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Summary

Summary

Biologists have long been fascinated by the biological complexity that exists today, with organisms
displaying a remarkable diversity of adaptations that have enabled them to thrive in almost every
environment. Many of the most impressive adaptations would be classified as complex traits, with
structural and metabolic elements working in synergy. To evolve, multiple elements need to be
rewired, which can be achieved by incremental modifications over successive generations.
Understanding evolutionary steps leading to the emergence of a complex trait can help solve the
evolutionary complexity puzzle. The C, photosynthetic pathway is a complex adaptation involving
multiple biochemical and anatomical changes that have allowed certain plant lineages to succeed in
specific environmental conditions, including warm and arid climates. Here, we aimed to investigate
the evolutionary modifications required to construct the C, cycle, a complex trait. I initially focused
on examining the remarkable photosynthetic variation in the grass A/loteropsis semialata, a species
unique in having both C, and non-C, photosynthetic genotypes. In my research, I conducted a
comparative analysis to identify leaf traits associated with the proportion of carbon fixed using the
C, cycle. The findings revealed that plants with higher C, activity generally have a greater ratio of
photosynthetically active bundle sheath tissue. Subsequently, I employed a genome-wide
association study (GWAS) to identify several candidate genes associated with the strength of the C,
cycle and enhancing the proportion of bundle sheath tissue. Finally, in the final chapter of my
research, I adopted a more comprehensive perspective to investigate the genetic precursors that may
have enabled the repeated evolution of C, photosynthesis in the PACMAD grasses. I found that
genes associated with cell wall modifications and stomatal aperture were duplicated at the base of
the PACMAD clade, potentially facilitating the repeated convergent evolution of Kranz anatomy.
Collectively, all three data chapters highlight the importance of anatomical modifications in the

emergence of the C, cycle. Overall my thesis identifies several key changes required for C,
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evolution, and the results may be relevant to engineering C, in C; species, such as rice.
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Chapter 1. General Introduction

1. General Introduction

1.1. The evolution of complex traits

Biologists generally try to explain the evolution of complex traits via a series of gradual changes
that happen slowly, with natural selection favouring each consecutive intermediate stage (Darwin
1859). In this manner organisms have evolved countless complex traits to adapt to their
surroundings and increase their fitness (Suzuki, 2017), with textbook examples including wings for
flight and the camera eye to see. The development of complex traits typically relies on a suite of
individual features that must all be present for the trait to function as a whole, such as biochemical
and morphological adaptations that are co-opted to function as a unit (Geary et al., 2010; Stayton,

2015; Lau and Oakley, 2020).

Complex traits do not appear instantaneously, and the transition from the ancestral state to a
complex one requires passing through intermediate stages where only some of the constituent
elements may be present (Shapiro, 2023). Theoretically, each intermediate stage should bridge the
gap between the ancestral and complex trait by offering an incremental advantage, or at least not
reducing fitness, to be retained by natural selection (Darwin, 1859). The development of complex
traits is therefore more analogous to the sequential evolution of a series of simple traits, with
random mutations that modify a phenotype that is selected for, and over time these incremental
mutations accumulate (Barton and Turelli, 1989; Flatt, 2020). Whilst it is known theoretically how
complex traits develop, there are relatively few instances where the evolutionary path that a specific
complex trait took has been resolved(Danowitz et al., 2015). Phenotypic analysis can help our
understanding of how intermediate stages are connected, particularly when looking at whole
organism traits that are documented in the fossil record, e.g. the intermediate forms of aquatic

mammals (Jablonski and Shubin, 2015). However, the genetic basis of these changes, or how less
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visible phenotypes occur (e.g. the evolution of complex metabolic pathways) is still poorly

understood.

1.2. How genetic variation can contribute to complex trait evolution

All traits are predominately established by natural selection selecting for genetic variation that can
increase fitness. The simplest form of DNA variation among individuals are point mutations, where
the substitution of one single nucleotide for another occurs, often referred to as a single nucleotide
polymorphism’ (SNP). Genome wide, a majority of these SNPs occur in non-coding regions and are
either selectively neutral or deleterious (Halushka et al., 1999). However, occasionally
nonsynonymous SNPs that are a type of genetic variation where a single nucleotide change in the
DNA sequence leads to an alteration in the amino acid sequence of a protein that can alter functions
can be positively selected for, such as those that resulted in adaptive amino acid substitutions in
vertebrate opsin genes that are associated with improved colour vision (Hagen et al., 2022). Whilst
we know that point mutations can alter phenotypes, the rate of mutation means that developing a
new phenotype purely through adaptive amino acid substation seems impossibly slow, especially in
large populations. Other sources of genetic variation that can indirectly accelerate the evolution of

complex traits include changes to gene expression levels and gene duplication.

Gene expression variation can modify phenotypes and is often associated with rapid adaptive
divergence requiring relatively few genetic changes (King and Wilson, 1975; Wray, 2003; Duarte et
al., 2006; Ganko et al., 2007; Fay and Wittkopp, 2008; Babbitt, Haygood, Nielsen, and Wray, 2017).
In short, gene expression can be a bridge between genotype (genetic makeup) and phenotype
(observable traits), mediating the complex interactions with environmental factors that together

culminate in an organism's trait expression (Hamann et al., 2012). A high gene expression can
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facilitate adaptive transitions and typically arises from duplication events and gene dosage effects
(Ohno, 1970; True and Carroll 2002; Zhang, 2003; Kliebenstein, 2008; Kaessmann et al., 2009;

Bianconi et al., 2020).

Duplication events occur through a variety of processes, and they can affect individual loci (e.g.
unequal crossing over) or even whole genomes (polyploidisation). Once duplicated, these genes
evolve along separate evolutionary paths (Lynch and Conery, 2003). The duplicated gene can be
lost from the genome, it can work in concert with the original copy to increase expression (dosage
effect), split the function of the ancestral gene (subfunctionalization) or even diverge to generate a
novel function (neofunctionalization). Gene duplication is known to be particularly important for
complex trait evolution, e.g. the visual diversification of visual pigments in fish (Hofmann and
Carleton, 2009), and Homeobox (HOX) gene duplication and the diversification of animal body

plans (Akam, 1995).

For my thesis I focus on the evolution of C, photosynthesis, a superb model of convergent evolution
of a complex trait that has originated independently over 60 times in plants (Figure 1.1 adapted
from Sage et al., 2011). C, photosynthesis is believed to have evolved via the gradual accumulation
of multiple biochemical and anatomical components, increasing the efficiency of photosynthetic
CO, fixation in high temperature environments (Hatch and Slack, 1966; Hatch 1978). However, our
understanding of this process is hindered by the fact that photosynthetic types are typically
segregated among different species that diverged a long time ago. This makes it difficult to
distinguish changes that occurred during the origin of C, from those which accumulated later

(Heyduk et al., 2019).
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Figure 1.1

The convergent evolution of C, photosynthesis. The phylogenetic distribution of C, photosynthetic lineages in
angiosperms is shown in red. The number of independent origins is indicated between parentheses within each
taxonomic group. The figure was adapted from Sage et al., (2011).

1.3. Photosynthesis

Solar energy is the ultimate origin of almost all energy on earth, which serves as a fundamental
cornerstone for sustaining life on the planet, driving the processes of primary production. The
primary mechanism by which autotrophic organisms convert solar energy into chemical energy in
the form of organic compounds is called photosynthesis. Autotrophic organisms such as plants,
algae and cyanobacteria carry out photosynthesis to convert light energy into chemical energy using
water (H,0O), and carbon dioxide (CO,) as inputs to produce simple sugars and oxygen. In plants,
photosynthesis primarily occurs in the mesophyll cells of leaves, where CO, is fixed directly in the

chloroplasts, a photosynthetic organelle. In C; photosynthesis, which is the most common pathway
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among plants, CO, is initially fixed into a three-carbon compound, 3-phosphoglycerate (3PG),
hence the name C;. All parts of C; photosynthesis occur within the leaf mesophyll cells. The
reactions can be separated into two major steps, the light and dark reactions
(Calvin—Benson—Bassham). C; photosynthesis is characterised by its reliance on the Calvin cycle
that occurs in mesophyll, where the enzyme Rubisco plays a critical role in fixing CO,. This
pathway is best suited to environments where temperature and light intensity are moderate,

particularly in temperate regions.

Light-dependent reactions take place in the thylakoid membranes of the chloroplasts and use light
energy to generate ATP from ADP and inorganic phosphate, as well as NADPH from NADP+
(Romanowska and Wasilewska-Debowska, 2022). The dark reaction takes place in the chloroplast
stroma and depend on the enzyme ribulose -1,5 bisphosphate carboxylase/oxygenase (Rubisco),
which is the primary photosynthetic carboxylase, enzyme that is crucial for photosynthesis, and is
the most abundant enzyme on earth (Ellis, 1979). The first resulting molecule after CO, is fixed by
RuBisco is an unstable 6-carbon compound that immediately is converted to two
3-phosphoglycerate (3PG) molecules (Merlo et al., 1993). Subsequently, multiple steps requiring
NADPH and ATP produced by light reactions lead to the storage of solar energy as
glyceraldehyde-3-phosphate (G3P), the precursor for sugar molecule synthesis (Miziorko and
Loimer, 1983). Anatomically, C; plants typically have a leaf structure with abundant mesophyll
tissue that is the primary site of photosynthesis, with chloroplasts evenly distributed. There is no
distinction between cells involved in the initial CO, fixation and those where the Calvin cycle

operates (Figure 1.2; Sage, 2004).
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() Calvin cycle in C; plants. (b) pathway of metabolism during C, in Alloteropsis semialata. Cy diagram is adapted
from Ghazzawy et al., 2024 and C, diagram is adapted from Dunning et al., 2019.

Under certain environmental conditions, including high light intensity, drought and high
temperature, the concentration of O, relative to CO, concentration inside the leaf increases due to
stomatal closure to save water. This favours the oxygenase activity of RuBisco, which can also
catalyse O, fixation, as well CO, assimilation. This results in the wasteful photorespiratory pathway
that may reduce photosynthetic efficiency (Bowes et al., 1971; Jordan and Ogren, 1984). The first
result of the photorespiratory cycle, through a series of reactions that consume ATP, is glycine that
is converted to serine, NH; and CO, (Bowes et al., 1971; Lorimer and Andrews, 1973; Lorimer and
Andrews,1973; Chollet and Ogren 1975 Ogren, 1984). Due to photorespiration, C; photosynthesis is

inefficient in hot and dry environments due to the lost energy (Sage and Monson, 1999).

