are partially assigned to two Zambezian groups, the non-C, clade II and the C, clade III
(Figs 4.2 and 4.3A). Finally, the polyploid individual from South Africa, ‘RSA3’, is
partially assigned to the two Cy4 clades III and IV (Fig. 4.3A). The cluster results based
on the resampled data set are less stable due to a lower number of sites, but the
assignments are similar (Figs 4.3 and 4.S5).

Heterozygosity was estimated for each sample based on the 22821 SNPs from
the resampled data set with similar coverage across samples. While these estimates are
based only on sites variable within Alloteropsis and should consequently not be

interpreted as genomewide heterozygosity, it is possible to compare the estimates
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between samples. The individuals assigned to multiple clusters had the highest
percentage of heterozygous SNPs (Fig. S6), which confirms their genetic diversity.

Together, our intraspecific genetic analyses reveal the existence of distinct gene
pools despite overlapping distributions (Figs 4.3A and 4.4), but also suggest that genetic
exchanges have happened among groups. The incongruences between the phylogenetic
structures of the chloroplast and nuclear genomes, together with the assignment of some
individuals to multiple genetic clusters, suggest that the three Zambezian individuals
‘TAN3’, ‘DRC2’ and ‘DRCI1’ have ancestors from distinct genetic groups, in this case
the nuclear clades II and III. ABBA-BABA tests were therefore conducted to test this
hypothesis, using 4. angusta (individual Ang2) as the outgroup. The individual ‘TAN4’
was selected as the representative of clade III because it is geographically more distant
and distinct on all genetic markers (Figs 4.4, 4.S2 and 4.S3). Significant indications (P <
0.05 after correction for multiple testing) of gene flow from the non-C, clade II (‘TAN2’
and ‘TANYI’) into the populations assigned to multiple clusters (‘TAN3’, ‘DRC2’ and
‘DRC1’) were found (Table 4.1). In contrast, there is no evidence of a significant
secondary contribution of clade II into individuals of clade III (‘DRC3’ or ‘DRC4’;
Table 4.1). However, in one case, a slight excess of BABA sites was detected, which
was not significant after correction for multiple testing (Table 4.1). This would suggest
some genetic contribution from one non-C, population of clade IT (‘TAN1’) into the C,
population represented by ‘TAN4’ (Table 4.1).

Within clade 1V, the C; individual from Madagascar (‘MADI1’) was grouped
with Asian C, accessions on plastid genomes but grouped with the African C4 accessions
based on markers from across the nuclear genome (Figs 4.S2 and 4.S3). An ABBA-
BABA test was conducted to test the hypothesis of secondary gene flow after the split of
the African and Asian C, accessions. The accession ‘TAN4’ was used as the outgroup,
being sister to all accessions from clade IV. The Taiwan accession (‘TPE1’) was
selected as the Asian sample, while the Burkinabe accession (‘BURI1’) represented
Africa. Overall, more ABBA than BABA sites were detected (Table 4.1), indicating that
the Asian accession was closer to the accession from Madagascar (‘MADI1’) than to the
accession from mainland Africa, but the D statistic for this test was not significant after
correcting for multiple testing (Table 4.1). Plastid markers, which represent seed
dispersal, group the Madagascan accessions with Asian individuals. Therefore, a
possible scenario involves an initial seed dispersal from Africa to Madagascar and then

from Madagascar to Asia, with subsequent pollen flow between Africa and Madagascar.
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4.4.4. Assembly and analyses of selected genes

The presence/absence of ppc and pck genes was established by mapping reads directly
onto reference sequences from Alloteropsis. The distribution of the genes was also
confirmed by PCR followed by Sanger sequencing (Fig. 4.S7).

Together, the results confirmed previous phylogenetic analyses (Christin et al.
2012), but with a significant increase of the sample size. Reads assigned to the pck gene
copy laterally acquired from members of the Cenchrus genus (pck-1P1_LGT:C) were
detected in the two 4. angusta accessions and all A. semialata accessions, except the
two non-C,; accessions from South Africa (Table 4.2; Figs 4.S7 and 4.S8). The
sequences assembled for the laterally acquired pck gene were highly similar between the
different accessions, leading to a poorly resolved phylogeny (Fig. 4.S8). By contrast, the
sequences assembled for the vertically inherited pck gene were variable among
accessions, and the nuclear clades I and II were recovered in their phylogeny, while
clades III and IV were not differentiated (Fig. 4.S8). Interestingly, one accession with
mixed genetic backgrounds (‘DRC1’) has two divergent alleles, one of which groups
with clade II and the other with clade ITII/IV (Fig. 4.S8). Dating analyses indicate that
the divergence of A. angusta and A. semialata is more recent for the laterally acquired
pck than for the vertically inherited copy (Fig. 4.S9). However, the divergence of Cs4
accessions of 4. semialata is estimated at a similar time based on the vertically inherited
and laterally acquired pck (Fig. 4.5).

The vertically inherited ppc was recovered from all samples, and the assembled
gene models were variable enough to partially resolve the phylogeny, with well-
supported clades corresponding to the different species (Fig. 4.S10). Although support
was limited within 4. semialata, the non-Cs4 clades I and II (including sequences from
individuals assigned to multiple clades) were sister to a clade composed of the C,4
accessions from clade IV nested within those of clade III (Fig. 4.S10). The divergence
of vertically inherited ppc from C, accessions (excluding those partially assigned to
clusters other than III and IV) matches the divergence of the vertically inherited pck for
the same accessions (Fig. 4.5).

The ppc gene laterally acquired from Andropogoneae (ppc-1P3 LGT:A) was
only detected in the Australian C4 accession (‘AUS1’; Table 4.2, Figs 4.S7 and 4.S510).
An almost complete sequence for the studied segment was assembled, which was

identical to those isolated by PCR.
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The ppc gene laterally acquired from the Setaria palmifolia complex (ppc-
1P3 _LGT:C) was detected in the Cs accessions from South Africa (‘RSA3’) and the
DRC (Table 4.2, Figs 4.S7 and 4.S10). Although no reads matching exons 8—10 of ppc-
IP3 _LGT:C were detected in the accession ‘TAN3’, a total of seven reads from this
individual matched exons 1-7. This suggests that the gene is truncated and probably
exists as a pseudogene in this individual. The ppc-1P3 _LGT:C sequences were largely
conserved, although distinct alleles were assembled in one of the accessions with mixed
genetic background (‘DRC2’; Fig. 4.S10). The divergence of ppc-1P3 LGT:C genes
belonging to different C4 accessions was more recent than for the vertically inherited
ppc and pck of the same accessions (Fig. 4.5).

The ppc gene acquired from Melinidinae (ppc-1P3_LGT:M) was identified in
nine C,4 accessions of 4. semialata, the isotopically intermediate A. semialata, and the
two congeners A. cimicina and A. paniculata (Table 4.2, Figs 4.S7 and 4.S10). Highly
divergent alleles of the ppc-1P3 LGT:M gene were inferred for A. cimicina and A.
paniculata (Fig. 4.510). However, the sequences of ppc-1P3 _LGT:M from A. semialata
were very similar to each other, and nested within the alleles from A.
cimicina/paniculata (Fig. 4.S10). The split of 4. semialata and A. cimicina is more
recent for ppc-1P3_LGT:M than for the vertically inherited ppc and pck (Fig. 4.S9). In
addition, the divergence of Cs accessions of 4. semialata based on this ppc-1P3 LGT:M
gene occurred more recently than the divergence based on the vertically inherited ppc

and pck (Fig. 4.5).
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Fig. 4.2. Comparison of nuclear (on the left) and plastid (on the right) phylogenetic topologies (without branch lengths). The putative origin of individuals with mixed genetic
background was added using dashed lines. Branches of the nuclear tree are coloured according to clustering analyses (Fig. 4.3). Photosynthetic types (PT) and presence of laterally
acquired genes (LGT) are indicated by symbols at the tips; purple bar = presence of pck-1P1 LGT:C, blue bar = ppc-1P1 LGT:M, orange bar = ppc-1P1 LGT:C, dark blue bar =
ppc-1P1 _LGT:A. Geographic origin is indicated on the left. Secondary gene flow is numbered as in Fig. 4.6; (3) hybridization between non-C4 and C, populations within the
Zambezian region, (4) alloplyploid between C4 populations in African (‘'RSA3'), (5) pollen-mediated gene flow from mainland Africa to Madagascar.
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Fig. 4.3. Assignment of Alloteropsis semialata individuals to genetic clusters. (A) Assignment of each
individual to the different clusters (K 2—4). The photosynthetic type is indicated by symbols next to the
names, as in Fig. 4.2; (B) Mean likelihood (£SD) over 10 runs for each K value (1-10); (C) [L"(K)/SD
(fit improvement) as calculated according to Evanno et al. (2005).
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Fig. 4.4. Geographic distribution of Alloteropsis semialata genetic lineages. (A) World distribution,
highlighting the Zambezian region with a rectangle and (B) details of the Zambezian region. For each
point, the colour of the outline indicates the plastid lineage (blue = clade A; green = clade BC; yellow =
clade FG; red = clade DE), while the colour of the background represents the nuclear lineage (blue =
clade I; green = clade II; yellow = clade III; red = clade IV; black = mixed genetic background; grey =
congeners). Finally, the shape of the point indicates the photosynthetic type, as determined by carbon
isotopes (square = non-Cy; circle = Cy; triangle = isotopically intermediate).
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Table 4.1. Results of ABBA-BABA tests.

# #

Outgroup’ P3!  P2!  p1! ABBA BABA D? Z  P-value’ Conclusion
sites sites

A angusta TAN2 TAN3 TAN4 2630 1805 0.186 8279 <0.0001 AN closer to TANS than
to TAN4

A. angusta TAN1 TAN3 TAN4 2630 1750 0201 8.757 <0.0001 TANTI closer to TAN3 than
to TAN4

A angusta TAN2 DRC2 TAN4 2037 1546 0137 5939 <0.0001 LAN2closer to DRC2 than
to TAN4

A angusta TAN1 DRC2 TAN4 1960 1570 0.110 4724 <0.0001 AN gloser to DRC2 than
to TAN4

A angusta TAN2 DRCI TAN4 2240 1752 0.122 5463 <0.0001 N2 closer to DRCI than
to TAN4

A angusta TANI DRCI TAN4 2194 1749 0113 5692 <0.0001 LANIcloser to DRCI than
to TAN4

TAN?2 equally close to

A.angusta TAN2 DRC4 TAN4 1177 1164 0.006 0223 0.824  DRC4 and TAN4/correct
phylogeny

TANI1 equally close to

A.angusta  TAN1 DRC4 TAN4 1075 1123 -0.022 -0.866 0386  DRC4 and TAN4/correct
phylogeny

TAN2 equally closer to

A.angusta  TAN2 DRC3 TAN4 1372 1451 -0.028 -1.080 0280  DRC3 and TAN4/correct
phylogeny

) i 4 TAN1 might be closer to

A.angusta  TAN1 DRC3 TAN4 1248 1431 -0.068 -2.885 0.004 TANA thar 1o DROS3

TAN4  TPEI MADI BURI 1314 1129 0076 2.603 0009* 1PEI mightbecloser to

MADI1 than to BURI1

' (Outgroup, (P3, (P2, P1))).

* D statistic: (ABBA-BABA)/(ABBA+BABA).

3 P-value for Z score as calculated by jackknife for whether D differs significantly from zero.

* Nonsignificant after Bonferroni correction for multiple testing.
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Table 4.2. Number of reads assigned to each of the laterally acquired pck and ppc

genes.
Species  Accession Phy;;)ss; o Iipé}lj 3| lly,IZ}CZ_"]]\I/)[ 32 [ng}]g 33 IZC(];C;S 1?
(plastid; nuclear)

A. cimicina Ciml - 0 149* 0 0
A. paniculata Panl - 0 37 0 0
A. angusta Ang?2 - 0 0 0 78
Angl - 0 0 0 49
A. semialata RSA1 A;l 0 0 0 0
RSA2 Al 0 0 0 0

TANI1 c 0 0 0 57
TAN2 B; I 0 0 0 73

TAN3 B; mixed 0 54* 0’ 216*

DRCI1 G; mixed 0 574 56 1834

DRC2 G; mixed 0 29 50* 95*

DRC3 E; 1T 0 6 25 135*

DRC4 E; 10 0 10 12 88*

TAN4 F; 1II 0 76 0 83

RSA3 E; IV 0 55* 63 113

KENI1 E; IV 0 36 0 85

BURI1 E; IV 0 26 0 130

MADI1 D; 1V 0 46 0 101

THALI D; 1V 0 0 0 123

TPE1 D; IV 0 0 0 118

AUS1 D; IV 55 0 0 110

! Laterally acquired from Andropogoneae.
? Laterally acquired from Melinidinae.

? Laterally acquired from Cenchrinae.

* Assembly of more than one allele.

> Note that seven reads were retrieved for exons 1-7, which indicates that this gene is truncated in the

genome of this accession.
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pck-1P1, vertically-inherited

0 2 4 0 8 10 Ma

ppe-1P3, vertically-inherited

1
0 2 4 0 8 10 Ma

0 2 4 6 8§ 10Ma
ppc-1P3, LGT:C

0 2 4 0 8 10 Ma

Fig. 4.5. Divergence times of C, accessions of Alloteropsis semialata based on vertically inherited and
laterally acquired genes. For five ppc and pck genes, the posterior distribution of times to the last common
ancestor of the Cs A. semialata is shown, in million years (Ma).
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4.5. Discussion

4.5.1. Divergence of photosynthetic types in isolation followed by

secondary gene flow

Overall, our genomewide analyses reveal a strong genetic structure, which matches
photosynthetic types better than geographic origins, although both play a role. All C4
individuals form a monophyletic group based on genomewide markers, which is sister
to a clade composed of non-C, accessions from the Zambezian region with a weak C,
cycle (clade II; Figs 4.2 and 4.4), and together, these two groups are sister to the non-C,
accessions from South Africa that lack a C4 cycle (clade I; Figs 4.2 and 4.4). The C4
clade contains two clearly distinct subgroups, one from the Zambezian region (clade I1I;
Figs 4.2 and 4.4) and the other one encompassing all C, accessions sampled outside this
region, from Western Africa to Australia (clade IV; Figs 4.2 and 4.4). The Zambezian
region encompasses more genetic diversity than the rest of the species’ range, including
a total of five plastid lineages, four of which are endemic (clades B, C, F and G; Figs
4.2 and 4.S2). This finding further supports this region as the centre of origin for
Alloteropsis semialata (Lundgren et al. 2015). Based on both plastid and nuclear
genomes, the divergence of photosynthetic types likely also happened within this region
(Fig. 4.6). Both C,4 and non-C,4 populations in the Zambezian region are associated with
Miombo woodlands. Periodic cycles of contraction and expansion of these wooded
savannas during recent geological times might have isolated populations of A. semialata
in this geologically and topographically complex region (Cohen et al. 2007; Beuning et
al. 2011). The ancestral photosynthetic state is likely non-C4 and mutations altering the
leaf anatomy and upregulation of enzymes already present in the non-C,4, ancestors
likely led to the emergence of a constitutive C, cycle in some isolated populations
(Mallmann et al. 2014; Brautigam and Gowik 2016). One of the lineages descending
from the initial C4 pool, corresponding to clade IV, later left the Miombo of the
Zambezian region and rapidly spread across Africa and all the way to Asia and Australia
(Figs 4.4 and 4.6). This biogeographical history therefore points to the initial emergence
of the C, physiology in A. semialata within the Zambezian region, with subsequent
isolation of the C,4 descendants (Fig. 4.6).

The lack of association between chloroplast and nuclear groups (Figs 4.2, 4.S2

and 4.S3) in the Zambezian region suggests ancient, but recurrent, secondary gene flow
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followed by homogenization of the local gene pools. In addition, the presence of three
individuals with mixed nuclear backgrounds indicates relatively recent gene flow
between previously isolated groups. The maximum expansion of the Miombo
woodlands during interglacial periods, as presently occurs, would likely favour seed
dispersal over a larger area, leading to secondary contacts (Vincens 1989; Cohen et al.
2007; Beuning et al. 2011), a process frequently reported in Europe (reviewed in, e.g.
Hewitt 2000; Schmitt 2007). We propose that this expansion allowed genetic exchanges
between previously isolated lineages, some of which had made the transition to a full Cs4
physiology during the previous isolation. No evidence of gene flow between C. and
non-C, individuals was found outside of the Zambezian region, and crosses might be
prevented in South Africa, the other region where C4 and non-C, individuals overlap, by
differences in ploidy levels (Fig. 4.4; Liebenberg and Fossey 2001). However, our
analyses suggest that allopolyploidy contributed to the mixing of nuclear groups III and
IV in Southern Africa (Fig. 4.6). In addition, while the recent divergence decreases
statistical confidence, we found suggestions for secondary gene flow between different
subgroups of the C, clade IV in Madagascar (Fig. 4.6).

Repeated isolation followed by recurrent, but rare secondary gene flow has
created a dynamic population structure whereby adaptive mutations, such as those for
the C, trait, can appear and sweep to fixation in isolation and later come together
through admixing in times of contact. While mutations for increasing the expression of
the Cs-related genes and altering the leaf anatomy are unknown, genes for two key Cs
enzymes were laterally acquired by 4. semialata (Christin et al. 2012). These lateral
gene transfers likely took place in A. semialata plants that already used Ci
photosynthesis, and once acquired, these genes presumably replaced the function of the
vertically inherited gene copies that were overexpressed but not biochemically
optimized (Christin et al. 2012). The biogeographic history inferred here for the nuclear
genome allows us to estimate the region where these lateral gene transfers likely

occurred and track the subsequent spread of these genes among different gene pools.

4.5.2. Spread of Cs-adaptive mutations among gene pools

Our analyses detected the laterally acquired pck gene in all Alloteropsis angusta and A.
semialata individuals apart from two non-C, A. semialata South African accessions of

A. semialata from South Africa, confirming previous PCR-based approaches (Table 4.2;
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Christin et al. 2012). The divergence time is younger between the laterally acquired pck
genes from A. angusta and A. semialata than between the vertically inherited genes of
the same species (Figs 4.5 and 4.S9). This suggests that the laterally acquired pck was

passed between A. angusta and A. semialata through secondary gene flow.

LGT-M
LGT-Cereet

® 1l ®

RSA MAD Asia AUS

Zambezian
Africa

Fig. 4.6. Inferred history of divergence, secondary exchanges and spread of laterally acquired ppc genes
in A. semialata. A summary phylogeny is shown for the C; and non-C, accessions of A. semialata,
excluding the non-C, individuals from South Africa. The Cs phenotype is represented with red outlines.
(1) The divergence of photosynthetic types is inferred in the Zambezian region (dashed red line indicates
C,4 emergence). (2) A C, lineage migrated outside of the Zambezian region. (3) Hybridization occurred
between non-C4 and C, populations within the Zambezian region. (4) The Cs polyploids of South Africa
(RSA) resulted from segmental allopolyploidy. (5) Pollen-mediated gene flow occurred from mainland
Africa to Madagascar. The lateral acquisition of three ppc genes is indicated with dashed lines, and their
subsequent spread is indicated with solid lines. Geographic regions are indicated at the bottom.

The accessions from Taiwan and Thailand do not possess any laterally acquired
ppc genes, yet carbon isotopes unambiguously indicate that they carry out Ci
photosynthesis (Table 4.2; Lundgren et al. 2015). It is therefore likely that they
overexpress their vertically inherited ppc and other genes required to generate a working

Cs cycle in the absence of repeated rounds of fixation of adaptive amino acids, as
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observed in older C, lineages (Christin et al. 2007; Besnard et al. 2009; Huang et al. in
press).

Out of the three different ppc genes acquired via lateral gene transfers from
distant C, relatives (Table 4.2; Christin et al. 2012), only ppc-1P3 _LGT:A is restricted to
one of the accessions sampled here (‘AUS1’). This gene was only found in Australia,
and it is thus likely that it was recently acquired in this region (Fig. 4.6). The other two
laterally acquired ppc genes are absent from some individuals, but spread across
multiple populations of A. semialata that belong to different genomic clusters (Table
4.2). This pattern could result from the presence of the gene in the common ancestor
and subsequent losses in some populations. However, this scenario is not supported by
the lack of phylogenetic structure on the laterally acquired genes (Fig. 4.S10) and the
comparison of divergence times, which indicate that the divergence of variants of both
ppc-1P3 _LGT:M and ppc-1P3 _LGT:C found in C, accessions is more recent than the
divergence of vertically inherited genes in the same accessions (Fig. 4.5).

The laterally acquired ppc-1P3_LGT:M gene was identified in the C4 congeners
Alloteropsis cimicina and Alloteropsis paniculata, as well as all C, accessions of A.
semialata from Africa and Madagascar (whether from clade III or IV; Table 4.2).
However, this gene was absent from the Asian/Australian C,4 accessions from clade IV
and the African non-C, (clades I and II; Table 4.2). The divergence time between ppc-
1P3 LGT:M genes belonging to A. cimicina and A. semialata is younger than the
divergence times for the vertically inherited genes from the same species (Fig. 4.S9). In
addition, the higher allelic diversity in 4. cimicina compared to A. semialata suggests
that the ppc-1P3 _LGT:M gene was first acquired by A. cimicina and then transferred to
A. semialata, potentially via hybridization. This gene has subsequently likely spread
across distinct genetic groups of 4. semialata in Africa and Madagascar via secondary
pollen flow (Fig. 4.6). The fixation of the ppc-I1P3 LGT:M gene within different
populations would have been favoured by its improvement of the C, cycle, a function
for which it was already optimized after millions of years spent in another C, lineage.
Once this adaptive gene copy was acquired in a population, the vertically inherited ppc
copy probably underwent pseudogenization as a result of relaxed selection. Indeed, the
vertically inherited ppc genes bear frameshift mutations causing loss of function in two
accessions with the laterally acquired ppc-1P3 LGT:M (‘TAN4’ and ‘Ciml’),
supporting the hypothesis that their function was taken over by the newly acquired gene,

making them obsolete.
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The last of the laterally acquired ppc genes, ppc-1P3 _LGT:C, was found in the
South African C4 polyploid (‘RSA3’) as well as in four C4; and one isotopically
intermediate individuals from the Zambezian region, two from clade III and three with
genetic contributions from clades I and III (Table 4.2). This gene was laterally acquired
from a species of the Setaria palmifolia complex (Christin et al. 2012), which co-occurs
with A. semialata in Zambezian Africa, where they grow metres apart, but not in South
Africa (Clayton 1979). The transfer therefore likely occurred in the Zambezian region
and later spread among the C4 populations in this region through secondary gene flow
(Fig. 4.6). Once acquired the ppc-1P3 LGT:C gene presumably took over the Cy
function, which might have been fulfilled by the previously acquired ppc-1P3 LGT:M.
Indeed, ppc-1P3 _LGT:M is still expressed in the transcriptome of the South African Cy4
accession, but possesses internal stop codons that prevent proper translation (Christin et
al. 2012). The newly acquired ppc-1P3 _LGT:C likely spread to the C4 populations from
South Africa, through the putative segmental allopolyploidy event, providing a
mechanism to propagate adaptive loci across genetic pools (Fig. 4.6). However, the
Melinidinae ppc-1P3 LGT:M discussed above was spread among diploid individuals
from clades III and IV, showing that adaptive loci can be transmitted despite limited
gene flow, without the need for polyploidization.

The laterally acquired genes, which can easily be tracked using genome scans,
show that the distinct genetic pools in 4. semialata constitute reservoirs of genes for the
adaptation of other populations within the same species complex. The history of these
markers proves that genes for a complex trait can evolve independently in isolated
populations and later be combined via natural selection following gene flow. When
high-quality genome data accumulate for multiple accessions of A. semialata, such a
scenario can be tested for vertically inherited genes, potentially explaining how novel

adaptations can evolve in fragmented species complexes.

4.6. Conclusions

In this study, we analysed genomic data from multiple accessions of the grass
Alloteropsis semialata using low-coverage whole-genome sequencing. Using a
biogeographic framework for different parts of the genome, we demonstrate that
multiple genetic pools exist, which are generally associated with different

photosynthetic types. These pools originated more than 2 million years ago in the
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Zambezian region and were kept relatively isolated, but with recurrent secondary gene
flow, including between non-C, and C, individuals. These genetic exchanges
contributed to the spread of adaptive loci, as illustrated by key Cs genes acquired
laterally in the Zambezian region and then rapidly passed to other African Cy
accessions. This process likely gradually optimized the initial C4 pathway of some A.
semialata populations through the assembly of different components. These genetic
elements evolved in different parts of the species range, where limited gene flow might
have facilitated local adaptation, but their subsequent combination likely improved the

efficiency of the photosynthetic pathway of some accessions.
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4.9. Supporting Information
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Figure 4.S1. Distribution of the 171,908 called SNPs along the Setaria italica genome.
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Fig. 4.S2. Phylogenetic relationships based on complete chloroplast genomes from A/loteropsis.
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Fig. 4.83. Phylogenetic relationships based on whole genome sequencing of Alloteropsis accessions.
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Fig. 4.S4. Phylogenetic relationships based on a subset of the whole genome sequencing of Alloteropsis
accessions.
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Fig. 4.S5. Assignment of Alloteropsis semialata individuals to genetic clusters based on a subset of the
aligned reads from the whole genome sequencing.
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Fig. 4.S6. Percentage of heterozygous sites for each accession.
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Fig. 4.87. Results of PCR amplification of ppc-IP3 and pck-IP1 in Alloteropsis.
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Fig. 4.S8. Phylogeny of pck-1P1 in Alloteropsis.
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Fig. 4.S9. Divergence times for different nodes estimated from vertically-inherited and laterally acquired

genes.
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Fig. 4.510. Phylogeny of ppc-1P3 in Alloteropsis.
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Table 4.S1. Sample and sequencing information.