1.4. Photorespiration

Photorespiration is initiated by the enzyme RuBisCO, which typically facilitates the fixation of CO,

in the Calvin—Benson—Bassham cycle but can also act as an oxygenase under conditions of high O,
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concentrations. In such cases, RuBisCO catalyses the reaction with oxygen, leading to the formation
of 3-phosphoglycerate (3-PGA) and 2-phosphoglycolate (2-PG), the latter being a harmful
byproduct that cannot proceed through the Calvin—Benson—Bassham cycle. To mitigate this,
2-phosphoglycolate is dephosphorylated in the chloroplast by the enzyme phosphoglycolate
phosphatase, producing glycolate. This glycolate is then transported to the peroxisome, where it is
oxidised by glycolate oxidase to generate glyoxylate and hydrogen peroxide (H,O). Glyoxylate is
subsequently converted into glycine through the action of glutamate aminotransferase. The glycine
is then shuttled to the mitochondria, where two glycine molecules are converted into one molecule
of serine, along with the release of CO, and ammonia (NHj;), through the activities of the glycine
decarboxylase complex (GDC) and serine hydroxymethyltransferase (SHMT). Although the CO,
released can be recaptured by RuBisCO in the chloroplasts, this process requires significant energy,
resulting in a net carbon loss and the consumption of ATP and reducing power. Subsequently, serine
is transported back to the peroxisome, where it is converted into hydroxypyruvate by serine
aminotransferase and then reduced to glycerate by hydroxypyruvate reductase. Glycerate is then
returned to the chloroplast, where it is phosphorylated by glycerate kinase to reform
3-phosphoglycerate (3-PGA), allowing it to re-enter the Calvin—Benson—Bassham cycle. The
energy demands of photorespiration are substantial, potentially using up to 50% of the energy
obtained from photosynthesis, thus rendering it an inefficient process under certain environmental
conditions (Bauwe et al., 2010; Sage and Sage, 2009). However, recent studies have redefined this
perspective by demonstrating that photorespiratory intermediates, such as glycine, play a vital role
in supporting optimal leaf function. During light transitions, glycine accumulation enhances net
carbon assimilation, thereby contributing to the efficiency and adaptability of photosynthesis under

fluctuating environmental conditions. This emerging evidence underscores the functional
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importance of photorespiration in maintaining the stability and performance of the photosynthetic

apparatus (Figure 1.3; Busch et al., 2013; Busch et al., 2018; Fu and Walker, 2024).
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Figure 1.3

The metabolic steps across multiple sub-cellular compartments of photorespiration. The figure was adapted from Bauwe
etal., 2010.

To potentially reduce energy waste associated with photorespiration, some plants have developed
COq-concentrating mechanisms(CCMs), which may enhance photosynthetic efficiency under
certain conditions (Hatch, 1971; Edwards and Ku, 1987 Leegood et al. 1995), which improve the
efficiency of photosynthesis during conditions that favour photorespiration (Figure 1.3, adapted
from Yamori et al., 2013). The main role of CCMs is to transport and release CO, around Rubisco
either through temporal separation of primary -CO, fixation and release, such as crassulacean acid
metabolism (CAM), or spatial separation of carbon-fixation and release, such as C, photosynthesis,
thereby reducing the energy cost of photorespiration (Figure 1.4). In contrast to C; photosynthesis,
these mechanisms allow certain plants to thrive in environments where C; plants would suffer

significant reductions in photosynthetic efficiency due to high rates of photorespiration.
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C, is less efficient at high temperatures. Standard temperature reactions of photosynthesis in C;, C,, and CAM plants,
arrows represent the potential range of T,,. This figure is adapted from Yamori et al., (2013).

1.5. C, photosynthesis

The C, photosynthetic pathway takes place in two neighbouring cell types, therefore a modified leaf
anatomy is needed to support the spatial segregation of the C, cycle and enable rapid metabolite
transfer (Dengler et al.,1994; Hattersley, 1984; Lundgren et al., 2014). According to Hattersley and
Watson (1975), the mesophyll and bundle sheath must be close to each other, ideally with no more
than a single cell between them (Figure 1.5). Moreover, the large fraction of the leaf compartment
(bundle sheath) that is housing the Calvin—Benson—Bassham cycle must be expanded to fix CO,
that is released from decarboxylation (Brown and Hattersley, 1989; Dengler and Nelson, 1999).
Finally, there are many enzymes that need to be co-opted to transport C, cycle metabolites to the
bundle sheath cells, release CO, and regenerate the intermediate compounds, all requiring

heightened activity in specific leaf cells (Hatch, 1971; Hatch and Osmond, 1976).

10



Chapter 1. General Introduction

In C, species, atmospheric CO, in the mesophyll is first converted into HCO;™ by carbonic
anhydrase, which catalyses the rapid interconversion of CO: and water to bicarbonate (HCOs") and
protons, before being fixed by phosphoenolpyruvate carboxylase (PEPC) (Figure 1.2; Hatch and
Slack, 1966; Burnell and Hatch, 1988; Ermakova et al., 2020). PEPC, unlike Rubisco, does not
have an affinity for O, and it is also a superior carboxylase relative to Rubisco (Hatch and Slack,
1966; Webster et al., 1975). The first result of the CO, fixation by PEPC is a compound with four
carbon atoms (hence its name, C, photosynthesis), which is oxaloacetate or malate, that then is
transported into the bundle sheath cell via plasmodesmata. In the bundle sheath, CO, is released via
one of decarboxylation enzymes within this compartment isolated from the atmosphere, and the
intermediate compounds of the decarboxylation reactions diffuse back to the mesophyll and are
regenerated (Figure 1.2; Hatch, 1987). Effective C, plants need to possess a large proportion of
bundle sheath that contains chloroplasts with Rubisco (Hattersley and Watson 1975; Lundgren et al.
2014, Alenazi et al., 2023), and a short distance between consecutive bundle sheath cells which
might have resulted from reducing the number of mesophyll cells (Christin et al., 2012; Alenazi et

al., 2023).

There are three known decarboxylating enzymes in the bundle sheath that can catalyse the release
of CO, from C, acids, and the different subtypes of the C, pathway are named based on the enzyme
used (Hattersley, 1982; 1992; Hatch, 1987). Most C, species use NADP-malic enzyme (NADP-ME)
as their primary decarboxylating enzyme (Sage, 1999). The other enzymes are mitochondrial
NAD-malic enzyme (NAD-ME) and PEP carboxykinase (PCK) (Hatch et al., 1975). Even within
these C, subtypes, there are some anatomical differences (Dengler and Nelson, 1999; Edwards and
Voznesenskaya, 2011), but it is now acknowledged that all C, plants use the three enzymes in
different proportions (Furbank, 2011). Alloteropsis semialata, for example, predominantly uses the
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NADP-ME pathway for its C, photosynthetic metabolism. However, this pathway is complemented
by the incorporation of a PCK shuttle, which can constitute the principal route for carbon flux
within the C, cycle of this species (Ueno and Sentoku, 2006). Consequently, while both NADP-ME
and PCK pathways are operational, the PCK shuttle is notably significant in mediating the carbon

flux (Figure 1.2b; Christin et al., 2013).

Bundle sheath

C; Anatomy
Cs photosynthesis

C; photosynthesis

CO; ——t—p ———>

C, Anatomy

C, photosynthesis

Figure 1.5

Leaf structure and photosynthetic pathways in Cs;, C;-C,, and C, grasses. In C; plants, both CO, assimilation and release
occur in mesophyll cells, resulting in larger mesophyll areas compared to bundle sheath tissue. C;-C, plants utilise an
intermediate physiology known as C, photosynthesis, with the Calvin-Benson cycle in mesophyll cells and glycine
decarboxylase localised in bundle sheath cells, making a weak CO,-concentrating mechanism. C, plants employ a
robust CO,-concentrating mechanism, transferring CO, from mesophyll to bundle sheath cells, minimising oxygenation
and photorespiration. This process requires significant bundle sheath tissue but less mesophyll, achieved through minor
vein insertion. This figure is adapted from Lundgren et al., (2019).

1.6. C;-C,intermediates bridge the transition from C; to C,

C;-C, intermediates are taxonomically widely distributed, being found in several plant orders
including Asterales, Capparales, Caryophyllales, Poales and Flaveria genus (Asterales). At least
some of the C;-C, species are considered to be examples of an active evolutionary transition from
C; to C, (Powell in 1978 ; Edwards and Ku, 1987). The existence of intermediary species exhibiting
traits of both C; and C, photosynthesis allows this transition to be studied (Monson and Moore

1989; Sage, 2004; Sage and Sage et al., 2012). In general, C;-C, intermediate plants can be
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classified into two distinct groups depending on whether the metabolism they exhibit is closer to C;
or C, species. In ‘type I C;-C,” intermediates (Edwards and Ku, 1987), which is also called the C,
Cycle, the Calvin-Benson cycle takes place in the mesophyll and the expression of a multi-protein
complex GDC is enhanced. GDC converts glycine, which comes from the photorespiration cycle, to
start CO, liberation in the bundle sheath cells. Losing GDC expression from the mesophyll cells
separates photorespiration between two compartments and thus increases CO, in the bundle sheath
cells (Figure 1.5; Rawsthorne, 1992; Sage et al., 2012; Schulze et al., 2016). Hence, this localization
drives the photorespiratory cycle to be split between mesophyll and bundle sheath cells, resulting in

a modest CO,-concentrating mechanism

The ‘type II C;+C, intermediates’ fix part of their carbon using the C, cycle through having
increased PEPC, pyruvate phosphate dikinase (PPDK) and NADP-ME actives, but these enzymatic
activities remain notably lower than those observed in integrated full C, plant (Edwards and Ku,
1987). Thus, the transition from type II to fully C, largely happens via the modification to the
expression levels of key enzymes of C, cycle and the compartmentalisation of the different steps

between mesophyll and bundle sheath cells (Engelmann et al., 2003).