ID Sample Species ( G(b}/eln g}r::)e /;LZ)? dy PT® [6"C] Country Voucher Year Latitude Longitude Sequencer LIZEZ?h Batch
Ciml RCH20 A. cimicina - Cul-] Madagascar Hall 20 (K) 2011 -18.77 46.87 HiSeq2500 100 2
Panl' MSV627 A. paniculata - Cs[-] Madagascar Vorontsova 627 (K) 2011 -18.77 46.87 HiSeq 2500 101 6
Angl'  Angl A. angusta - C4[-10.20] DRC Pauwels 1182 (BR) 1959  -4.04 21.76  HiSeq 3000 150 5
Ang?2 3C A. angusta 0.97/2n Cs[-] Uganda  Namaganda & Wanyana 3C (MHU) 2009  -0.36 31.87 HiSeq 2500 100 2
RSA1 BL A. semialata - Non-C,[-28.0] South Africa  Lundgren & Ripley 11 (SHD) 2012 -29.71 29.96 HiSeq 2500 100 1
RSA2 M A. semialata 0.90/2n Non-C4[-26.8] South Africa Ripley 1 (SHD) 2012 -33.32 26.44 HiSeq 2500 100 1
TAN1 L04C  A. semialata 1.10/2n Non-C4[-23.1] Tanzania Lundgren & Christin 4 (SHD) 2014  -8.51 35.17 HiSeq 2500 100 2
TAN2 LO1A A semialata 0.94/2n Non-C4[-26.3] Tanzania Lundgren & Christin 1 (SHD) 2014  -5.63 32.69 HiSeq 2500 100 2
TAN3' 39688  A. semialata - Non-C4[-18.6] Tanzania Ruffo & Kisena 2806 (K) 1987  -7.87 31.67 HiSeq2500 125 3
DRC1' Asem4 A. semialata - C4[ 10.7] DRC Kisimba & Malaisse 438 (BR) 2006 -10.36 26.08 HiSeq 3000 150 5
DRC2' Asem2 A. semialata - Cy[-11.2] DRC Lefebwe et al. 84 (BR) 1973 -10.42 26.18 HiSeq 3000 150 4
DRC3' 31768 A. semialata - C4[-10.6] DRC Poelman 92 (K) 1961 -11.64 27.48 HiSeq 2500 125 3
DRC4' Asem3 A. semialata - C4[ 10.7] DRC Bulaimu 743 (BR) 1973  -11.64 27.48 HiSeq 3000 150 5
TAN4 L020 A. semialata 1.01/2n C4[-11.4] Tanzania Lundgren & Christin 2 (SHD) 2014  -9.04 32.48 HiSeq 2500 100 2
RSA3 MD  A. semialata 0.87/6n C4[ 12.7]  South Africa Ibrahim 20 (SHD) 2004 -25.76 29.47 HiSeq 2500 100 1
KEN1' AB3722 A. semialata - C4[-11.7] Kenya Bogdan 3722 (EA) 1953  -0.02 3791 HiSeq 2500 125 3
BURI1 Bur  A. semialata 0.98/2n C4[-11.3]  Burkina Faso Sanou BUR-734 2009  10.85 -4.82  HiSeq 2500 100 1
MADI1 Ma A. semialata 1.03/2n C4[-11.8] Madagascar Vorontsova 919 (K) 2013 -15.67 46.37 HiSeq 2500 100 1
THA1 ATSS837 A. semialata - C4[-12.2] Thailand AT & SS 837 (TCD) 2007  18.41 100.33 HiSeq 2500 100 2
TPEl  TW3 A semialata 0.94/2n Cs[-14.6] Taiwan - 2014  24.47 120.72 HiSeq 2500 100 2
AUSI1 Aus A semialata 1.1/2n Cs[-12.1] Australia AusTRCF 322458 0167 2005 -19.62 146.96 HiSeq 2500 100 1

' Newly sequenced sample; > 1Cx: monoploid genome size (DNA content per basic chromosome set; Greilhuber et al. 2005); *PT — photosynthetic type; * based on leaf anatomy
(Christin et al. 2013b); *from Lundgren et al. 2015; ®measured on a different accession from the same population; 7 Samples with the same number were sequenced together.



Table 4.S2. Alignment statistics of the Alloteropsis genome-skimming data to the Setaria reference genome.

Sample

Filtered pair-
end reads

Theoretical
coverage'

Total number of
reads aligned

Pair-end reads

concordantly aligned

exactly one time

Total number of Individual

reads aligned to
CDS

coverage
cut-off

Positions genotyped
(% missing data)?

Positions genotyped
in sub-set
(% missing data)’

Cim1
Panl
Angl
Ang2
RSA1
RSA2
TANI1
TAN2
TAN3
DRCl1
DRC2
DRC3
DRC4
TAN4
RSA3
KENI1
BURI1
MADI
THAL1
TPEI
AUS1

20,415,006
7,740,126
14,343,018
18,067,598
14,326,452
12,069,794
18,821,504
20,041,562
33,537,244
33,118,910
23,353,806
28,530,034
14,480,696
18,395,178
13,396,464
24,717,950
13,103,476
16,120,906
16,557,636
15,505,844
11,246,150

1.86
0.70
1.96
1.86
1.30
1.34
1.71
2.13
3.81
4.52
3.18
3.24
1.97
1.82
1.54
2.80
1.33
1.57
1.50
1.65
1.02

1,176,915 (5.76%)
792,297 (10.23%)
579,842 (4.04%)
831,340 (4.60%)
751,861 (5.25%)
523,241 (4.34%)
1,404,829 (7.46%)
1,532,343 (7.65%)
1,856,861 (5.54%)
1,997,844 (6.03%)
1,291,044 (5.96%)
2,595,576 (9.10%)
908,170 (6.27%)
1,233,515 (6.71%)
611,585 (4.57%)
1,703,210 (6.89%)
578,025 (4.41%)
836,086 (5.19%)
1,010,043 (6.10%)
1,228,659 (7.92%)
473,380 (4.21%)

425,408 (2.08%)
197,804 (2.56%)
246,072 (1.72%)
266,482 (1.47%)
182,288 (1.27%)
125,338 (1.04%)
476,264 (2.53%)
510,090 (2.55%)
798,550 (2.38%)
754,382 (2.28%)
536,120 (2.30%)

1,078,654 (3.73%)
364,370 (2.52%)
410,334 (2.23%)
167,612 (1.25%)
663,054 (2.68%)
148,298 (1.13%)
229,338 (1.42%)
313,698 (1.89%)
423,360 (2.73%)
118,012 (1.05%)

438,307 (2.15%)
227,351 (2.94%)
175,529 (1.22%)
295,435 (1.64%)
247,120 (1.72%)
169,927 (1.41%)
397,122 (2.11%)
412,690 (2.06%)
570,630 (1.70%)
590,736 (1.78%)
404,876 (1.73%)
763,728 (2.68%)
260,236 (1.80%)
349,951 (1.90%)
217,359 (1.62%)
418,286 (1.69%)
173,457 (1.36%)
245,711 (1.52%)
279,155 (1.69%)
345,175 (2.23%)
149,553 (1.33%)

WERABRLWOIWULUUNOO HTaoWUNUNWE VUL

144,430 (15.4)
49,255 (71.1)
103,946 (39,1)
98,565 (42.2)
92,017 (46.1)
78,975 (53.7)
120,329 (29.5)
120,289 (29.5)
149,328 (12.5)
155,930 (8.6)
145,775 (14.6)
139,147 (18.5)
124,770 (26.9)
120,231 (29.5)
100,694 (41.0)
104,045 (39.0)
93,650 (45.1)
102,932 (39.7)
118,067 (30.8)
109,410 (35.9)
79,564 (53.4)

16,758 (26.6)
8,725 (61.7)
13,132 (42.4)
13,010 (43.0)
13,354 (41.4)
13,558 (40.6)
12,086 (47.0)
11,208 (50.9)
14,592 (36.0)
14,210 (37.8)
14,193 (37.8)
9,446 (58.6)
12,945 (43.3)
12,955 (43.2)
16,082 (29.5)
8,683 (62.0)
16,114 (29.4)
14,360 (37.1)
14,089 (38.3)
11,449 (49.9)
14,446 (36.7)

! Estimated based on a genome sizes given in Table 4.S1; for accessions with unknown genomes size the largest value (1.1 Gb) was used; ? Total of 170,629 across all accessions; *

Total of 22,821 across all accessions
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Table 4.S3. Primer pairs for amplification of genes copies of phosphoenolpyruvate carboxylase (ppc) and phosphoenolpyruvate carboxykinase (pck).

Annealing Extension
Gene copy Forward primer Reverse primer temperature .
“C) time (s)
ppc-1P3_native 5’-GCTTCCGCACGCTGCAGCGG-3’ 5’-CTCTGAGCACCTGGATGTTCC-3’ 57 60
ppc-1P3 LGT:-M 5’-AGCGTGAGTGCAAAGTGGCAG-3> 5-GTGACCCTGAARAAKGGCCAC-3’ 57 60
ppc-1P3_LGT:C 5’-GCGAGTGCCACATAAAGGAG-3’ 5’-GTGACCCTGAARAAKGGCCAC-3’ 57 60
ppc-1P3 _LGT:A +ppc-1P3_LGT:C 5’-CGCTCCGTGGTCGTSAAGG-3’ 5’-CAGGGTGACCCTGAAGAATG-3’ 54 30
pck-1P1 _native 5’-TGTCGACGGATCACAATAGGC-3’ 5’-TACTCGATCGGGTACGCAGCC-3’ 57 60
pck-1P1 _LGT:C 5’-GACGACGCTGTCGACGGATCC-3’ 5’-ACGGGTGTTCTCTGCATGCAG-3’ 57 60
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5. Tracking the origin and spread of a laterally acquired gene

5.1. Abstract

A major question in evolutionary genetics is whether novel traits evolve from standing
genetic variation or novel mutations. Addressing this problem in natural populations
requires establishing when variants first appeared, which is complicated for point
mutations. Recent lateral gene transfers (LGTs) provide tractable systems because their
acquisition corresponds to a major novel mutation for the recipient species. Here we
capitalize on a recent LGT of a gene for a key component of C4 photosynthesis in the
grass Alloteropsis to test the hypothesis that novel adaptive mutations can rapidly spread
across established populations. Through comparisons of gene sequences of
geographically spread individuals of the donor lineage, we identify the members of
Setaria palmifolia complex in the Zambezian region of Africa as the likely origin of the
LGT. We then screen whole genomes of multiple A. semialata accessions, and confirm
that the LGT is restricted to some African individuals of this species with distinct
genomic backgrounds, suggesting a rapid spread of the gene after the transfer. Using a
new draft genome for one individual possessing the LGT, we show that the same
scaffold includes another laterally acquired gene, but the two are separated by a
vertically-inherited region. While the two LGTs are highly conserved among A.
semialata accessions, the high levels of variation that exist in the flanking regions of
vertically-inherited DNA do not support a rapid sweep via introgression. Instead, we
propose that the genes spread via repeated integration in different parts of the genome,

through mechanisms that remain to be elucidated.

Keywords: introgression, selective sweep, lateral gene transfer, Cs photosynthesis,

£rasscs.
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5.2. Introduction

Determining the origin of an adaptive mutation and how it spreads through natural
populations often requires large sample sizes and extensive genomic resources.
Instances of recent lateral gene transfers (LGTs) can provide tractable systems to follow
the fate of novel mutations, as these loci are easily identified, and their recombination
with other, vertically-inherited variants is unlikely. Recent studies have reported several
cases of LGT between multicellular eukaryotes (Li et al. 2014; Mahelka et al. 2017;
Metzger et al. 2018). In plants, one of the most striking examples is the transfer to the
grass Alloteropsis of multiple genes with a role in the complex C4 photosynthetic
pathway (Christin et al. 2012a; Chapter 4). The LGT instance in Alloteropsis provides
an opportunity to investigate the fate of novel adaptive mutations associated with the
evolution of complex traits.

The grass genus Alloteropsis comprises five species, four of which are C, (4.
angusta, A. cimicina, A. paniculata and A. papillosa), and one, A. semialata,
encompasses C4 and non-Cs4 populations (Ellis 1971; Lundgren et al. 2015). Multiple
genes with a key role in the C, biochemical cycle were laterally acquired by
Alloteropsis from other grass species (Christin et al. 2012a; Dunning et al. in prep;
Chapter 4). Such genes encode enzymes that were optimized for the C4 function in the
donor species (Christin et al. 2007, 2012a), and they replaced the vertically inherited
orthologs, which lack Cs-adaptive mutations (Christin et al. 2012a; Dunning et al. 2017;
Chapter 4).