1.7. Identifying the genetic basis of C, photosynthesis

Many researchers are engaged in studying the genetic basis of C, photosynthesis, and the core
metabolic enzymes are well characterised (Broglie et al., 1984; Glackin and Grula, 1990; Burnell
and Hatch, 1988; Hermans and Westhoff 1990; Lepiniec et al., 1993). It has been found that the
underlying C, genes exhibit cell-type specific expression and over time, selection favours the

gradual increase in their expression (Heckmann et al., 2013).
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Cs Cs+Cy Cy

%CO: fixed by Cs cycle

\

Bundle sheath size

Chloroplast bundle sheath

Enzyme adaptation

i

Figure 1.6

The order of the theoretical modifications during the evolution shift from C;to C,(Adapted from Dunning et al., 2017).

Once these enzymes have been co-opted for a function in C, photosynthesis, served have been
found to have undergone positive selection for improved function (Kapralov et al., 2012; Rosnow et
al., 2014); for instance,Rubisco, PEPC and NADP-ME associated with C, have all been shown to be
evolving under positive selection (Wang et al., 2009; Rosnow et al., 2014, Orr et al., 2016). Positive
selection is believed to have led to convergent amino acid substitutions in independent origins of C,
(Christin et al., 2007; Watson-Lazowski et al., 2018) and also been used to infer when a full C,

physiologically evolved (Dunning et al., 2019).

1.7.1. Gene duplication and C, photosynthesis

Gene duplication events have been observed in all angiosperm lineages, and they are a prominent

feature of plant evolution (Adams and Wendel 2005; Soltis et al. 2009). However, gene duplication
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occurs randomly, and the retention of duplicate genes is influenced by selection (Lynch and Conery
2000). If the duplicate genes are retained, they might keep the original function (potential dosage
effect), part of it (subfunctionalisation) or evolve a new function (neofunctionalisation). Hence, it is
essential to research the contribution of gene duplication events to the emergence of complex

convergent phenotypes such as C, photosynthesis by including many independent origins.

The role of gene duplication in C, evolution is presently unclear. A few gene families have been
duplicated and preserved in independent C, origins. However, the subsequent adoption of specific
genes from these duplicated pairs for C, function was not always the same, and the adoption of a
gene for C, function was more commonly associated with its ancestral expression levels (Emms et

al., 2016; Moreno-Villena et al., 2018).

Gene duplication also has the potential to have a transient impact on short term evolutionary scales.
For example, an initial rise in gene copies likely provided a quick way to boost expression during
the early stages of C, evolution and physiological innovation, and subsequently duplicates may
have been lost after the plant had acquired the genes encoding more suitable isoforms (Bianconi et
al., 2018). Thus, the dosage effect of gene duplication might serve as a temporary process during
the evolution of C,. Eventually the duplicated genes became unnecessary due to regulatory

mutations that enhanced expression levels (Bianconi et al., 2018).

1.8.Using quantitative genetics to identify novel C, genes

Quantitative genetics analysis methods like genome-wide association studies (GWAS) and
quantitative trait loci (QTL) mapping can shed light on the loci associated with a complex trait such

as C,. Genome-wide association studies (GWAS) are a highly useful technique for identifying
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genetic variations that are correlated with trait variation. GWAS uses SNPs to capture genetic
variation across the genome (Wang et al., 2005; Uffelmann et al., 2021). Statistical evaluation of
hundreds of thousands of SNPs is conducted to identify relationships with a distinct phenotype. It is
crucial to consider an excessive rate of false positives when analysing GWAS data due to numerous

statistical tests performed (Bureau et al., 2005).

The segregation of different photosynthetic types among different species can make it difficult to
use methods to identify changes that led to the emergence of C,. However, quantitative genetics
methods like GWAS and QTL mapping have been used to investigate the intraspecific variation of
C, associated traits. For instance, in maize, Strigens et al. (2013) have studied photosynthetic
performance during chilling. Also, Ferguson et al. (2021) have investigated genes associated with
stomatal conductance and water use efficiency in sorghum. However, no specific region related to
differences in C, carbon fixation or Kranz anatomy has been identified due to the lack of

segregating populations (Simpson et al., 2021).

1.9. Using grasses as a study system for C, evolution

While the grass family (Poaceae) is generally well-defined, some relationships within it remain
uncertain. Phylogenetic analyses have contributed to the classification of grasses into 12
subfamilies, three of which are small subfamilies with a few species (Figure 1.7; Clark and
Judziewicz, 1996; Clark et al., 2000; Kellogg, 2015; Soreng et al., 2017). The remaining nine
subfamilies form two large clades, PACMAD and BOP (Soreng et al., 2017). The PACMAD clade,
which includes six subfamilies (Panicoideae, Aristidoideae, Chloridoideae, Micrairoideae,
Arundinoideae, and Danthonioideae), is closely related to the BOP clade, comprising three

subfamilies (Bambusoideae, Oryzoideae, and Pooideae), where C, species are notably absent
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(Grass Phylogeny Working Group 11, 2012). The PACMAD clade contains all C, grasses (Sage,
2004) including multiple C, origins (Christin et al., 2012; Edwards and Still, 2008); however, the
relationships among these origins are not very clear and they vary depending on the data (nuclear or

chloroplastic gene sequences) used to infer phylogenetic relationships (Figure 1.7; Grass Phylogeny

Working Group II, 2012; Huang et al., 2022).

1.10. Alloteropsis semialata as a study system

Alloteropsis semialata, according to Ellis (1974), is the only known species with both C, and
non-C, genotypes, so it has long been used as a model to study the evolutionary path of C,
photosynthesis (reviewed by Pereira et al., 2023). A number of populations of A. semialata in the
ground layer of the Central Zambezian miombo forests perform a weak C, cycle that has been
classified as "C;+C," (Lundgren et al., 2016; Dunning et al. 2017). Previous comparative studies
claimed that the transition to full C, photosynthesis in 4. semialata results from the overexpression
of a few core C, enzymes (Figure 1.6; Dunning et al. 2019), and the acquisition of C,-like
anatomical traits such as minor veins (Figure 1.6; Lundgren et al. 2019). The strengthening of the
C, cycle in the C;+C, intermediates is associated with alterations in a number of leaf anatomical
traits related to the preponderance of inner bundle sheath tissue fraction, the cellular location of the
C, cycle, including the distance between consecutive bundle sheaths, the width of inner bundle

sheath cells and the proportion of bundle sheath tissue in the leaf (Alenazi et al., 2023).
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Figure 1.7

Summary of the most recent nuclear phylogeny of PACMAD grass subfamilies inferred from genome wide nuclear
data, C; = blue, C, = red, and mixed = grey. This figure is taken from Huang et al., (2022).

Previous molecular phylogenetic work using nuclear-encoded gene sequences that Alloteropsis
semialata could be demarcated into four distinct clades. The connections between the four clades
differed according to the methods used, as the C; + C, clade II was either positioned as a sibling to
clade III + I'V, which are C, clades, or clade I that corresponds to C; accessions (Figure 1.8). In both
scenarios, there was a comparable amount of evidence supporting each possible phylogenetic

arrangement (Bianconi et al., 2020).
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Figure 1.8

A coalescent species tree depicting the nuclear history of A/loteropsis. The four main nuclear clades of A. semialata are
labelled with Roman numerals I-IV and highlighted in different colours. Key geographical regions are also indicated. I
clade = C;, II= C;+C, intermediates and both III and IV are C,. (The figure is taken from Bianconi et al., 2020)

1.11. Thesis aims

The main aim of the research described in this thesis was to determine how the C, cycle originated
during its evolution using C;+C, individuals of 4. semialata as a study system and using
independent C, origins in Poaceae to elucidate the evolutionary modifications while transitioning
from non-C, to full C, photosynthesis. This overarching aim was investigated using three

complementary studies that applied different approaches to overlapping sets of samples.

In the first chapter, the leaf anatomy of wild populations of Cs+C, 4. semialata representing a range
of carbon isotope values that showing the proportion of the heavier carbon isotope, *C, that is
discriminated by Rubisco enzyme not the PEPC in the leaf was studied to allow the quantification
of the effect of leaf anatomical changes on the transition from weak to strong C, cycles. This aim
was achieved using genomic data that helped to establish the demographic history of multiple
C;+C, populations spread across the Central Zambezian miombo woodlands. The leaf stable carbon

isotope ratio (3"°C) was used to estimate the strength of the C, cycle in each individual (Farquhar et
19



Chapter 1. General Introduction

al., 1989; O'Leary, 1981), and the corresponding leaf anatomy of each accession was quantified.
These data were leveraged to assess the variation amongst these C;+C,accessions for important C,
leaf characters, and to test for the effects of anatomical variation on the strength of the C, cycle,

while controlling for the species' evolutionary history.

The second chapter sought to elucidate the genomic architecture underlying variation in C,-related
leaf anatomical traits in 4.semialata. Statistical methods were used to connect specific variation
regions of the genome with leaf anatomical phenotypes and 3'°C by applying a genome-wide
association study (GWAS) approach to 4. semialata. Initially, a global analysis was performed to
identify candidate genes associated with the strength of the C, cycle (as indicated by 8"°C) using
genomic data from 420 individuals representing C;, C;+C, and C, phenotypes. The C;+C,
intermediates to identify candidate genes associated with the relative expansion of bundle sheath
tissue during the transition from a weak to a strong C, cycle. The high level of interspecific
variation in A. semialata permits a fine-scale understanding of the genetic basis of C, evolution,
including the intermediate steps involved in assembling this complex trait. It is crucially important
were then chosen as a focus in order to identify the initial changes required for the emergence of
this trait, something that may ultimately have applications in the engineering of C, photosynthesis

in C; crops such as rice.