Out of the four laterally acquired genes recruited for C, photosynthesis in
Alloteropsis, three encode the enzyme phosphoenolpyruvate carboxylase (PEPC), and
were transferred from members of the grass lineages Themeda, Setaria palmifolia
species complex, and Melinidinae in various regions of the world (Christin et al. 2012a;
Chapter 4). The Themeda LGT is restricted to Australia and parts of Asia (Dunning et al.
in prep), while the Setaria and Melinidinae genes occur in Africa (Chapter 4). The
fourth gene encodes the enzyme phosphoenolpyruvate carboxykinase (PCK), and was
acquired from a member of Cenchrus (Christin et al. 2012a). Although previous studies
have established the identity of the donor species in terms of taxonomic groups, in some
cases at the level of the genus or group of species, a comprehensive investigation of

populations of putative donors growing in proximity to A/loteropsis was not conducted,
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so that their identity cannot be precisely pinpointed to species or lineages within each
species. Dedicated screens of both recipient and donor lineages are therefore required.

The complex history of spread of LGTs among A/loteropsis populations has shed
light on the diversification of the group and on the evolution of C, photosynthesis. Out
of the four LGTs, two were secondarily spread among A. semialata and A. angusta
(PCK), and A. semialata and A. cimicina (PEPC Melinidinae; Dunning et al. 2017).
Within 4. semialata, laterally acquired genes were spread within or among distinct Cy4
lineages, and also introgressed into non-C, individuals through admixture events
between C, and non-C4 lineages (Chapter 4). However, the geographical range of the
occurrence of LGTs is not clear, particularly within Africa, where two distinct laterally
acquired genes for PEPC are present, and sometimes coexist within the same individual
(Christin et al. 2012a; Chapter 4). Evidence of pseudogeneization of one of the genes in
some individuals suggests that the two LGTs can replace each other over time (Chapter
4). The dynamics controlling the spread of these LGTs however still remain poorly
understood, mainly because previous studies included small sample sizes.

In this study, we conduct genomic analyses in a spatial context to elucidate the
dynamics that dictated the fate of the PEPC gene after its lateral acquisition from a
member of the Setaria palmifolia complex. We first compare the PEPC gene sequences
of geographically distant individuals of the Setaria palmifolia complex to (i) identify
the most likely donors, in terms of intraspecific lineages. A diversity of 4. semialata
individuals collected across Africa is then screened to (ii) determine the distribution of
the LGT within the recipient species. We then generate and assemble a genome model
for one individual possessing the LGT to (iii) establish the size and content of the
laterally acquired fragment. The genomic region containing the LGT is then compared
across 24 individuals of 4. semialata from across the species range to (iv) investigate
the hypothesis that selection drove the rapid sweep of the LGT throughout Africa via
rapid introgression involving recombination with native chromosomes. The adopted
biogeographic framework allows reconstructing the order of genomic exchanges leading

to the fixation of a functional LGT within the recipient species.
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5.3. Material and Methods
5.3.1. Analyses of the LGT donor lineage

A total of 23 accessions of the grass subtribe that encompasses the Setaria palmifolia
complex (i.e. Cenchrinae) were analysed in this study (Table 5.S1). First, plastid and
nuclear markers were isolated via PCR in order to establish the relationships among the
accessions of the S. palmifolia complex, for which hybridization was suggested based
on morphology (Clayton 1979). DNA was extracted from fresh or dry leaves using
DNeasy Plant Mini kit (Qiagen). Grass-specific primers for the chloroplast marker
trnK-matK were retrieved from Hilu et al. (1999). PCR reactions were prepared using
10-40 ng of gDNA template, 5 pl of 5X GoTaq Flexi reaction buffer (Promega, USA), 2
mM of MgCl,, 0.08 mM of dNTPs, 0.2 uM of each primer and 0.5 unit of GoTaq
polymerase (Promega) in a total volume of 25 pl. The PCR mixtures were initially
incubated in a thermocycler for 2 min at 94°C followed by 35 cycles consisting of 30 s
at 94°C for denaturation, 1 min at 54°C for primer annealing, and 1 min at 72°C for
elongation, with an additional 10 min at 72°C for final elongation. Then, to identify the
most likely donor species among the 23 accessions, the sequences of the
phosphoenolpyruvate carboxylase gene laterally transferred to Alloteropsis (ppclP3)
were isolated via PCR. A fragment comprising exons 8 to 10 of ppc/P3 was amplified
using a pair of specific primers retrieved from Chapter 4. PCR reactions were set as
described above. All successfully amplified ppc/P3 and trnK-matK were then cleaned
using Exo-SAP-IT (Affymetrix, Santa Clara, CA, USA), and Sanger-sequenced.
Sequencing chromatograms were individually inspected and double peaks were called
using I[UPAC codes for ambiguous bases. A phylogenetic tree based on trnk-matK was
inferred using MrBayes v.3.2.2 (Ronquist et al. 2012) with the GTR+G substitution
model. Two analyses consisting of four chains each were performed in parallel for
10,000,000 generations. The burn-in period was set to 25%, and a consensus tree was
inferred for each gene from all trees obtained post burn-in in the parallel analyses.
Genome-wide, low-coverage sequencing data of three individuals of the S.
palmifolia complex were retrieved from another study (Park et al. in prep; Table 5.S1).
These were selected because preliminary phylogenetic analyses suggested that they
might be closely related to the donor lineage (see Results). Genomic reads for an
additional Cenchrinae representative, S. italica, were retrieved from NCBI SRA

database (refer to Chapter 2 for a list of pooled samples retrieved here).
205



5. Tracking the origin and spread of a laterally acquired gene

5.3.2. Relationships among A. semialata

To track the spread of the genetic material that was laterally acquired by A. semialata,
genomic data was obtained for accessions capturing the phylogenetic and geographic
diversity of this group. First, low-coverage and resequencing genome-wide datasets of
49 individuals of Alloteropsis, two of sister lineages within the same panicoid grass
tribe (Panicum pygmaeum and Entolasia marginata), and one of a different tribe
(Themeda triandra) were retrieved from previous studies (Table 5.S1; Lundgren et al.
2015; Dunning et al. in prep; Chapter 3; Chapter 4). A second batch of whole genome
datasets was generated for this study, with 30 accessions of 4. semialata, A. angusta and
A. cimicina sequenced at low coverage (Table 5.S1). For this, DNA was extracted either
from fresh or dry leaves as described above. DNA libraries were prepared according to
Lundgren et al. (2015), and samples were pooled before sequencing. Samples were
sequenced at the Genopole platform of Toulouse. All genomic reads were filtered prior
to analyses using NGSQC Toolkit v.2.3.3 (Patel and Jain 2012) to remove adapter
contamination, and reads having less than 80% of the sites with Phred score > 20. Reads
were then trimmed from the 3’ end to remove low quality bases also using NGSQC
Toolkit.

Phylogenetic analyses of plastomes and nuclear genomes were performed to
infer the relationships among the accessions of 4. semialata. Full plastomes were either
retrieved from previous studies (Lundgren et al. 2015; Chapter 4) or assembled here
using the genome datasets. For the latter, plastome sequences were retrieved from NCBI
(accessions KT281146.1, NC 027952.1 and KT281153.1 of A. angusta, A. cimicina
and A. semialata, respectively, and KJ001642.1 of S. italica) and used as references for
mapping the reads of closely related individuals. Paired-end reads were mapped using
Bowtie2 v.2.1.0 (Langmead and Salzberg 2012) using default parameters, and a
majority consensus sequence was called for each individual using Geneious v.6.1.8
(Kearse et al. 2012). Sequences were then aligned using MAFFT v.7.13 (Katoh and
Standley 2013), and the inverted repeat region was removed before the analysis to avoid
using the same sequence twice in the alignment. A maximum likelithood (ML) tree was
inferred using RAXxML v.8.2.4 (Stamatakis 2014) with the GTR+CAT model of
substitution, and node support was evaluated with 100 bootstrap pseudoreplicates.

A nuclear genome tree was inferred using gene sequences reconstructed using

the genomic datasets. A similar approach to that used in Chapter 2 was adopted. Briefly,
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a reference nuclear dataset was retrieved from Dunning et al. (2017), which consists of
coding sequences (CDSs) of co-orthologous genes at the Panicoideae subfamily level.
This dataset contains all genes derived from a single gene in the common ancestor of
the group via speciation and gene duplication events that were present in the
transcriptomes/genomes of A. semialata, S. italica and Sorghum bicolor. The final
dataset used here consisted of CDSs of 11,313 genes, and only A. semialata sequences
were used to avoid multiple references. Genomic data were mapped as single-end reads
to this reference dataset using Bowtie2 with default parameters and the local alignment
option. Consensus sequences were then called for each of the 11,313 genes using a
pipeline modified from Chapter 4, and IUPAC codes for ambiguous bases were used for
all polymorphic sites. Although considering all polymorphisms might incorporate
sequencing errors in the final dataset, these would be randomly distributed and would
therefore not systematically bias the phylogenetic analyses. All genes were then
concatenated to generate a 6,138,916 bp supermatrix. This supermatrix was
subsequently trimmed using trimAl v.1.4 (Capella-Gutiérrez et al. 2009) to remove sites
with missing data in more than 10% of the accessions. A ML tree was then inferred on
the 298,850 bp resulting supermatrix using RAXML as described above for the plastome
dataset.

Genome sizes were either retrieved from previous studies (Lundgren et al. 2015;
Chapter 4), or measured in this study using the method described in Chapter 4. Carbon
isotope analyses were used to distinguish C4 and non-C; individuals, and were retrieved

from previous studies (Lundgren et al. 2015; Lundgren et al. in prep; Chapter 4).

5.3.3. Distribution of the laterally acquired PEPC gene within A.

semialata

Another 81 accessions of 4. semialata collected from several locations in Africa were
screened for the presence of the PEPC gene laterally acquired from a member of the S.
palmifolia complex (ppciP3 LGT:C; Table 5.S1). To test for presence/absence of
ppclP3 LGT:C, DNA was extracted and PCR reactions were performed as described
above for accessions of the S. palmifolia complex, a method used previously on a
smaller sample size (Chapter 4). Positive and negative controls were included, which
consisted of good quality DNA samples of 4. semialata accessions known to carry and

lack ppcIP3 LGT:C, respectively (Chapter 4). PCR products were then visualized using
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gel electrophoresis, and amplified products were purified using Exo-SAP-IT and

Sanger-sequenced to confirm the gene identity.

5.3.4. Genome sequencing and assembly

A draft genome of a C, individual of A. semialata from Zambia known to carry
ppclP3 _LGT:C (based on the analyses described above) was assembled in this study,
using a combination of short reads from Illumina paired-end sequencing and long reads
from Pacbio sequencing. Genomic DNA was extracted from fresh leaves using the
Dneasy Kit Maxi Kit (Qiagen) following the manufacturer instructions. Genomic
libraries for short-read sequencing were prepared with an insert size of 550 bp and
sequenced in a full lane of [lumina HiSeq 3000. A total of 220,035,230 paired-end reads
of 250 bp were generated (sequencing depth ~ 25 X). Both library preparation and
sequencing were performed at the Edinburgh Genomics Centre. Long-read sequencing
was performed on a SMRT PacBio platform at the Centre for Genomic Research at the
University of Liverpool, and generated 6,169,470 filtered subreads with a mean length
of 5,905 bp (sequencing depth ~ 16 X).

A draft genome was assembled using a hybrid strategy with Illumina and Pacbio
data, following the approach used by Dunning et al. (in prep) to assemble the genome of
an A. semialata individual from Australia. [llumina reads were initially filtered and
trimmed using NGSQCToolkit as described above, and duplicate reads were removed
using PrinSeq-lite v.0.20.3 (Schmeider and Edwards 2011). The remaining sequences
were then error-corrected using SOAPec v.2.01 (Luo et al. 2012). The cleaned, error-
corrected Illumina reads were then assembled into contigs using SOAPdenovo2 v.2.04
(Luo et al. 2012) with the parameters k-mer = 65, KmerFreqCutoff = 10, mergeLevel =3
(max), and arcWeight = 5. Pacbio long reads were error-corrected using Proovread
v.2.14.0 (Hackl et al. 2014) using the cleaned Illumina reads. The hybrid assembly was
then performed using Dbg2olc v.11062016 (Ye et al. 2016) with the SOAPdenovo
contigs and the error-corrected Pacbio reads. Different values of parameters
KmerCovTh (2-3), AdaptiveTh (0.001 — 0.01), and MinOverlap (10-30) were used with
a k-mer size of 17, generating 31 draft assemblies. The N50 ranged from 24.5 to 26.4
Kb (mean = 25.6 Kb), and the assembly length ranged from 818.9 Mb to 936.5 Mb
(mean = 874.4 Mb), which corresponds to 75-86% of the genome as estimated by flow
cytometry (Table 5.S2). The longest assembly was selected for analyses. The
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completeness of the genome was assessed by checking for the presence of 956 plant

benchmarking universal single-copy orthologs using BUSCO v.1.22 (Simado et al. 2015).