The third chapter is aimed at understanding why C, origins in the grasses are restricted to the
PACMAD clade by identifying gene duplication events that occurred in the common ancestor of all
of the independent C, origins. We do this by generating two new genome assemblies for
Aristidoideae species Aristida adscensionis and Stipagrostis hirtigluma, and using comparative

genomics to identify gene duplication events associated with the BOP and PACMAD split.
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2.1. Abstract

C, photosynthesis results from anatomical and biochemical characteristics that together concentrate
CO, around ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), increasing productivity in
warm conditions. This complex trait evolved through the gradual accumulation of components, and
particular species possess only some of these, resulting in weak C, activity. The consequences of
adding C, components have been modelled and investigated through comparative approaches, but
the intraspecific dynamics responsible for strengthening the C, pathway remain largely unexplored.
Here, we evaluate the link between anatomical variation and C, activity, focusing on populations of
the photosynthetically diverse grass Alloteropsis semialata that fix various proportions of carbon
via the C, cycle. The carbon isotope ratios in these populations range from values typical of C; to
those typical of C, plants. This variation is statistically explained by a combination of leaf
anatomical traits linked to the preponderance of bundle sheath tissue. We hypothesize that increased
investment in bundle sheath boosts the strength of the intercellular C, pump and shifts the balance
of carbon acquisition towards the C, cycle. Carbon isotope ratios indicating a stronger C, pathway
are associated with warmer, drier environments, suggesting that incremental anatomical alterations

can lead to the emergence of C, physiology during local adaptation within metapopulations.

KEYWORDS C;—C, intermediate, C, photosynthesis, evolution, population genetics
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2.2. Introduction

The majority of plants use the ancestral C; photosynthetic pathway, in which atmospheric CO, is
fixed directly by the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) in a
reaction that constitutes the entry point of the Calvin—Benson—Bassham cycle. However, Rubisco
can also bind O,, which starts the energetically costly photorespiratory pathway (Bowes et al., 1971;
Lorimer and Andrews, 1973). The efficiency of the C; type, therefore, decreases in all conditions
that increase the partial pressure of O, relative to CO, within the leaf (Ku et al., 1983; Peixoto et al.,
2021; Sage et al., 2014). These conditions include warm, arid and saline habitats in the low-CO2
atmosphere that prevailed over the last 30 million years (Sage, 2001, 2004). Plants have evolved a
number of strategies to minimize photorespiration costs, the most significant of which are
CO,-concentrating mechanisms, such as C, photosynthesis (Edwards and Ku, 1987; Hatch, 1971).
In C, plants, the initial fixation of carbon is mediated by phosphoenolpyruvate carboxylase (PEPC),
an enzyme without affinity for O, (Burnell and Hatch, 1988; Hatch and Slack, 1966). This initial

reaction usually takes place in the mesophyll of C, plants, which CO, reaches via simple diffusion

through the stomata. The resulting C, acid is then transported into a different leaf compartment,

usually the bundle sheath that surrounds the veins, where Rubisco is segregated in C, plants (Hatch,

1971, 1987). CO, is released within this compartment isolated from the atmosphere, and the
intermediate compounds of the cycle are brought back to the location of PEPC activity and
regenerated (Hatch, 1987). Through this mechanism, the C, cycle increases the relative partial
pressure of CO, around Rubisco, almost completely suppressing photorespiration (von Caemmerer

and Furbank, 2003).
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The C, pathway relies on many anatomical and biochemical novelties compared to the C3 ancestral
state (Hatch, 1987). A number of enzymes, including PEPC and those needed to transform and
transport the C, acid, release CO2 and regenerate the intermediate compounds, need to be active at
high levels in specific leaf compartments (Hatch, 1971; Hatch and Osmond, 1976). In addition,
specific leaf properties are needed to support the segregation of reactions and allow for a rapid
transfer of metabolites (Dengler et al., 1994; Hattersley, 1984; Lundgren et al., 2014). In particular,
mesophyll and bundle sheath cells need to be in close proximity, with no more than one cell
separating them in C, plants (Hattersley and Watson, 1975). In addition, a large fraction of the leaf
must be dedicated to the tissue that houses the Calvin—Benson—Bassham cycle (Brown and
Hattersley, 1989; Dengler and Nelson, 1999). Despite this apparent complexity, the C, pathway
evolved more than 60 times independently from C3 ancestors (Sage et al., 2011). This remarkable
evolutionary phenomenon is explained by the existence of intermediate stages, which bridge the gap
between the C3 and C, states (Edwards and Ku, 1987; Heckmann et al., 2013; Kennedy and
Laetsch, 1974; Monson et al., 1984; Sayre and Kennedy, 1977; Williams et al., 2013; Yorimitsu et
al., 2019). In particular, some plants fix part of their atmospheric carbon via the C3 cycle and part
via the C, cycle, in proportions that vary from weak to strong C, involvements (Edwards and Ku,
1987; Monson et al., 1986; Stata et al., 2019). Theoretical models predict the existence of a path
from C3 to C,, where each step increases photosynthetic efficiency (Heckmann et al., 2013; Monson
and Moore, 1989; Williams et al., 2013). However, empirical tests of this hypothesis are largely
missing and the detailed events allowing the transition from a weak to a strong C, pathway remain

unexplored.

Investigating photosynthetic systems and how they respond to environmental gradients can be done

effectively using the stable carbon isotope ratio (8"°C; Farquhar et al., 1989; O'Leary, 1981). Plants
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contain lower levels of 13C than ambient air, and the 13C content of plant tissue largely depends on
the photosynthetic pathway (Bender, 1968; Troughton, 1979), although additional variation can be
observed in relation to environmental conditions (Guy et al., 1980; Winter, 1981). Rubisco
discriminates against 13C and preferentially fixes '*C during photosynthesis (O'Leary, 1981). In
contrast, PEPC discriminates less than Rubisco, making the isotopic composition of plant dry
matter a useful tool to identify different photosynthetic types (O'Leary, 1981). 8"°C has been widely
used as a proxy for photosynthetic type (Bender, 1968; Brown, 1977; von Caemmerer, 1992;
Cerling, 1999; Cerros-Tlatilpa and Columbus, 2009; Gowik et al., 2011; Lundgren et al., 2015;
Olofsson et al., 2021; Smith and Brown, 1973; Smith and Epstein, 1971; Stata et al., 2019), with
values of —10%o to —15%o for C, species, and —22%o to —31%o for C3 species (95% confidence

intervals from the data compilation of Cerling et al., 1997).

Alloteropsis semialata is the only species known to have both C3 and C, genotypes (Ellis, 1974). In
addition, some non-C, populations of 4. semialata, found in the grassy ground layer of the Central
Zambezian miombo woodlands, perform a weak C, cycle in addition to the direct fixation of CO2
via the C; cycle (Dunning et al., 2017; Lundgren et al., 2016). Comparative analyses have shown
that their physiology results from the up-regulation of particular C, enzymes (Dunning et al., 2019)
and the acquisition of C,-like anatomical characters (Lundgren et al., 2019) compared to Cs
populations. Importantly, the 8"°C of these plants range from values typical of a weak or null C,
involvement to values indicative of a C, cycle responsible for more than half of carbon acquisition
(i.e., —15%o to —22%o; von Caemmerer, 1992, 2000; Lundgren et al., 2015; Monson et al., 1988;
Olofsson et al., 2021; Stata and Sage, 2019). These non-C, populations of 4. semialata, therefore,
constitute an attractive system for investigating the changes responsible for the transition from a
weak to a strong C, cycle.
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In this study, we compare the leaf anatomy of wild populations of non-C, 4. semialata representing
a range of carbon isotope values, to quantify the importance of anatomical changes during the
transition from weak to strong C,cycles. We first use 6"°C, which reflects the proportion of
inorganic carbon fixed by Rubisco as opposed to PEPC, to estimate the strength of the C, cycle in
each individual. We further correlate the average 3'°C values of each population with the local
climate to test for links between C, activity and environmental conditions. We then use genomic
data to establish the history of non-C, populations spread across the Central Zambezian miombo
woodlands, and we quantitatively describe the leaf anatomy of multiple non-C, individuals per
population. These data are used to assess the variation for functionally important C, leaf characters
and test for relationships with the strength of the C, cycle across the phylogenetic tree for this
species. Our work sheds new light on the role of ecological variation in driving leaf anatomical

changes responsible for the transition from weak to strong C, cycles.

2.3. Materials and Methods

2.3.1. Plant sampling and carbon isotopes

Our sampling focused on the Central Zambezian woodlands, where non-C, A. semialata are known
to occur (Bianconi et al., 2020; Lundgren et al., 2016). Populations were collected irrespective of
their photosynthetic type in Tanzania and Zambia between 2014 and 2019 (Olofsson et al., 2021),
and all 28 populations that included individuals with a non-C, carbon isotope ratio (8"°*C <—17%o)
were selected for analyses in this study. The carbon isotope threshold was chosen based on previous
observations of photosynthetic physiology in comparison with §"*C in this species (Lundgren et al.,
2016) and in other groups (Stata and Sage, 2019). This existing sampling was augmented during a
field trip to Zambia in January 2020. All populations of 4. semialata, localized during random

walk-and-search stops, were again collected irrespective of their photosynthetic type. Leaf samples
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of multiple individuals were placed in silica gel and in 70% ethanol, and Global Positioning System
(GPS) coordinates were recorded for each locality (Supporting Information: Table 2.S.1). In
addition, herbarium collections were used to increase geographical coverage. Four previously
analysed herbarium samples (Lundgren et al., 2015; Olofsson et al., 2016) and eight new ones from
Burundi and the Democratic Republic of Congo (DRC) were included here (Supporting
Information: Table 2.S1). The GPS coordinates were used to retrieve for each locality the values of
18 bioclimatic variables from the WorldClim database (Fick and Hijmans, 2017), using the Raster
package (Hijmans, 2021) from R (R Core Team, 2020). These data represent the average climate for

the region from 1970 to 2000 (Fick and Hijmans, 2017).

Values of 8"°C were retrieved from previous studies or generated here (Supporting Information:
Table 2.S1; Bianconi et al., 2020; Lundgren et al., 2015; Olofsson et al., 2021). For the new
samples, 1-2 mg of dried tissue of leaves were used to measure the §"*C with an ANCAGSL
preparation module that is joined to a 20-20 stable isotope analyser (PDZ Europa). The §"°C was
expressed relative to the standard Pee Dee Belemnite, and all samples with a §°C <—17%o were
considered as non-C,. When sufficient material was available, the §'°C of non-C, individuals that
were selected for anatomical analyses were measured three times independently. The median of
these three technical replicates was used in subsequent analyses (Supporting Information: Table
2.S2). For the 16 samples where there was insufficient material to replicate the measurements, the
use of an unreplicated value reduces the precision of §°C estimates. However, the exclusion of

these values from the regression analyses did not qualitatively change the results.

To help interpret the 8"*C estimates, we carried out a sensitivity analysis using simple models of

carbon isotope discrimination (von Caemmerer, 1992; Farquhar et al., 1982). The analysis
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particularly emphasized the effects of variation in water-use efficiency via the ratio of intercellular
to atmospheric CO, partial pressures (pi/pa), and bundle sheath leakiness (¢), in plants with a weak

C, cycle (i.e. ‘type II' C;—C, intermediates; Monson et al., 1986).

2.3.2. Genome scan and phylogenetic analyses

The phylogenetic relationships among all individuals were inferred by combining sequence data
obtained with different approaches. The reduced representation sequencing approach of Olofsson,
Dunning et al. (2019) was used to scan the genomes of samples stored in silica gel. Genomic DNA
was extracted with the DNeasy Plant Mini Kit (Qiagen). Two restriction enzymes (EcoRI and Msel)
were used to digest the extracted DNA, and a barcode and a common adapter were ligated. Standard
[Mlumina primers were then added through PCR, with 16 cycles. Each sample was individually
barcoded and pools of up to 96 libraries were size selected (target of 300—600 bp) and sequenced as
125 paired-end reads on an Illumina HiSeq. 2500. The new data were combined with the subset of
those from Olofsson et al. (2021) corresponding to non-C, individuals. The whole genomes of the
new herbarium samples were sequenced as 150 bp paired-end Illumina reads at low coverage, using
the approach of Olofsson et al. (2016). Existing whole-genome sequence data for other Alloteropsis
samples representing the multiple lineages of 4. semialata as well as the other species in the genus
were added to the data set (Supporting Information: Table 2.S3; Bianconi et al., 2020; Lundgren et

al., 2015; Olofsson et al., 2016).

A nuclear phylogenetic tree was inferred using the method of Bianconi et al. (2020). For each of the
7408 putative single-copy genes in Panicoideae grasses identified by Bianconi et al. (2020),
orthologous sequences of A. semialata retrieved from the species chromosome-level genome

assembly (reference AUSI; Dunning et al., 2019) were used as a reference to map the paired-end
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reads from all sequence data sets using Bowtie2 v. 2.3.5 (Langmead and Salzberg, 2012) with
default parameters. Using a bash-scripted pipeline that implements the mpileup function of
Samtools v.1.9 (Li et al., 2009) for variant calling, gene sequences were reconstructed by
incorporating variant sites into a consensus sequence as in Olofsson, Cantera et al. (2019). All
polymorphic sites were called as ambiguous bases. This method produces sequences that are
already aligned to the reference. Gene alignments were trimmed with TrimAl v.1.4
(Gutiérrez-Rodriguez et al., 2009) to remove sites with missing data in more than 50% of
individuals. For each gene alignment, individuals with sequences shorter than 100 bp after trimming
were removed. In the end, individuals with more than 95% missing data across gene alignments
were discarded. The remaining trimmed gene alignments were concatenated, resulting in a

223 023 bp alignment encompassing 252 samples. A maximum likelihood phylogenetic tree was
inferred with RAXML v.8.2.12 (Stamatakis, 2014), using the GTRCAT substitution model and 100

bootstrap pseudoreplicates.

2.3.3. Microscopy and leaf anatomical measurements

Leaf material collected in the field was fixed and dehydrated in ethanol before embedding. For a
minimum of three randomly sampled individuals per population (or all individuals for populations
where fewer than three non-C, individuals were located in the field), leaf fragments of 5-7 mm in
length were embedded using the Technovit Kit (Technovit 7100; Heracus Kulzer GmbH). In all
cases, these samples for anatomy were taken from the same plant at the same time as the §"°C
samples. For herbarium samples or individuals only available as silica gel dried material, the leaves
were first rehydrated in 1% KOH solution for 24 h in the refrigerator at 4°C. After embedding,
11-pum-thick transverse sections were obtained with a rotary microtome (Leica Biosystems) and

were stained with 1% Toluidine Blue O for 1.5 min (Sigma-Aldrich). The slides were photographed
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using an Olympus BX51 microscope with a mounted camera (Olympus). To recreate large stretches
of leaf tissue in a cross-section, sequences of images taken along a single leaf were stitched together

using the Hugin software (Hugin Development Team, 2015).

All measurements of leaf anatomical properties were made using ImageJ v.1.53f (Schneider et al.,
2012). For each leaf, a segment connecting the vertical mid-axis of two consecutive secondary veins
(recognized by the presence of metaxylem) was selected, avoiding the midrib and leaf edges
(Supporting Information: Figure 2.S1a). For each segment, the total areas in the cross-section of
mesophyll (including airspace), outer bundle sheath, inner bundle sheath, and vascular tissue were
measured. The proportion of the photosynthetic part of the leaf dedicated to the refixation of carbon
acquired via the C, cycle, which is the inner bundle sheath also known as the mestome sheath in A.
semialata (Hattersley et al., 1977), was calculated relative to the mesophyll as the area of inner
sheath divided by the sum of the areas of mesophyll and inner bundle sheath (i.e., inner bundle

sheath fraction; IBSF).

The number of veins was recorded separately for tertiary veins, which are associated with
extraxylary fibres and epidermis thinning, and lower-order veins, which are smaller than tertiary
veins and lack extraxylary fibres (hereafter referred to as ‘minor veins’). The segment length was
measured along a line connecting the centres of secondary and tertiary veins (referred to as ‘major
veins’) and used to calculate the average interveinal distance based on secondary and tertiary veins.
The average minimum distance between the outside of the outer sheath of consecutive bundles
(including minor veins) was measured as a proxy for the maximum distance between mesophyll and

inner bundle sheath cells (i.e., bundle sheath distance, BSD). The size of individual inner sheath
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cells was measured as the average width of the most equatorial cells of each tertiary vein within the

segment (i.e., inner bundle sheath width, IBSW) (Supporting Information: Figure 2.S1).

2.3.4. Statistical analyses

All analyses were done in R version 3.6.3. (R Core Team, 2018). The climatic variation among
populations was summarized using a principal component analysis with the prcomp function in R
(R Core Team, 2018). The first two principal components were extracted and used as explanatory
variables in multiple linear models. Multiple regression analyses were first used to test for the
effects of these climatic variables on photosynthetic diversity, as inferred from the median of §"*C
per population. Photosynthetic diversity within populations was not considered in this analysis since
the climate as measured here does not vary within populations. The least significant variable was

successively removed until all remaining variables were significant.

Second, we also used multiple regression analysis to test for relationships between 6'°C and
anatomical traits, accounting for lineage as a fixed effect. The least significant variable was

successively removed until all remaining variables were significant.

Finally, to take phylogenetic relationships into account, phylogenetic generalized least-squares
(PGLS) analysis was also carried out in R using the caper package (Orme et al., 2022) using the
phylogenetic tree and anatomical traits as explanatory variables. We ran the model with the least
significant variable removed until only significant variables (p < 0.05) remained. The phylogeny
described relationships among the sampled populations, but did not include the relationships among
individuals within each population. To run this analysis, we therefore only included the individual

from each population that was used to construct the phylogeny.
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2.4. Results

2.4.1. Plant sampling captures a range of carbon isotope ratios

Across all 842 A. semialata individuals analysed previously (Bianconi et al., 2020; Lundgren et al.,
2015; Olofsson et al., 2021) or here, the value of §"°C ranges from —9.1%o to —29.0%o (Figure 2.1
and Supporting Information: Table 2.S1). Within the Central Zambezian region, both C, individuals
with 8"*C above —17%o and non-C, individuals with "*C below —17%o are found (Figure 2.1), as
previously reported (Lundgren et al., 2015, 2016; Olofsson et al., 2016, 2021). In addition to the
five populations previously identified (Olofsson et al., 2021), C, and non-C, individuals were found
in sympatry in three new populations (Figure 2.1). In total, 38 populations from the Central
Zambezian region contained non-C, individuals based on §"*C values, which is consistent with
previous reports from this region (Bianconi et al., 2020; Dunning et al., 2017; Lundgren et al.,
2016). The 8"C of the 231 non-C, collected from these populations range from —27.2%o to —18.2%o
(Figure 2.1b), consistent with variation among individuals in the proportion of carbon fixed by C,
photosynthesis. In addition to the variation among populations, the 8"°C also varied within

populations (Supporting Information: Table 2.S1 and Figure 2.S2).

The 8"C of the 109 non-C, individuals selected for anatomical analyses covered the extreme values
from this range (Figure 2.1b and Supporting Information: Table 2.S5). Of these 109 individuals, 55
had 8"C above —23%o, which indicates a significant involvement of the C, cycle in atmospheric
CO, capture (Stata and Sage, 2019). The selected samples, therefore, represent a panel of non-C,

accessions with a diversity of C, cycle strength (Figure 2.1b).
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Figure 2.1

Photosynthetic diversity of Alloteropsis semialata in Central Zambezian miombo woodlands. (a) Sampled populations
are indicated, in orange for those containing only C, individuals, in olive green for those containing only non-C,
individuals, and in yellow for those containing both C, and non-C, individuals. Previously published populations are
shown with circles and newly published ones with triangles. The approximate extent of miombo woodland
biogeographic regions is shown in the background, in light yellow for the Central Zambezian woodlands, in light grey
for the Eastern Zambezian woodlands and in light blue for Southern Zambezian woodlands (distribution based on
Maquia et al., 2019). (b) Distribution of stable carbon isotope ratios for all individuals of 4. semialata sampled from
this region is represented with a histogram (see Supporting Information: Table 2.S1 for details). Values indicative of a
C,type are in orange, while those indicative of a non-C, type are in olive green for individuals sampled for leaf
anatomy and in pine green for other non-C, individuals.

2.4.2. Ecology affects the strength of the C, cycle

The first axis of the principal component analysis on climatic variables explains 63.1% of the total
variation, while the second component explains 25.8% (Supporting Information: Figure 2.S3). The
first principal component captures a combination of temperature and precipitation variables, with
positive values corresponding to wetter and colder regions (Supporting Information: Table 2.S6 and
Figure 2.S3). The second principal component is mainly correlated with precipitation in the coldest
quarter, with positive values corresponding to drier regions during this quarter. The 8"°C was
statistically associated with the climatic first principal component, with populations inhabiting the
drier and warmer habitats (negative values in the principal component analysis) having higher *C
(Table 2.1a and Figure 2.S2a). These results are consistent with the hypothesis that a larger

proportion of carbon is fixed via the C, pathway in habitats favouring C, plants.
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Summary of multiple regression analyses.