5.3.5. Analyses of the fragment containing the LGT

Genomic paired-end reads of the different accessions were individually mapped onto
the draft genome of the Zambian A. semialata using Bowtie2 with default parameters.
The scaffold containing ppc/P3 LGT:C was identified, and consensus sequences were
called using the read alignments (see above) to reconstruct the whole fragment for each
accession. Phylogenetic analyses were then performed on the whole genomic fragment,
and on separate segments within the fragment. First, regions potentially acquired via
LGT along with ppcIP3 LGT:C were identified after inspecting the BAM alignments
of S. palmifolia complex representatives and S. ifalica using Geneious. Genomic
segments covered by at least three reads of one of the Setaria accessions were
considered putative laterally acquired fragments. However, only segments with high
nucleotide identity (> 95%) between Setaria and the reference genome were used for
subsequent phylogenetic analysis of LGT regions; low identity segments were
considered ambiguous and not used for analysis (see Results). In addition to the
genomic sequence of ppclP3 LGT:C, these included (1) a ~ 160-bp segment 5'
upstream to ppcIP3 LGT:C, (2) a ~ 19.3-Kb immediately 3' downstream to
ppclP3 LGT:C, (3) a ~ 17.5-Kb segment containing tandem duplicates of the gene
Serine/Threonine PP1 (S/T PPI; see Results), also located 5’ upstream to
ppclP3 _LGT:C. All other regions were similar to all 4. semialata but not the Setaria
samples, and were considered as non-laterally acquired. ML trees were inferred for
laterally and non-laterally acquired segments using RAXML with a GTR+CAT model of
substitution as described above. A first tree was inferred from the non-laterally acquired
region separating the two LGTs to determine whether it was transmitted along with the
LGTs across populations. Trees were subsequently inferred for the two LGTs and their
flanking regions. Note that phylogenetic analyses of ppc/P3 LGT:C included all

genomic datasets of S. palmifolia complex and A. semialata (see above).
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5.4. Results
5.4.1. Putative LGT donor lineage

The relationships among the Cenchrinae accessions were investigated using a
chloroplast (#rnK-matK) marker, for which sequences for members of the group are
publicly available. The trnK-matK tree shows that all samples sequenced here are nested
in a highly supported group including members of S. incrassata, S. verticillata, S.
sphacelata and S. palmifolia complex (e.g. S. palmifolia and S. megaphylla; Fig. 5.1).
Among these, four accessions formed a highly supported group with the S. palmifolia
complex members (SPCO1, SPC03, SPC16 and SPC23), while another six accessions
(SPC32, SPC33, SPC34, SPC36, SPC37 and SPC38) formed a group with S.
verticillata and S. sphacelata. To identify the potential donor lineage, we inferred a
phylogenetic tree using sequences of ppcIP3 of accessions of Cenchrinae and
sequences of the laterally acquired gene of Alloteropsis (ppcIP3_LGT:C). In this tree, a
subset of 11 Cenchrinae accessions formed a highly supported group (bootstrap support,
bs = 99) with Cenchrus and Pennisetum accessions (Fig. 5.2). All other Cenchrinae
accessions were nested in a highly supported group (bs = 97), which consisted of
sequences of members of the S. palmifolia complex and all A. semialata (Fig. 5.2).
Within this second group, three accessions sequenced in this study (SPC01, SPC16 and
SPC23) and one previously sequenced (AM690293; Christin et al. 2012) formed a
monophyletic group with all 4. semialata (bs = 53).

5.4.2.Phylogeographic distribution of the laterally acquired
PEPC gene within A. semialata

Plastome and nuclear genome trees recovered all major lineages of Alloteropsis as
reported in previous studies (Lundgren et al. 2015; Chapter 4), and confirmed the
different evolutionary histories of plastomes and nuclear genomes within A. semialata
(Fig. 5.3). Our screening of whole genome sequencing datasets confirmed that
ppclP3 LGT:C is restricted to African clades of A. semialata (Figs 5.3 and 5.4). This
includes (1) most members of a subgroup of individuals from the Zambezian region

(Zambia, DRC, Tanzania, Malawi and North of Mozambique) that form a well
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supported clade in the nuclear tree (Clade III), (2) individuals including identified and
putative polyploids from South Africa and South of Mozambique carrying the gene and
placed between the major C, lineages of Africa and Southeastern Asia/Australia (Clades
IVa and IVb), and (3) polyploid individuals from Cameroon, which are grouped
together with known admixed individuals between the non-C, and the C, lineages from
the Zambezian region that were previously reported to carry the gene (Figs 5.3 and 5.4;
Table 5.S2; Chapter 4). Interestingly, we found two locations in Zambia (ZAM15-03
and ZAM15-07) and one in Tanzania (TAN16-03) where individuals with and without
the gene coexist. The two populations from Zambia include non-C4 and C, genes that
belong to different clades, and the LGT is restricted to the C4 individuals. By contrast,
the Tanzanian population contains only C, individuals, and the individuals with and
without the gene are very closely related on both nuclear and plastid phylogenies (Fig.
5.3). Visual inspection of read depth of resequencing datasets confirmed the
intrapopulation variation in presence/absence of the LGT (Fig. 5.5). A larger screening
conducted in the Tanzanian population showed that out of 17 individuals, four carry the

gene (Table 5.S1).

5.4.3.Draft genome assembly

The draft genome of one individual of nuclear clade III from Zambia (ZAM15-05-10;
Fig. 5.3a) was assembled in this study. The assembly generated here has a N50 of 24.8
Kb with 50,719 contigs (longest contig = 229,107 Kb), and is 936.5 Mb long, which is
close to the expected genome size of this individual (1,081.5 Mb; Table 5.S2). The
BUSCO analyses to assess the completeness of the assembly showed that out of the 956
single-copy genes analysed, 873 are complete single-copy, while 392 are duplicated, 32
are fragmented and 51 are missing. The percentage of genomic reads of other A.
semialata accessions mapped to ZAM15-05-10 was 67.6% on average, ranging from
10.4% to 87.3%. For A. angusta, A. cimicina and Cenchrinae accessions the average
percentages were 26.7%, 13.2% and 14.6%, respectively, which is expected since
mapping among distant relatives works mainly for coding sequences (Chapter 4). All
ppc paralogs identified by previous studies in 4. semialata genomes were retrieved as
complete sequences in this draft genome, including the laterally acquired copies from
Setaria (ppcIP3_LGT:C) and Melinidinae (ppciP3 _LGT:M; Christin et al. 2012a). The
scaffold containing ppcIP3 LGT:C is 106.3 kb long.
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5.4.4. Analyses of the genomic fragment containing

ppclP3 LGT:C

Analyses of open reading frame (ORF) sequences in the genomic scaffold containing
ppclP3 LGT:C revealed another gene potentially acquired from Cenchrinae. BLAST
analyses annotated this gene as a serine/threonin-protein phosphatase PP1 (S7/PPI).
This gene is a tandem duplicate in the Zambian 4. semialata genome and is situated
27.5 Kb 5’ upstream to the transcription start site of ppcI/P3 LGT:C (Fig. 5.6). In the
complete genome of S. italica, ST/PPI is located 6.8 Kb apart from ppciP3, on
chromosome 4 (Fig. 5.6). The distribution of this gene in A. semialata individuals
matches the distribution of ppcIP3 LGT:C, which suggests that the two were
transferred across plants as part of the same LGT fragment. Phylogenetic analyses of the
two copies show that these were duplicated after the divergence between S. italica and
S. palmifolia species (Fig. 5.7). The coverage of 4. semialata individuals carrying the
LGT fragments is approximately constant in most parts of the whole scaffold, although
there are regions with no coverage at all, suggesting the occurrence of multiple genomic
rearrangements after the LGT fragment was acquired. Nonetheless, laterally transferred
regions sum up to approximately 40% of the whole fragment. Phylogenetic trees using
either the laterally acquired or the putatively vertically inherited segments (defined here
as regions with no coverage in Sefaria accessions) were then inferred to investigate the
dynamics of the LGT fragment in 4. semialata. The tree inferred from the vertically
inherited region between the laterally acquired genes (ppcIP3 LGT:C and ST/PPI)
recovers some groups of the nuclear genome and plastome trees of A. semialata,
including the Asian/Australian and the South African clades (Fig. 5.8). Most accessions
from Zambia and Tanzania form a weakly supported group, but the phylogenetic tree
lacks overall resolution. Importantly, the accessions carrying the LGTs are not grouped
together as would be expected if the segment had been rapidly spread along the LGTs.
On the other hand, the tree inferred from the immediate 3’ downstream segment of
ppclP3 LGT:C shows high sequence similarity among accessions carrying the LGT,
with no groups clearly resolved (Fig. 5.9). The lack of variation among A. semialata
accessions is compatible with a rapid spread of the segment, as seen on ppcI/P3 LGT:C

coding sequence (Fig. 5.2). Note that this laterally acquired segment is not present in the
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accessions that do not have the LGT. Analysis of the 5’ upstream region of
ppclP3 LGT:C shows a discontinuity in the read coverage at ~ 60 bp from the start
codon in all accessions. Reads mapped to the first exon of ppc/P3 LGT:C do not have
their mates in the 5’ upstream region, which suggests that the discontinuity is longer
than 550 bp (i.e. average insert size). However, the coverage is restored at ~ 130 bp 5’
upstream and sequence analysis supports the homology between the reference genome

sequence and those accessions carrying the laterally acquired fragments.
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Fig. 5.1. Bayesian tree of Cenchrinae subtribe based on the chloroplast marker #nK-matK. Accessions
analysed in this study are coloured in red. Black circles on nodes are posterior probabilities > 50% (values

< 50% were omitted).
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Fig. 5.3. Maximum likelihood trees of Alloteropsis and other Panicoideae grasses based on (A) nuclear
genome-wide markers and (B) full plastome sequences. Branches were coloured according to the nuclear
clades of A. semialata (Chapter 4), with nuclear clades I, II, III and IV in blue, green, yellow and red,
respectively. Accessions highlighted in green carry the laterally acquired PEPC gene (ppcIP3 LGT:C).
Black circles on nodes are bootstrap support values > 50 (values < 50 were omitted).

(B)

®
Tanzania Qx

Zambia Mozambique

Zimbabwe

BotSwana
BOtSWaha

® A. semialata
Z A. semialata (with ppcl1P3 _LGT:C)

.. Cenchrinae
Fig. 5.4. Geographical distribution of 4. semialata and Cenchrinae accessions analysed here. (A) World
distribution; (B) detail of the Zambezian region of Africa. Arrows indicate Cenchrinae accessions having
ppclP3 LGT:C most closely related to 4. semialata (i.e. SPCO1 from Tanzania, and SPC16 from Zambia;
see Fig. 5.2).
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ST PPI ppelP3 LGTC
(A) ™ —— Setaria palmijolia (SPCO1)
SR AL L I e |
P |

(B) A. semialata (TAN 16-03-01)

i) A. semialata (TAN 16-03-08)

(D) A. semialata (LI4B)

Fig. 5.5. Coverage plot illustrating the reference scaffold containing ppc/P3 LGT:C. (A) Member of the
donor lineage, S. palmifolia (SPCO1); (B) A. semialata accession carrying the LGT fragment (TAN16-03-
01); (C) and (D) 4. semialata accessions that do not carry the LGT fragments (TAN16-03-08 and L04B,
respectively). Note intrapopulation variation in the presence/absence of the LGT fragments (B and C).
Coloured bar on top of each coverage plot represents the reference genome scaffold that contains
ppclP3 _LGT:C; yellow indicates segments that were vertically inherited, and orange and dark red
indicate segments putatively laterally acquired from Cenchrinae; grey indicates segments with uncertain
origin. Segments containing protein-coding genes are coloured in dark red (ppc/P3 LGT:C and tandem
copies of S/T PP1).
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Fig. 5.6. Identity between genome scaffolds of Setaria italica (Seita.4G175400) and the reference
genome of A. semialata (ZAM15-05-10; Backbone 10731). The region analysed is 50 kb long. (A)
Schematic representation of the two scaffolds; (B) aligned scaffolds, with top bars indicate percentage of
identity in the aligned regions: 100% (green), 30-100% (yellow) and < 30% (red). Protein-coding genes
are annotated in green (ppcIP3_LGT:C) and red (S/T PPI).
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nodes are bootstrap support values > 50 (values < 50 were omitted).
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respectively. Accessions highlighted in yellow carry the laterally acquired PEPC gene (ppciP3_LGT:C).
Black circles on nodes are bootstrap support values > 50 (values < 50 were omitted).
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5.5. Discussion

5.5.1. The LGT event involving PEPC from Setaria occurred in
Central Africa

Our phylogenetic analyses confirmed that the donor species is a member of the Setaria
palmifolia complex within the Cenchrinae subtribe of grasses (Fig. 5.2; Christin et al.
2012a). The S. palmifolia complex comprises at least six perennial species distributed
across Africa, Asia and America (Clayton 1979). We found an individual from Tanzania
(SPCO1) having a ppcIP3 LGT:C sequence highly similar to the A. semialata (Fig.
5.2). This individual grew a few meters apart from A4. semialata. Another individual
with very similar sequences (SPC23) came from a germplasm, originally from Puerto
Rico. Members of the S. palmifolia complex have been imported in many places of the
world as ornamentals, and later became invasive. It is consequently likely that these
extra African accessions result from recent, human-mediated movements. The fact that
sequences very similar to those detected within Alloteropsis were found in native
populations of Setaria co-occurring in Tanzania with 4. semialata shows that the LGT
could have taken place in the Zambezian region.