Table 2.1:

Summary of (a) multiple regression analysis testing the effects of climate, (b) multiple regression testing the effects of

climate and anatomy, and (c) phylogenetic generalised least squares (PGLS) analysis testing the effects of anatomy
only. For (b) and (c), the full model tested all three anatomical variables as predictors of §"*C, and the reduced model
was re-run after removing the least significant effect (BSD). The statistics shown are t (d.f.) p-value for each variable,

with bold indicating significance, and the adjusted R? for each model.

a)

Response PC1 PC2 R?
variable

d1C -64.03 (2,34)<0.0001 NS 0.27
b)

Response IBSF IBSW BSD R?
variable

513C 3.34(9,99)0.001  4.71(9,99) <0.0001  -2.28 (9,99)0.02  0.57
©)

Model IBSF IBSW BSD R?
Full PGLS 156 (3,26)0.13  3.68(3,26)0.001  -124(326)022  0.25
Reduced PGLS 3.80(2,27) 0.004 3.13(2,27) 0.0007 - 0.23
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Figure 2.2

Relationships between ecology, anatomy and photosynthetic type. For the sampled non-C, individuals of A/loteropsis
semialata, plots show (a) the averaged carbon isotope ratio (8'°C) for each population as a function of the position
along the climatic first principal component (PC1), (b) the carbon isotope ratio (8'*C) as a function of bundle sheath
distance (BSD), (c) the carbon isotope ratio (8"°C) as a function of inner bundle sheath width (IBSW) and (d) the
carbon isotope ratio (8'*C) as a function of inner bundle sheath fraction (IBSF). In each case, colours and shapes
indicate the main phylogenetic groups. (e) The hierarchical relationships are indicated, with in each case an indication
of the directionality of the relationship (+ for positive and — for negative), its significance level (*<0.05, ***<0.001)
and the model R?.

2.4.3. Phylogenetic lineages of non-C, A. semialata occupy different regions across

the Central Zambezian miombo woodlands

Phylogenetic analyses based on data extracted from the different data sets confirmed that all non-C,
from the Central Zambezian region form a monophyletic group (corresponding to clade II of
Olofsson et al., 2016, 2021), distinct from the non-C, accessions from southern Africa and C,
individuals (Figure 2.3 and Supporting Information: Figure 2.S4). Within this non-C, group,

well-supported subclades correspond to distinct geographic regions, which mostly represent
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subdivisions of the two groups recognized by Olofsson et al. (2021) based on a smaller sampling
(groups Ila and IIb). An accession from DRC (DRC11; new lineage Ilc) is sister to all others, and a
small clade containing accessions from Burundi and the middle and southern western regions of
Tanzania is then sister to the rest (lineage IIb.1; Figure 2.3 and Supporting Information: Figure
2.S4). The remaining accessions are separated into four, well-supported groups. The first of these
contains accessions from the south of Tanzania and the north-east of Zambia (lineage 1Ib.2), and the
second (lineage I1b.3) is located slightly west of it, expanding into DRC (Figure 2.3 and Supporting
Information: Figure 2.S4). The third of these groups (lineage I1a.1) includes individuals from the
west of Zambia and adjacent areas from DRC, and the fourth (lineage 11a.2) is composed of
Zambian accessions that are spread in the east of Zambia and neighbours the other groups (Figure
2.3 and Supporting Information: Figure 2.S4). Despite their geographic separation, the six groups

largely overlap in the climatic space (Supporting Information: Table 2.S5 and Figure 2.3).

a) b)
451 Ila.2
Ila.1
8°S
1b.2

24°E 28°E 32°F 0.005

Figure 2.3

Distribution of non-C, accessions of Alloteropsis semialata. (a) The sampled populations are shown on a geographical
map, with shapes and colours indicating the phylogenetic groups, as in Figure 2.2. The extent of the miombo woodlands
is shown in the background, as in Figure 2.1. (b) Simplified phylogenetic tree, where the main non-C, lineages are
collapsed and coloured as in panel a. The full phylogenetic tree is available in Supporting Information: Figure 2.S4.
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2.4.4. Variation in leaf anatomy explains carbon isotope ratios

All sampled accessions had starch staining in the inner bundle sheaths, supporting the hypothesis
based on 8"°C that this tissue is used for the Calvin—Benson—-Bassham cycle in these individuals,
although the mesophyll in some plants also stained for starch. While most non-C, individuals had
only major veins (secondary and tertiary), the presence of a few minor veins was observed in some
non-C, individuals (Supporting Information: Figure 2.S5), but these never reached the large
numbers observed in C, accessions of A. semialata (Lundgren et al., 2019). Important quantitative
variation was observed among the non-C, individuals. In particular, IBSW varied from 8.3 to

17.8 um (Supporting Information: Table 2.S5), BSD varied from 53.5 to 230.1 pm, and the IBSF

varied from 0.05 to 0.22 pm (Supporting Information: Table 2.S5).

The variation in 8"*C is partially explained by anatomical variation (Figure 2.2 and Table 2.1b).
Multiple regression analysis of the whole data set showed that the three variables IBSF, BSD, and
IBSW together explain 57% of the variation in "*C. The relationships between 3'°C and both IBSF
and IBSW are positive, so that individuals with greater amounts of bundle sheath tissues and larger
BSDs have a stronger C, pathway. Individuals with greater amounts of bundle sheath tissues and
larger bundle sheath cells, therefore, have a stronger C, pathway. Conversely, the relationship
between §'"°C and BSD is negative, so that individuals with a smaller distance between consecutive

bundle sheaths have a stronger C, cycle.

In the multiple regression model, there is a significant interaction between BSD and lineage,
indicating that the intercepts and slopes change among lineages (Table 2.1 and Figure 2.2b). There
is an additional effect of the phylogenetic lineage for IBSF, but the interaction between IBSF and

lineage is not significant, indicating that only the intercepts change among lineages (Figure 2.2d and
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Table 2.1). PGLS analysis using a subset of the data confirmed the multiple regression results,
showing that IBSF and IBSW together explain 23% of the variation in 8"°C, whereas the
relationship with BSD is weaker and NS in the full model (Table 2.1c). The relationships between

8"C and both IBSF and IBSW were positive and highly significant.

These results indicate that, across the studied region, individuals with anatomical traits usually
associated with C, plants acquire a greater proportion of their atmospheric carbon via the C, cycle.
Importantly, the same relationship is observed within a single population for which more
individuals were sampled (Figure 2.4 and Supporting Information: Table 2.S7). This indicates that
intraspecific variation diversity provides a substrate for natural selection, and demonstrates that
there is considerable variation in both 8"°C and anatomy at a single location experiencing the same

climatic conditions.

Since 8"°C may also be influenced by environmental effects on water-use efficiency and bundle
sheath leakiness, we explored these alternatives using a model sensitivity analysis. The analysis
indicated that some of the observed variations in "°C among individuals could arise from
differences in their water-use efficiency or bundle sheath leakiness (Supporting Information: Table

2.84).
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Intrapopulation variation in leaf anatomy and carbon isotope ratios. The relationship between the carbon isotope ratio
(8"C) and the fraction of inner bundle sheath tissue (IBSF) is shown for 15 non-C, individuals sampled within a single
population (population ZAM1715). The phylogenetic generalized least-squares (PGLS) result is indicated (p <0.001,
R?=0.24), but it is not significant for other anatomical traits (bundle sheath cell [BSD] and inner bundle sheath width
[IBSW)).

2.5. Discussion

2.5.1. Anatomical variation is related to the strength of the C, cycle in non-C, plants

The distribution of carbon isotopes among non-C, samples of A. semialata collected in the Central
Zambezian miombo woodlands supports this region as an important centre of variation for
photosynthetic types within the group (Figure 2.1b). The most negative values could be associated
with a CO, fixation pathway either based on the C; cycle or complemented by a photorespiratory
pump (also called the ‘C, cycle’; von Caemmerer, 2000; Khoshravesh et al., 2016; Sage et al.,
2012). The few individuals with low 8"*C values whose physiology was previously characterized
had CO,-compensation points that were not compatible with a pure C; type (e.g., from population
TAN2; Lundgren et al., 2016, 2019). Although this does not necessarily imply that all non-C, from
the region have C,cycle activity, we can safely conclude that the C, cycle in these populations with
a low carbon isotope ratio is at best very weak. Conversely, the numerous non-C, individuals with
carbon isotope values greater than —23%o unambiguously acquired a large fraction of their CO, via

the C, cycle, while still using the C; cycle (potentially involving a photorespiratory pump) for part
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of their carbon acquisition (Brown and Hattersley, 1989; von Caemmerer, 1992; Farquhar et al.,
1989; Stata and Sage, 2019). This intraspecific variation would provide a fertile ground for
genome-wide association studies aiming to elucidate the genetic determinism of C, characters

(Simpson et al., 2021), and already allows investigations about the local-scale drivers of C, activity.

Sensitivity analysis using a model of carbon isotope discrimination in C;—C, intermediate plants
indicated that some of the observed variation in 8"°C among individuals could arise from
environmental effects on water-use efficiency in these field-sampled leaves. However, three lines of
evidence argue against an environmental effect being the dominant cause of 8"°C variation. First,
previous work with this species has shown that the anatomical characteristics observed here are
associated with physiological values of CO2-compensation point consistent with the operation of a
weak C, cycle (Lundgren et al., 2016). Second, the same study also showed that differences in §"*C
among genotypes in the field are preserved in a common environment, showing that they are fixed
rather than plastic (Lundgren et al., 2016). Recent experiments have supported this result, by
showing that the §"*C values of multiple C;—C, intermediate genotypes are unaffected by
temperature under controlled environmental conditions (Alenazi, unpublished data). Finally, the
relationships between §"°C and anatomical traits are observed within a single population at a site
experiencing the same climatic conditions, as well as among populations. In combination, these
findings imply that, although some of the observed variations in "°C may be environmental, the
primary cause is genetic differences in leaf anatomy. However, we cannot discount the possibility
that some of the differences in "°C among individuals arise from genetic variation in water-use

efficiency rather than genetic variation in the strength of the C, cycle.
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The characteristics of the inner bundle sheath, which is used to segregate the part of the C, cycle of
A. semialata responsible for the release of CO, (Hattersley et al., 1977; Lundgren et al., 2019), vary
among non-C, A. semialata, and this variation statistically explains a large part of the variation in
8"3C (Table 2.1 and Figure 2.2). These patterns indicate that plants with a combination of a higher
fraction of the leaf dedicated to the inner bundle sheath, larger bundle sheath cells and shorter
distances between consecutive bundle sheaths increase the fraction of CO, initially fixed by PEPC
(which starts the C, cycle) as opposed to Rubisco (which starts the C; cycle, but also a potential
photorespiratory pump). Both enzymes are present in the mesophyll cells of 4. semialata (Lundgren
et al., 2016; Ueno and Sentoku, 2006), although it is not established these are both active. The
increased CO, fixation by PEPC might result from enzymatic changes, but PEPC gene expression
does not vary substantially among non-C, individuals of 4. semialata (Dunning et al., 2019). Even
if small changes to enzyme expression and activity cannot be excluded, our results suggest that the
strengthening of the C, biochemical cycle implied by 3'°C is at least partially driven by anatomical
changes (Figure 2.2), which contradicts the widespread assumption that the transition from weak to
strong C, cycle is mainly driven by the upregulation of C, enzymes (Heckmann et al., 2013; Sage,

2004). Our data suggest that quantitative changes in leaf anatomy are associated with the strength of

the C, cycle in non-C, plants of 4. semialata.

We hypothesize that leaf structural properties can shift the balance of carbon fixation towards the C,
cycle. If both Rubisco and PEPC are active in the mesophyll, the enzymes will compete for CO,
fixation. While the product of Rubisco can be directly processed in the mesophyll, the product of
PEPC needs to be transported to the bundle sheath to be decarboxylated. Importantly, a high rate of
mesophyll-to-bundle sheath transport relies on a concentration differential, with low C, acid and

high C;acid concentrations in the bundle sheath cells compared to the mesophyll (Arrivault et al.,
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2017; Schliiter et al., 2017). A long distance between mesophyll and bundle sheath cells will
hamper the diffusion of metabolites, while a small bundle sheath area will be insufficient to process
the large quantities of C, acids produced in a large area of mesophyll, weakening the biochemical
pull and leading to the accumulation of C, acids in the mesophyll (Brautigam et al., 2018). These
products will inhibit PEPC activity (Chollet et al., 1996), thereby favouring CO, fixation by
Rubisco. Any increase of the bundle sheath area or decrease of the distance between bundle sheaths
would conversely increase the strength of the C, pump, which would in turn favour CO, fixation by
PEPC over Rubisco in the mesophyll (Brautigam et al., 2016; von Caemmerer and Furbank, 1999).
Our interpretation of results is that such a process increased the strength of the C, cycle in some 4.
semialata populations, providing a path from weak to strong C,activity via incremental anatomical
changes (Figures 2d and 5). Importantly, our comparative analyses show that three different leaf
properties are independently associated with carbon isotope ratios in A. semialata (Table 2.1 and
Figure 2.2). This result implies that different anatomical changes are correlated with similar
strengthening of the C, pathway in this species, possibly providing multiple targets for natural

selection.

l:l Mesophyll cells
i Xylem

l:l Outer Bundle sheath
I:l Inner Bundle sheath
- Phloem

- Epidermis

* Cy pump

Figure 2.5

Hypothetical effect of anatomy on the strength of the C, cycle. Cross-sections are represented for two hypothetical
individuals, with the bottom ones having larger bundle sheaths and shorter distances between them that increase the
strength of the C, pump (represented with red arrows).
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We recognize that in conducting the cross-sectional analysis of leaf samples via microscopy, it is
crucial to consider the potential variation in anatomical features along the length of the leaf. The
position from which a section is taken may influence the observed structures, as different regions
of the leaf can exhibit distinct morphological characteristics. This consideration is particularly
pertinent in studies involving herbarium specimens, where the precise origin of the sectioned

material is often indeterminate.

2.5.2. Transition to stronger C, is associated with high temperatures

The higher carbon isotope ratios, which can be found in multiple phylogenetic lineages, are
correlated with more negative values along the first principal component of the analysis of climatic
data (Figure 2.2a). These values correspond to warmer and drier environments (Figure 2.2a and
Table 2.1), which are known to favour C, over C; plants (Ehleringer, 1978; Ehleringer and
Bjorkman, 1977; Hatch, 1987; Sage, 2001; Teeri and Stowe, 1976). Previous comparative work
across the whole grass family has indicated that evolutionary transitions from C;to C,
photosynthesis occurred in hot environments (Edwards and Smith, 2010), have been faster in
tropical than temperate climates (Watcharamongkol et al., 2018), and coincided with shifts into
drier regions (Edwards and Smith, 2010). Phylogeographic analyses (Bianconi et al., 2020),
grounded in previous characterizations of these populations (Lundgren et al., 2015; 2016; Olofsson
et al., 2016), show that the non-C, group of 4. semialata likely emerged within the Central
Zambezian miombo woodlands, and has since remained tightly associated with this biome. Our new
results suggest that climatic variation within this region can drive the evolution of more C,-like
types, in a process of local adaptation. Microhabitat variation linked to solar radiation and surface

temperature (e.g., associated with tree cover) or heterogeneity in soil moisture (e.g., associated with
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soil depth or texture) might have equivalent selective effects within populations growing in the

same climate. However, we do not have the fine-grained spatial data required to test this hypothesis.

The strengthening of the C, cycle decreases photorespiration (von Caemmerer and Furbank, 2003),
which is elevated in warmer and drier areas (Ehleringer et al., 1991; Sage et al., 2012), providing
the selective impetus for the observed relationships. We conclude that, as plants colonized habitats
associated with increased photorespiration, anatomical changes were gradually selected to fix more
CO, via the C, cycle. Over time, this led to non-C, populations with a strong C, cycle in some
regions. A similar evolutionary path might have further led to plants acquiring almost all of their
CO, via the C, cycle, as the C, group of 4. semialata differs from the non-C, mainly by the
presence of minor veins, which increase further the fraction of bundle sheath tissue (Lundgren et al.,
2019), and the upregulation of a few genes (Dunning et al., 2019). Interestingly, the presence of
sparse minor veins is detected as a rare polymorphism in some non-C, individuals (6.4% of the 109
individuals analysed here), which could be a result of standing genetic variation and, in a few cases,
of introgression from C, populations (Olofsson et al., 2016). Overall, our investigations are
consistent with the hypothesis that the transition from weak C, activity within non-C, individuals to
fully C, plants can be mediated by climatic selection for anatomical changes that gradually shift the

balance towards CO, fixation by PEPC.

Despite the overall strong relationship between anatomy and carbon isotopes, there is an additional
effect of the genetic groups (Figure 2.2¢). In particular, for a given fraction of bundle sheath, groups
ITa.1e and Ila.2, and to a lesser extent IIb.2, have more positive carbon isotope ratios than the other
groups (Figure 2.2d). While biochemical investigations are required to test this hypothesis, it is

likely that this effect results from slight differences in the expression of some C,-related enzymes.
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Such properties might have evolved a limited number of times and have then been mostly retained

within each group. If correct, this would indicate that biochemical changes happen infrequently and

therefore lead to punctuated transitions, while anatomical tuning provides a rapid path to adaptation

during the evolution of C, photosynthesis.

2.6. Conclusion

Our intraspecific analyses of non-C, A. semialata show that a strengthening of the C, cycle is
statistically associated with changes in multiple leaf anatomical traits. The data are therefore
consistent with the hypothesis that these changes improve the biochemical pumping of C, acids
from mesophyll to bundle sheath cells, which shifts the fixation of CO, in the mesophyll towards
PEPC. Importantly, stronger C, pathways, as detected via higher carbon isotope ratios, are

correlated with warmer and drier habitats, pointing to local adaptation. Overall, these patterns
suggest that, during the spread of non-C, A. semialata, habitats promoting photorespiration have
selected for increased C, involvement. While some enzymatic changes might have happened in a

punctuated manner, potentially explaining slight variation among phylogenetic lineages, our data

imply that quantitative anatomical changes provided rapid evolutionary paths to physiological

adaptation. Over time, such a process is likely to have led to the C, populations of 4. semialata that

are now found around the world.
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Supplementary Figures

100 pm

Figure S1: Examples of leaf sections.

Leaf cross sections are shown for three individuals that represent the extreme values of anatomical traits observed
among non-C, individuals; a) individual ZAM2090-03 (3"*C = -18.5%o0, BSD = 56um, IBSW =12.9um and IBSF
=0.22), b) ZAM20103-03 (8"*C = -23%0, BSD = 66um, IBSW =11.1pum and IBSF =0.20), and ¢) individual
ZAM1940-01 (8"°C = -27.2%0, BSD = 168um, IBSW =9.1um and IBSF =0.05). The measured areas are shown for
individual ZAM1940-01, with the inside of the epidermis delimited in yellow, the fibers delimited in dark blue, the
outside of the outer sheath bundle in green, the outside of the inner bundle sheath in magenta, and the outside of the
vascular bundle in cyan. The green lines show the distances between consecutive bundle sheaths and the magenta
segments connect the centers of veins. The horizontal red line inside the inner cell is indicating to the width of inner
bundle sheath.
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Figure S2: Variation in carbon isotope ratios within each population.

Vertical extending lines denote adjacent values, and horizontal black lines within each box represent median values;
dots indicate observations outside the range of adjacent values. In each case, shapes and colours indicate the
phylogenetic groups, as in Figure 2.2.
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Figure S3: Principal component analysis of climatic variables.