Members of the S. palmifolia complex are often associated with shaded and
moist habitats (Clayton 1979; Morrone et al. 2013), and are frequent in the Zambezian
region. They include large understorey plants such as S. megaphylla, but members with
thinner leaves were collected in wooded savannas. The morphological types do not
match the genetic groups based on plastid markers, and different positions with respect
to other Cenchrinae of the samples based on plastid and nuclear trees (Figs 5.1 and 5.2)
support hybridization within the group as previously suggested (Clayton 1979). This
makes the identification of a named species as the donor complicated, but members

present in the wooded savannas of Tanzania and Zambia are excellent candidates.

5.5.2. The LGT fragment rapidly spread across A. semialata

populations

Our analyses confirmed that ppcI/P3 LGT:C is restricted to African populations of A.
semialata, as previously suggested based on smaller sample size (Chapter 4). Most of
the individuals belonging to the genomic group of the Zambezian region (particularly

Tanzania, Zambia and DRC; nuclear clade III) possess the gene (Fig. 5.3). A second
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group of individuals carrying the gene belong to the nuclear clade IV, which includes
populations from South Africa, Mozambique, Malawi, Tanzania and Angola (Fig. 5.3).
These are all Ci, and while the first group encompasses diploid individuals, the
members of the second group for which genome sizes are available are polyploids
(Table 5.S2). Finally, a third group of individuals carrying the gene are polyploids from
Cameroon as well as individuals from DRC previously identified as admixed between
nuclear clades II and IIT (Chapter 4). Since no other individuals from nuclear clades II
or IV carry ppciP3 LGT:C, we conclude that this gene was originally acquired either
(1) before the split between nuclear clades III and IV, and subsequently lost in clade IV
and one population from clade III, or (2) by members of the nuclear clade III (probably
in the Zambezian region), after the split between African and Asia/Australian Cy
lineages of A. semialata. In the first scenario, the divergence of ppciP3 LGT:C from
members of clades III and IV would have happened more than two million years ago
(Lundgren et al. 2015; Chapter 4), and the laterally acquired genes would therefore have
accumulated mutations since the split of the two clades. The lack of variation in both
laterally acquired genes on the fragment rules out the hypothesis (Figs 5.2 and 5.8), as
shown previously based on molecular dating (Chapter 4). We therefore confirm that the
gene was passed among established populations following its acquisition.

Our study reports for the first time the existence of individuals with and without
the laterally acquired gene within the same populations. While the two populations in
Zambia are composed of different photosynthetic types belonging to different genetic
lineages (Fig. 5.3), the individuals with and without the gene from the Tanzanian
populations belong to the same plastid and nuclear genomic groups and are very similar
across their genome (Fig. 5.3). We therefore conclude that the observed polymorphism
is recent. One possibility is that ppc/P3 LGT:C was recently suppressed from some
individuals, but there is no reason why this would have led to the loss of the other LGT
in the same fragment. It is therefore more likely that the gene reached the population
recently, and that the polymorphism is transient. Transcriptome analyses indicate that
ppclP3 _LGT:C is expressed in those individuals of the population that have it (Moreno-
Villena et al. 2018). However, the same individuals express genes for the other laterally
acquired PEPC (ppcIP3 LGT:M) at higher levels, which might limit the selective
advantage of ppcI/P3 LGT:C.
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5.5.3. No evidence of selective sweep of the LGT fragment

Our genome analysis indicates that an additional gene was acquired with
ppclP3_LGT:C (Fig. 5.6). Altogether, the laterally acquired DNA sums up to 60kb. The
two laterally acquired genes are separated by a region without similarity to Setaria
species (Fig. 5.5). This segment was likely inserted after the LGT, during ongoing
genome rearrangements. This process might have been accelerated by the insertion of
TEs in regions surrounding both genes (Fig. 5.5). The immediate 5' upstream region of
ppclP3 LGT:C is not homologous between the reference genome and other A.
semialata, nor Setaria accessions, suggesting a sequence insertion in the reference
genome. However, homology search of a 3 kb segment using BLAST against NCBI
public database showed the presence of transcription factor sequences, which might be
associated with the regulation of ppcI/P3 LGT:C. The regulatory mechanisms
controlling the expression of laterally acquired genes are unknown and demand future
studies.

The most likely scenario for the spread of ppciP3 LGT:C as reported above
would be selection-mediated introgression of the fragment. This would involve multiple
rounds of hybridization (Chapter 4), followed by recombination and selection for the
chromosomes bearing the ppcI/P3 _LGT:C gene. Such a typical case of selective sweep
would move the flanking regions with the laterally acquired genes, because of linkage
disequilibrium. The history of the LGT should therefore be shared with those of
surrounding native DNA. However, the phylogenies based on the region between the
two LGTs does not group the individuals with the LGT, and this region is more diverse
than the LGTs (Fig. 5.8). We therefore conclude that, based on the available evidence,
classical selection-mediated introgression is not responsible for the spread of the gene
among populations of A. semialata. Reconciling the rapid spread of the gene as
evidenced by its conservatism within A. semialata and the lack of genome-wide
signatures requires further studies, but some hypotheses can be suggested. First, it is
possible that the spread of the gene was followed by genomic rearrangements after
hybridization. Admixed individuals are known in A. semialata, including polyploids
(Chapter 4), but whether the set of chromosomes from different parents recombine is
unknown. A scenario of translocation of the LGT among chromosomal regions in
hybrids would explain the observed patterns of differentiation. Alternatively, it is

possible that the LGT was incorporated independently in the genomes of different A.

223



5. Tracking the origin and spread of a laterally acquired gene

semialata lineages. The vector for the transfers remain unknown, but extra
chromosomal DNA fragments, such as eccDNA (Cohen et al. 2007; Lanciano et al.
2017) might have moved the genes from Setaria to A. semialata, as previously
suggested for other LGTs involving this species (Dunning et al. in prep). These eccDNA
fragments might then have spread to different populations, which would have integrated
in different chromosomal locations. Testing these hypotheses requires follow-up
investigations. In particular, FISH or genome sequencing of additional individuals
would determine whether the LGT is in the same position in all 4. semialata accessions

that have it.

5.6. Conclusions

Using a laterally acquired gene involved in a complex adaptive trait, we shed light on
the dynamics of spread of a novel mutation in natural populations of the grass A.
semialata. Members of the donor lineage overlap in their current distribution with
populations of 4. semialata in the Zambezian region of Africa. As previously suggested,
the LGT is restricted to some African populations of A4. semialata. However, its
presence in distinct genomic lineages and its conservation across A. semialata
populations suggests that it was acquired after the diversification of A. semialata and
then spread across established populations. Analyses of a draft genome indicate that the
gene was acquired together with another gene, making the LGT fragment at least 60kb
long. Intriguingly, the separating region of native DNA is not more similar among
individuals with the LGT than among close relatives with and without the LGT. This
pattern is not compatible with a selective sweep involving rapid integration via
hybridization. Instead, we suggest that the gene was transferred among established
populations by means other than chromosomal recombination, using mechanisms that

remain to be discovered.
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Table 5.S1. Genomic data information.

Datatype  Species/Subtribe Country Accession Latitude Longitude C!
PCR Sanger A. angusta Tanzania TAN16-01-07 -7.94 31.68
PCR Sanger  A. semialata South Africa ASM-1 -25.61 29.73
PCR Sanger  A. semialata South Africa BLW-1 -29.71 29.96
PCR Sanger 4. semialata Cameroon CAM16-01-09 5.93 10.62
PCR Sanger  A. semialata South Africa CRL-1 -25.74 30.24
PCR Sanger  A. semialata South Africa EML-1 -26.29 30.00
PCR Sanger  A. semialata Madagascar GB61.2014 1 -18.27 47.17
PCR Sanger  A. semialata South Africa IMS-1 -33.32 26.44
PCR Sanger 4. semialata Australia KRRd-1 -15.54 128.15
PCR Sanger  A. semialata South Africa KSD-1 -30.51 29.43
PCR Sanger  A. semialata South Africa KWT-1 -32.70 27.53
PCR Sanger 4. semialata Tanzania LO1-1 -5.63 32.69
PCR Sanger 4. semialata Tanzania L02e (8/2-16) -9.04 32.48
PCR Sanger  A. semialata Tanzania L02f (23/3-16) -9.04 32.48
PCR Sanger  A. semialata Tanzania L02g (23/3-16) -9.04 32.48
PCR Sanger  A. semialata Tanzania L02h (23/3-16) -9.04 32.48
PCR Sanger  A. semialata Tanzania LO02i (23/3-16) -9.04 32.48
PCR Sanger  A. semialata South Africa LSU-2 -25.58 29.77
PCR Sanger 4. semialata South Africa MDB-2 -25.74 29.50
PCR Sanger  A. semialata Australia Mirim-2 -15.77 128.75
PCR Sanger  A. semialata Madagascar MSV1935 1 -20.17 47.06
PCR Sanger  A. semialata Madagascar MSV1937 1 -20.56 46.69
PCR Sanger 4. semialata Madagascar MSV2081 1 -20.58 46.61
PCR Sanger 4. semialata South Africa MTP-1 -25.62 30.26
PCR Sanger 4. semialata South Africa PGR-1 -24.93 30.79
PCR Sanger  A. semialata South Africa SFB-1 -25.48 29.79
PCR Sanger  A. semialata South Africa SNR-1 -28.50 29.06
PCR Sanger 4. semialata Tanzania TAN16-02-01 -7.94 31.68
PCR Sanger 4. semialata Tanzania TAN16-02-01 -7.94 31.68
PCR Sanger  A. semialata Tanzania TAN16-03-05 -9.04 32.48
PCR Sanger  A. semialata Tanzania TAN16-03-09 -9.04 32.48
PCR Sanger 4. semialata Tanzania TAN16-03-10 -9.04 32.48
PCR Sanger 4. semialata Tanzania TAN16-03-144 -9.04 32.48
PCR Sanger  A. semialata Tanzania TAN16-03-145 -9.04 32.48
PCR Sanger  A. semialata Tanzania TAN16-03-147 -9.04 32.48
PCR Sanger 4. semialata Tanzania TAN16-03-148 -9.04 32.48
PCR Sanger 4. semialata Tanzania TAN16-03-149 -9.04 32.48
PCR Sanger  A. semialata Tanzania TAN16-03-150 -9.04 32.48
PCR Sanger  A. semialata Tanzania TAN16-03-152 -9.04 32.48
PCR Sanger  A. semialata Tanzania TAN16-03-153 -9.04 32.48
PCR Sanger  A. semialata Tanzania TAN16-03-154 -9.04 32.48
PCR Sanger 4. semialata Tanzania TAN16-03-156 -9.04 32.48
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* Dataset retrieved from Chapter 3.

’ Dataset retrieved from Chapter 4.

¢ Dataset retrieved from Park et al. (in prep).
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Table 5.S2. Genome size of A.semialata accessions.

Accession Country Nuclear clade’ Genome size 2C (Gb)
Ausl' Australia v 2.20
BurkinaFaso3' Burkina Faso v 1.95
CAM16-01-04 Cameroon II-111 11.31
CAM16-01-06/2 Cameroon II-111 11.86
Majungal’ Madagascar v 2.05
PHIL16-09 Philippines v 1.81
EML11-200 South Africa I 1.68
GMT3-1D South Africa I 1.83
JMS201" South Africa I 1.80
KWT3 South Africa I 1.74
MDGS-3! South Africa v 5.22
SRL17-02-03 Sri Lanka v 1.98
TW10' Taiwan v 1.87
LOIA' Tanzania I 2.19
L02! Tanzania 11 2.01
LO4A' Tanzania I 1.88
L04B-21 Tanzania II 2.02
TAN16-02-05 Tanzania II 1.97
TAN16-03-01 Tanzania I 2.00
TAN16-03-06 Tanzania 1T 1.96
ZAM15-03-02 Zambia ? 2.09
ZAM15-03-03 Zambia I 2.07
ZAM15-03-04 Zambia ? 2.06
ZAM15-03-05A Zambia I 5.71
ZAM15-03-06 Zambia ? 2.35
ZAM15-03-08 Zambia ? 5.52
ZAM15-05-05 Zambia ? 1.94
ZAM15-05-107 Zambia 111 2.18
ZAM15-07-01 Zambia ? 2.09
ZAM15-07-02 Zambia ? 2.00
ZAM15-07-04 Zambia I 5.53
ZAM15-07-05 Zambia ? 2.07
ZAM15-07-06 Zambia ? 2.01
ZAM15-07-07 Zambia ? 1.98
ZAM15-07-07 Zambia ? 2.08
ZAM15-07-10 Zambia ? 2.12
ZAM15-07-11 Zambia ? 5.61
ZAM15-07-12 Zambia ? 2.10
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ZAM15-07-13 Zambia ? 2.01
ZAM15-07-14 Zambia ? 2.08
ZAM15-07-15 Zambia ? 2.12
ZAM15-07-16 Zambia ? 5.16
ZAM15-07-19 Zambia I 2.04
ZIM15-04-01 Zimbabwe ? 1.64

! Data retrieved from Lundgren et al. (2015).
? Sequenced genome.

3 A. semialata lineages based on nuclear genome phylogeny (Chapter 4).
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6. General Discussion

In this work, I investigated the genomic changes associated with independent origins of
the C, photosynthetic metabolism in grasses, which is a remarkable instance of repeated
evolution of a complex trait in land plants. A comparative approach applied to a major
Cs lineage, the Andropogoneae grasses, suggests that the main components of an initial
Cs metabolism can evolve in a relatively short period, and that adaptive modifications of
the trait are continuously accumulated during the diversification of a C4 lineage
(Chapter 2). Analyses of the genetic mechanisms underlying such phenotypic changes
using a C, origin that is ~ 15 million years more recent, the grass Alloteropsis,
uncovered a new role of gene duplication during C4 evolution, via dosage effects
creating rapid changes in expression levels of key C4 genes (Chapter 3). In addition to
the dosage effects of gene duplications, my analyses showed that the presence of
laterally-acquired genes in some individuals coincides with the putative loss of ancient
duplications (Chapter 3). My results are consistent with previous suggestions that these
genes replaced the native copies, which were less suited to the C4 function (Christin et
al. 2012; Dunning et al. 2017). These findings provided the opportunity to investigate
the population-level dynamics of novel adaptive mutations associated with the Cj trait.
Making use of vast genome-wide resources produced by our research group for
Alloteropsis, 1 first tracked the dissemination of four laterally-acquired genes in A.
semialata, and found that components of the Cj trait can evolve in isolation and later be
combined via gene flow (Chapter 4). Then, in order to gain insights into the genomic
rearrangements and mode of spread of these adaptive mutations, I characterized the
genomic fragment containing one of these laterally-acquired genes (Chapter 5). This
analysis did not support the hypothesis of a rapid selective sweep of the entire fragment
across populations via recurrent recombination, which urged for follow-up analyses to
determine how the laterally-acquired fragment can be spread across genomic lineages.
Overall, my investigations of genomic changes on different time scales suggest that (1)
the components necessary for a rudimentary C,; cycle are not many, and may be
acquired in a relatively short period; (2) the complexity of the trait results from long
periods of follow-up adaptation, and lineage-specific increments; (3) the genetic
exchanges between divergent lineages can speed up the assembly and optimization of a

C4 metabolism.
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6.1. A rudimentary C; cycle might be triggered by few genetic

changes

C4 photosynthesis is a biochemical cycle that emerges from multiple enzymes and
membrane transporters, most of them with cell-specific expression patterns (Hatch
1987; Kanai and Edwards 1999). All these proteins were already present in the Cs;
ancestors, performing general housekeeping functions (Leegood 2008; Aubry et al.
2011). Their co-option was, in many cases, followed by adjustments of their expression
patterns and catalytic properties for a function in the mechanism of CO; fixation in
leaves (Blasing et al. 2000; Tausta et al. 2002; Moreno-Villena et al. 2018). It might
therefore be expected that massive changes in the protein sequences, regulatory
mechanisms and cell metabolism underlie C, evolution. Such an impressive metabolic
rewiring led to the hypothesis that numerous genetic changes are required for a C4 cycle
to be established (Sage 2004; Majeran et al. 2008; Gowik et al. 2011). However, the fact
that C4 evolved repeatedly and independently in multiple divergent lineages might
suggest an easier trajectory, i.e. that a ‘master’ regulator would underlie the C4 gene
expression pattern. Whereas the first hypothesis of numerous parallel genetic changes
has received some empirical support from differential gene expression analyses between
Cs and C, species (Brautigam et al. 2011; Kiilahoglu et al. 2014; Wang et al. 2014), the
hypothesis of a master regulator has not received any support. Here I present insights
into this problem based on the macro and microevolutionary investigations conducted in
this work.

Recent studies have shown that C, evolvability increases in lineages with
particular enablers related to leaf anatomy (Sage 2001; Christin et al. 2013a), gene
content (Monson 2003; Christin et al. 2009; Christin et al. 2013b, 2015; Dunning et al.
2017), and gene expression levels (Emms et al. 2016; Moreno-Villena et a. 2018). Such
studies collectively suggest that the gap between non-C4 and C, states is smaller than
previously assumed since a considerable number of components attributed to the C, trait
evolved before a C, cycle was established, and performed a different role in the whole
plant physiology.

The hypothesis of 'exaptations’ (i.e. adaptive features built by natural selection
for a role that is different from their current one; Gould and Vrba 1982; Barve and
Wagner 2013) facilitating C4 evolution has an important ecological counterpart. Three

major ecological factors are generally associated with C4 evolution, namely (1) high
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temperature, (2) low water availability, and (3) low atmospheric CO, (Ehleringer et al.
1997; Long 1999; Sage 2001; Osborne and Freckleton 2009). The drop in atmospheric
CO; concentration during the Oligocene was particularly important for C, evolution
(Pagani et al. 1999; Christin et al. 2008; Vicentini et al. 2008), as it led to significant
levels of photorespiration in some terrestrial environments (Ehleringer et al. 1997).
Warmth and aridity have affected the selective pressures on plants in some regions for
long geological periods (Prentice et al. 1992; Williams et al. 2002; Woodward et al.
2004). This implies that the lineages that would give rise to C4 plants accumulated
adaptive traits associated with warm temperatures and low water availability during
millions of years (Osborne and Sack 2012). Considering that (1) the pervasiveness of
such factors increases the likelihood of some lineages convergently evolving the same
adaptations, and (2) a subset of these adaptations might be recruited for the Cj trait, the
exaptation hypothesis, when analysed in an ecological framework, provides an
explanation for the apparent paradox of repeatedly evolving a complex trait. However, it
still does not establish the number and order of changes that lead to the establishment of
a Cy4 cycle, nor their time-scale.

In Chapter 2, I identified Jansenelleae as a C; lineage sister to a major Cy
group, the Andropogoneae, and showed that this C; group does not have clear C,
enablers. Their leaf anatomy is typical of Cs grasses in terms of Cs-related characters,
with two layers of bundle-sheath cells (BSC), large interveinal distances, and no
evidence of Rubisco activity in BSC. In addition, their enzymes carry no signatures of
Cs-adaptive changes. If one assumes that these modifications were not secondarily lost
during the diversification of Jansenelleae, they then must have evolved in
Andropogoneae only after the split between the two groups. Tests for adaptive enzyme
evolution and analyses of the rate of protein evolution show that massive Cs-adaptive
changes indeed happened after the divergence between the two groups (Chapter 2). In
addition, the loss of one BSC layer also postdates this divergence, and probably
happened concomitantly with the enzymatic changes during the 3-4 millions years
period before the first split within Andropogoneae. This implies that the major Cs-
related genomic changes can happen in a relatively short period of time.

One possible explanation for the relative ease of C4 evolution in some groups
might be that strong epistasis controls the components of C4 biochemistry. In this case,
specific changes on one or a few loci (e.g. leading to increased and/or cell-specific gene

expression) would interact with other loci and result in phenotypes that are different
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from the simple independent effect of each locus (Kroymann and Mitchell-Olds 2005;
Phillips 2008; Shao et al. 2008). A possible illustration of that would be a sudden
increase in the expression of the first carboxylase, PEPC, which would lead to a
metabolic imbalance due to the accumulation of Cy4 acids in the cell. This could trigger
plastic responses of constitutive metabolic pathways that would operate specifically to
restore the stoichiometric balance in the cell. A similar hypothesis was first proposed by
Mallmann et al. (2014), which used biochemical modelling to show that imbalances in
the N metabolism due to a C, metabolism could trigger the activity of enzymes that are
part of the Cs4 cycle. This explanation would ease the transition from a C, to a full Cy4
metabolism; however, there is no current evidence that the establishment of a C, cycle is
a necessary intermediate step between Cs; and C, plants. Therefore it is possible that
mutations of large effect might promote a metabolic rewiring in both a C; and a C;
context. Examples of such mutations would include (1) increased expression levels due
to dosage effects of gene duplication (Mouches et al. 1986; Chen et al. 2008; Cook et al.
2012; Chapter 3); and (2) introgression of an allele/gene with both expression patterns
and catalytic properties that can be drastically different from that of its homologs
(Christin et al. 2012; Dunning et al. 2017). I indeed showed here that the acquisition by
non-C, individuals of laterally-acquired copies of two core C4 genes (ppc and pck) via
introgression might have triggered a weak Cs4 cycle in some lineages of A. semialata
(Chapter 4). In cases where these novel biochemical pathways related to CO, fixation
lead to increased fitness (e.g. gain in biomass), these genetic changes could rapidly be
fixed (Heckmann 2013, 2016).

The hypothesis developed above suggests that, with the ecological drivers in
place and the possibility of co-opting characters for the C, function, a few mutations of
large effect on key genes could suffice to trigger an initial C4 cycle. Multiple recent
studies have indeed provided evidence that major phenotypes associated with C,4
photosynthesis are controlled by a single or a few loci. Using recently diverged Cs;, Cs-
C, intermediates and C4 populations of the grass A. semialata, Lundgren et al. (in prep)
showed that a single leaf anatomical change — prolonged differentiation of minor veins
— 1s responsible for multiple aspects of the C4 anatomical phenotype. Genetic studies
have furthermore showed that the constitutive expression of a single gene (GOLDEN2-
LIKE) in the C; plant rice induces multiple aspects of the intracellular C4 anatomy
(Wang et al. 2017), while elevated biosynthesis of auxin increases vein density (Huang

et al. 2017). Finally, Reyna-Llorens et al (2018) showed that regulatory motifs present
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in the coding sequences are common to a number of core Cs genes, and conserved
across land plants, which reduces the regulatory gap necessary for C4 gene expression.
Current efforts to engineer the C, trait in Cs plants involve constantly more sophisticated
experimental designs to identify the key components that can initiate a rudimentary C,
cycle (Kajala et al. 2011; Covshoff and Hibberd 2012; von Caemmerer et al. 2012;
Huang et al. 2016). However, most of these efforts are concentrated in establishing the
necessary genetic elements when considering C; species that are distantly related to C,
lineages, such as rice. Rice belongs to a grass lineage (BEP) that diverged ~ 50-60
million years ago from the lineage that gave rise to all C4 origins in grasses (i.e.
PACMAD; Christin et al. 2014), so it probably lacks all or most of the C4 enablers
(Christin and Osborne 2013). This implies a larger gap to the C4 phenotype, so that
additional components might have to be introduced in order to achieve a full C,4 cycle.
Future studies aiming at identifying key mutations for C4 evolution should rather focus

on genetic manipulations of C; plants closely related to C, lineages.

6.2. Lineage-specific features and the complexity of the C,
phenotype

Complex biological features evolve gradually via successive modifications from a basic
structure and/or metabolic function. Camera eyes evolved from generic photoreceptor
structures, with subsequent modifications in descendant lineages (Arendt 2003; Gehring
2004; Lamb et al. 2007). The evolution of insect wings followed a similar pattern, i.e.
an initial structure probably co-opted for gliding was subsequent modified for different
purposes, for example the elytra in Coleoptera (Kukalova-Peck and Lawrence 1993;
Tomoyasu et al. 2009). Instances such as these suggest that complexity gradually
emerges from successive increments of adaptive components on top of an already
functional, adapted system. As any complex trait, the emergence of the complex Cs4
syndrome composed of numerous biochemical and structural components can also be
explained in such terms.

Cs photosynthesis is often presented as a categorical and uniform trait, in the
sense that Cs;, C, and CAM (Crassulacean Acid Metabolism) are alternative categories
of photosynthetic metabolism. However, it is clear that C, and CAM are not alternatives
to the C; cycle, but accessory functions built upon the C; cycle to increase CO-

concentration at the site of Rubisco (Kellogg 1999). It is also clear that the C, trait is not
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a uniform set of features, but a very heterogeneous trait with several anatomical and
biochemical variants around a single theme (Hattersley 1984, Sinha and Kellogg 1996;
Kellogg 1999; Furbank 2011; Lundgren et al. 2014, 2015; Dunning et al. 2017,
Lundgren et al. in prep; Reeves et al. 2018; Chapter 2). Such heterogeneity is related to
the highly convergent nature of the C, trait, which independently evolved in more than
62 lineages of angiosperms (Sage et al. 2011). The fact that each lineage has its unique
evolutionary history, before and after C4 evolved, contributes to the observed diversity
across C, lineages.

Most existing models of C4 evolution hypothesize that components of the C,
metabolism were acquired gradually following a single, linear trajectory that culminates
into the establishment of a full C4 cycle (Sage 2004; Gowik and Westhoff 2011; Sage et
al. 2012, 2018). Such models suggest that a C, metabolism is a necessary step for a Cy4
biochemistry to evolve. However, this hypothesis is mostly based on phylogenetic and
phenotpyic analysis of a single eudicot group, the genus Flaveria, and it does not
account for the heterogeneity that exists in the trait across eudicot and monocot C,
lineages. Here I propose a generalization of this model based on the current knowledge
on C, evolution (Fig. 6.1). A relative time-scale for the different events during the
evolutionary trajectory is suggested. In addition, once C4 evolution from a non-C,
background cannot be excluded, an evolutionary bypass of the C, metabolism as an
alternative trajectory is included.

My new model represents a phenotypic continuum, along which evolution can
proceed potentially in several directions. This mirrors the approach of Brautigam and
Gowik (2016), although the model that emerges from my work differs from previous
efforts in important aspects. First, it is crucial to acknowledge that the independent C,
origins are unlikely to have all followed the exact same trajectory, and the existence of a
variety of paths across the adaptive landscape might have contributed to the high
number of origins of the trait. The variety of trajectories between C; and C, states was
already emphasized by Williams et al. (2013) and their phenotypic models, and to some
extent recognized by Heckmann et al. (2013), who acknowledged that Cs4 must not
necessarily proceed via the C, cycle. However, almost all previous efforts to infer
evolutionary trajectories considered the C4 phenotype as a single stage, which represents
the end point of evolutionary trajectories. This led to a lack of interest in the changes
that happen once the C4 phenotype emerged, and also the wide reliance on only one

species per Cy4 lineage. The importance to capture the diversity within each C, lineages
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was well established among C, ecologists and physiologists (Edwards and Still 2008;
Edwards and Smith 2010; Osborne and Freckleton 2009; Atkinson et al. 2016), but the
Alloteropsis studies conducted in this thesis (Chapters 3, 4 and 5) and by other members
of our research group (Dunning et al. 2017) were the first to consider evolutionary
trajectories where a multitude a C, 'end points' exist. Applying the same approach to the
large Andropogoneae C, group clearly showed that most C,4 characteristics have been
acquired after the C4 physiology emerged (Chapter 2; Besnard et al. 2018), so that the
complexity of the C, trait as observed in some extant species results from millions of

years of adaptation of the existing C4 machinery.

- Rubisco segregation;
| increased
- decarboxylation and
~ PEP regeneration;
increasingly higher
proportions of CO,
fixed by PEPC

[
-

Accumulated changes in C,-related components

Adaptations to warm Enzymatic and
conditions and low anatomical
intercellular CO, (e.g. optimization
larger BSC; higher vein T §
density; increased number — C
and size of organelles). | — C,-C, intermediate

Fig. 6.1. A simplified model for the evolution of C, photosynthesis. A C; phenotype can evolve from
multiple trajectories. Long periods of accumulation of Cy-related characters may precede C4 evolution. A
C4 cycle might evolve from both C; and C; biochemical backgrounds. Multiple C,; phenotypes originate
from lineage-specific optimizations of leaf anatomical and biochemical traits.
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6.3. Gene flow between divergent lineages as a source of novel

adaptive mutations

Isolation promotes genetic divergence by allowing distinct gene pools to build up.
Divergent lineages accumulate genetic variants, which can be neutral and fixed through
drift or have been selected in a process of local adaptation (e.g. Dionne et al. 2008;
Fournier-Level et al. 2011; Papadopulos et al. 2014). Secondary contacts between
isolated gene pools can be a source of advantageous mutations (Whitney et al. 2010;
Hedrick 2013; Stern 2013; Pardo-Diaz et al. 2012; Huerta-Sanchez et al. 2014; Kreiner
et al. 2018). Here I provide evidence for an instance of introgression between isolated
populations providing adaptive genes related to the C. trait (Chapter 4), as well as
further evidence for the importance of gene flow between even more distantly related
grass lineages, in the form of LGTs, for the origin and optimization of C4 photosynthesis
(Chapters 2, 3 and 4).

Components of the Cy trait vary considerably within A. semialata, not only
between photosynthetic types, but also within the C4 group. Different genes have been
co-opted for the C4 function in different C4 subgroups of A. semialata (Dunning et al.
2017; Dunning et al. in prep), and this is accompanied by large variation in C4 gene
expression levels (Dunning et al. in prep) and anatomical traits (Lundgren et al. 2016, in
prep). Such differences indicate the accumulation of variation in Cs-related traits in
divergent lineages of A. semialata, providing the basis for adaptive evolution via
secondary contact between divergent lineages. In Chapter 4, we indeed provided
evidence of gene flow between natural populations of divergent lineages of A.
semialata, which might have contributed to the origin or strengthening of a weak C,
cycle in the individuals with admixed genetic background. Coupling further genome-
wide analysis with phenotype characterizations will provide an unique opportunity to
track the within-species dynamics of genes associated with the C, metabolism. The
current availability of two genomes of A. semialata (Dunning et al. in prep; Chapter 5)
will facilitate such efforts.

While my work has highlighted the importance of hybridization for C,
adaptation, this evidence came solely from the A. semialata species complex. The LGTs
reported here similarly concerned A. semialata, as in previous studies (Christin et al.
2012, Dunning et al. 2017). This raises the question of whether some properties of A.

semialata make genetic exchanges following secondary contacts especially important

242



6. General Discussion

for adaptation in this species. The genetic structure of A. semialata suggests highly
fragmented populations (Chapter 4; Olofsson et al. In prep), which might have
facilitated local adaptation. However, it is likely that secondary genetic exchanges
facilitated C4 adaptation in other groups as well. It has recently been suggested that Cs-
C, intermediates might be of hybrid origin although there is no supporting evidence for
this hypothesis (Kadereit et al. 2017). There is however evidence of transfer of C4 genes
among distinct species. First, genes for PCK, which were transferred between a member
of Cenchrus and Alloteropsis (Christin et al. 2012; Chapter 4), were also apparently
laterally-acquired by members of the grass genera Echinochloa and Cymbopogon,
which both use it for their C4 pathway (Moreno-Villena et al. 2018; Dunning et al. In
prep). In addition, discrepancies between gene and species trees have suggested that
genes for C, PEPC were somehow passed among members of the sedge genus
Eleocharis (Besnard et al. 2009) and among members of the grass genus Neurachne
(Christin et al. 2012). These cases were detected incidentally, in the absence of
dedicated effort. It is therefore likely that targeted searches coupled with accumulating
genomic resources will show that selection following genetic exchanges played an
important role in C4 evolution in many groups, supporting the overall importance of

gene flow in the origins of adaptive innovations.

6.4. Applications of whole genome sequencing at low coverage

Although whole-genome sequencing costs have drastically decreased during the last 10
years (van Dijk et al. 2014), conducting comparative genomic studies can still be costly
due to the requirement of large sample sizes. One alternative to reduce these costs is to
pool many samples in a single sequencing run (Straub et al. 2012; Buerkle and Gompert
2013; Dodsworth 2015). Whole-genome sequencing at low coverage has been widely
used for phylogenetic analyses (Besnard et al. 2013; Lundgren et al. 2015; Silva et al.
2016; Arthan et al. 2017; Hackel et al. 2018). Such studies mainly focus on the
organellar portion of the genome, which are typically sequenced at higher depth because
they are present in multiple copies within each cell. They are therefore easy to assemble
and analyse and can provide useful phylogenetic markers. However, the reads obtained
from the nuclear genome can still be used for many purposes (e.g. Besnard et al. 2014,

2018). These reads are generated as a by-product of organelle sequencing, but are
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generally ignored, so that these resources exist for an increasing number of species, but
remain largely unexplored.

The work presented in this thesis largely made use of available low coverage
datasets, which in most cases were initially generated for phylogenetic analyses using
plastid sequences (e.g. Lundgren et al. 2015; Arthan et al. 2017; Hackel et al. 2018). I
developed novel approaches for phylogenomic analyses of the nuclear genome (Chapter
2), the analysis of gene copy numbers (Chapter 3), and phylogeographic analysis, based
on the population genetic framework developed by Dr. Jill Olofsson (Chapter 4). I
further collaborated on the analysis of specific Cs genes using similar low-coverage
sequencing datasets (Besnard et al. 2018). Previous studies have highlighted some of the
advantages of using low-coverage sequencing, including its lower costs and the
possibility to work on poorly preserved samples stored in museum collections. This can
include rare species located in remote places (Chapter 2), individuals of some species
from regions where field work is difficult due to unstable political situations (Chapter
4), or even species that are now extinct (Zedane et al. 2016). While the usefulness of
low-coverage sequencing for phylogenetic analyses of organellar genomes, ribosomal
DNA or specific nuclear marker was known, my work has shown that functional
genomics 1is possible when combining such dataset with whole genomes or
transcriptomes available for a few samples (Chapters 2, 3 and 4).

Overall my thesis contributed with novel approaches to extract robust
information from the nuclear genome portion of low-coverage sequencing datasets.
Because similar datasets are now routinely generated by many research groups, the
number of species that can be included in such studies is becoming significant. There
are now hundreds of grass plastomes in public databases. The corresponding sequencing
reads are not generally released, but coordination among research groups allowed
assembling a large species pool in Chapter 2. In the future, applying my approaches to
the continuously generated low-coverage sequence data will allow conducting genomic
studies on large scales. This will remove the problem of C3/C4 comparisons relying on a
few species highlighted above. In addition, this will allow generating large-scale nuclear
phylogenies for multiple groups, enabling explicit quantification of gene flow among
species (e.g. Chapter 4). While such research program will undoubtedly shed new light
into the origins of C, photosynthesis, my methods can be applied to any group and any
trait of interest, therefore contributed to the advent of broad comparative genomic

analyses of the origin of novel adaptations.
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In this dissertation, I used genomic analyses coupled with phylogenetic methods to shed
new light on the evolutionary origins of a complex physiological trait, the C,
photosynthetic metabolism. Four hypotheses concerning the macro- and
microevolutionary aspects of C4 evolution were tested and provided novel insights into
the subject. First, I showed that the evolution of some components of the C, trait can
evolve via bursts of genetic changes concentrated in relatively short periods during the
diversification of a Cy4 lineage, as opposed to the view of gradual change over time. I
also showed that such bursts of change were followed by continued adaptive evolution
of some C4 enzymes and further anatomical specializations. This finding indicates that
the establishment of a C4 cycle might not be the end of a single-route optimization
trajectory, but the opening of numerous novel adaptive trajectories, in terms of both
physiology (trait machinery) and ecology (niche specialization). Several genetic
mechanisms and population-level processes that take place in shorter time scales may
underlie such macroevolutionary patterns. Here I showed that gene duplications via
dosage effects might provide an evolutionary shortcut to achieve the gene expression
patterns and enzyme kinetics required for the Cs4 pathway, as an alternative to the
gradual accumulation of changes in regulatory and coding regions. Finally, analysis of
the intraspecific dynamics of novel Cs-adaptive mutations indicated that components of
the C, trait can evolve in isolated gene pools and later be combined via gene flow
between individuals belonging to divergent genetic lineages. Further genomic analyses
of one of such Cs-adaptive mutations did not confirm the hypothesis of its rapid sweep
across populations, which calls for follow-up studies. In summary, the findings that |
present in this dissertation reveal mechanisms and patterns that contribute to reduce the
gaps that produce the apparent conundrum of evolving complex physiological traits.
Numerous gaps in our knowledge still remain, and these are mainly related to the
microevolutionary aspects of Cs evolution. For example, the origins of tissue-specific
expression patterns of Cs-related genes remain largely unknown. Successful crosses
between closely related C4 and non-C, individuals are key in this context, so that the
genetic architecture of the Cy trait can be further explored. Future studies should also
test whether C4 expression patterns can be achieved plastically via the induction of one

or a few changes (e.g. PEPC and PCK). The grass Alloteropsis semialata is probably the
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best candidate for such efforts, as it includes recently diverged Cs; and non-C,
populations, and the work presented here has demonstrated the practicality of the
system for both comparative genomics and analyses of gene flow and population

dynamics.
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