The populations are plotted in the space created by the first two principal components and are indicated with shapes and
colours that match the phylogenetic groups, as in Figure 2.2. The climatic variables are plotted in the same space and
indicated with arrows. M. T.W.Quarter = Mean temperature of wettest quarter, M.T.C.Quarter = Mean temperature of
coldest quarter, Annual. M.Temp = Annual mean temperature, Prec. W.Month = Precipitation of wettest month,
Prec.W.Quarter = precipitation of wettest quarter, Prec.C.Quarter = Precipitation of coldest quarter and M.T.W.Quarter
= Mean temperature of wettest quarter.
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non-C,

Figure S3:

The full resolution phylogeny tree is found in https://doi.org/10.1111/pce.14607
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Supplementary Tables

Supplementary tables of this chapter are available at:

https://doi.org/10.1111/pce.14607
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3.1. Abstract

C, photosynthesis is a complex trait requiring numerous developmental and metabolic alterations to
increase productivity in hot, high light and dry environments. Despite this complexity, it has
convergently evolved over 60 times. Comparisons between species with different photosynthetic
types have identified the core C, enzymes and numerous related genes. However, understanding the
individual steps in the transition to C, is complicated by the fact that this phenotypic variation is
often segregated between species that have been independently evolving for millions of years. Here
we leverage the photosynthetic diversity within the grass Alloteropsis semialata, the only known
species to have C;, intermediate C;+C,, and C, genotypes. Using a genome wide association study
(GWAS) we identify genomic regions associated with the strength of the C, cycle, measured using
the 8"°C carbon isotope ratio. These regions include regulators of C, decarboxylation enzymes
(RIPK) and partitioning of the C, cycle (SLPI). We then conducted a GWAS for leaf morphological
traits correlated with 3"°C in the C;+C, intermediates, focusing on those intermediate for

the expansion of the C, bundle sheath tissue. Associated genomic regions include leaf anatomy
regulators, such as genes associated with leaf vein patterning (GSLS8) and meristem determinacy
(GRF1). Both the strengthening of the C, cycle and leaf anatomy modifications appear to have a
relatively simple genetic architecture in A. semialata, supporting a gradual stepwise transition. The
association of these candidate genes with C, photosynthesis will require further functional

verification, which may prove to be relevant for engineering a C, leaf anatomy in C; species.
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3.2. Introduction

Oxygenic photosynthesis originated over 2 billion years ago and is the ultimate source of nearly all
energy used by living organisms. Almost 90% of plants fix carbon using the ancestral C; cycle, but
this process is inefficient in hot environments (Sage and Monson, 1999). This is because the key
enzyme responsible for the initial fixation of atmospheric CO, (Ribulose-1,5-bisphosphate
carboxylase/oxygenase, Rubisco) is less able to discriminate CO, from O, at higher temperatures,
and as a result, energy is lost through photorespiration (Farquhar et al., 1982). To reduce
photorespiration, plants have evolved C, photosynthesis, wherein atmospheric CO, is initially
assimilated into a 4-carbon organic acid by phosphoenolpyruvate carboxylase (PEPC) in the
mesophyll cells, before shuttling the acid to the neighboring bundle sheath cells where it is
decarboxylated and the CO, recaptured by Rubisco (Hatch, 1971; Edwards and Ku, 1987). This
compartmentalization of Rubisco effectively prevents photorespiration. C, photosynthesis is a
complex trait that relies on both changes to the leaf anatomy and the coordinated regulation of
multiple metabolic enzymes (Hatch, 1987). In order to understand the sequence of events that led to
C, evolution, comprehensive genomic and phenotypic datasets have been generated in many
systems, such as Flaveria (Adachi et al., 2023) and Alloteropsis (Pereira et al., 2023). These
existing data sets can potentially be mined for quantitative genetics approaches to identify novel

genetic factors involved in the evolution of C, (Simpson et al., 2021).

By comparing species with different photosynthetic types, the core C, enzymes, multiple accessory
genes, and loci associated with C, leaf anatomy (often termed ‘Kranz’ anatomy) have been
identified (Langdale et al., 1987, 1988; Slewinski et al., 2012; Cui et al., 2014). However,
decomposing the individual steps during the transition to C, is confounded by the fact that variation

in photosynthetic type is usually segregated between distinct species that have been independently
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evolving for millions of years, meaning that they differ in many aspects besides those linked to the
photosynthetic pathway (Heyduk et al., 2019). The interspecific segregation of variation in
photosynthetic type makes it challenging to apply quantitative genetics methods, such as
quantitative trait loci (QTL) mapping and genome-wide association studies (GWAS), since these
rely on traits varying within a species, or the ability to hybridize species with divergent phenotypes.
GWAS has been used to investigate the variation of C, traits within C, species, such as
photosynthetic performance during chilling in maize (Strigens et al., 2013), and to identify genes
associated with stomatal conductance and water use efficiency in sorghum (Ferguson et al., 2021;
Pignon et al., 2021). However, to date there has been no QTL region identified for differences in C,

carbon fixation or Kranz anatomy (Simpson et al., 2021).

In grasses, the proportion of carbon that is fixed through the C, cycle can be measured using the
stable carbon isotope ratio (8"°C) (O'Leary, 1981; Farquhar et al., 1989). Both '*C and "*C occur
naturally in the atmosphere, and in C; plants, Rubisco preferentially fixes '*C during photosynthesis
(O'Leary, 1981). Conversely, in C, plants, carbon is initially fixed by CA and PEPC, and this
coupled enzyme system discriminates less than Rubisco between the two isotopes (O'Leary, 1981).
The rate of CO, release in the bundle sheath is coordinated with the rate of CO, fixation by
Rubisco, which reduces the fractionation effect of this enzyme. §'"°C is therefore commonly used as
a proxy for photosynthetic type and the relative strength of the C, cycle (Bender, 1968; Smith and
Epstein, 1971; Smith and Brown, 1973; Von Caemmerer, 1992; Cerros-Tlatilpa and Columbus,
2009; Gowik et al., 2011; Lundgren et al., 2015; Stata et al., 2019; Olofsson et al., 2021). While
there is intraspecific variation in 8"*C for C, species such as maize and Gynandropsis
(Voznesenskaya et al., 2007), we do not know whether this variation arises from differences in

anatomy or biochemistry (Simpson et al., 2021). In addition, some of the observed variation in §"°C
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could also be due to environmental effects on water use efficiency (Farquhar and Richards, 1984),
particularly if the phenotypic data comes from individuals sampled in the field. However,
differences in the 3'°C between accessions of some species are maintained in a common
environment (Lundgren et al., 2016), indicating that the 8"°C ratio likely has a genetic component.
Intraspecific, heritable variation in 8"*C offers an excellent opportunity for using quantitative

genetic approaches to discover C, QTLs.

The grass Alloteropsis semialata has long been used as a model to study C, evolution, since it is the
only species known to have C,, C,, and intermediate genotypes that diverged relatively recently and
can be crossed, allowing gene flow among them (reviewed by Pereira et al., 2023). The common
ancestor of this species is thought to be an intermediate with some chloroplasts in its bundle sheath
and performing a very weak C, cycle, with the C; being a reversal from this intermediate state as
that lineage colonized cooler environments in southern Africa (Dunning et al., 2017). The
intermediate populations are found in the grassy ground layer of the Central Zambezian miombo
forests that we refer to as ‘C;+C,’ because they perform a weak C, cycle in addition to directly
fixing CO, through the C; cycle (Lundgren et al., 2016; Dunning et al., 2017). Comparative studies
have shown that the transition to a purely C, physiology in 4. semialata is caused by the
overexpression of relatively few core C, enzymes (Dunning et al., 2019a) and the acquisition of
C,-like morphological traits, notably the presence of minor veins (Lundgren et al., 2019). The §"*C
of the C;+C, plants ranges from values characteristic of a weak (or absent) C,cycle to values that
show that the C, cycle accounts for more than half of the carbon acquisition (Von Caemmerer, 1992;
Lundgren et al., 2015; Stata et al., 2019; Olofsson et al., 2021). Furthermore, the strengthening of
the C, cycle in the C5+C, intermediates (measured using 8'"°C) is significantly associated with

alterations in a number of leaf anatomical traits related to the preponderance of inner bundle sheath
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(IBS) tissue, the cellular location of the C, cycle in this species (Alenazi et al., 2023), including the
distance between consecutive bundle sheaths, the width of IBS cells, and the proportion of bundle

sheath tissue in the leaf (Alenazi et al., 2023).

Alloteropsis semialata therefore represents an ideal system to identify the genes correlated with the
strengthening of the C, cycle. Here, we first conducted a global analysis to identify candidate genes
associated with the strength of the C, cycle (8"°C) using genomic data from 420 individuals
representing C;, C;+C,, and C, phenotypes. We then focused specifically on the C;+C,
intermediates, to identify candidate genes associated with the relative expansion of bundle sheath
tissue during the transition from a weak to a strong C, cycle. The high level of interspecific
variation in A. semialata permits a fine-scale understanding of the genetic basis of C, evolution,
including the intermediate steps involved in the assembly of this complex trait. This is crucially
important to identify the initial changes required for the emergence of this trait, something that may

ultimately have applications in the engineering of C, photosynthesis in C; crops such as rice.

3.3. Materials and Methods

3.3.1. Genome data, 6" C values, and population genetic analyses

For the genomic analyses, we compiled previously published double digest restriction-site
associated DNA sequencing (ddRADSeq) data sets for Alloteropsis semialata (R. Br.) Hitchc.
individuals that also had known 8"*C values from field-collected leaves measured using mass
spectrometry (Lundgren et al., 2015, 2016; Bianconi et al., 2020; Olofsson et al., 2021; Alenazi et
al., 2023). Depending on the source of the §'*C values, these were either single measures (Lundgren
etal., 2015, 2016; Bianconi et al., 2020), replicated if the 3'"°C values did not match other

individuals of the population and genomic group (Olofsson et al., 2021), or medians of triplicate
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technical replicates if sufficient material was available (Alenazi et al., 2023). In total, the data set
comprised 420 individuals collected from 87 populations across Africa and Asia (Supporting
Information Table 3.S1), representing the full range of photosynthetic types found in A. semialata

(45 x Cy; 132 x Cy+Cy; 243 x C,).

The ddRADseq data were downloaded from NCBI Sequence Read Archive and cleaned using
TriMmomaric v.0.38 (Bolger et al., 2014) to remove adapter contamination (ILLUMINACLIP
option in palindrome mode) and low-quality bases (Q <3 from both 5" and 3’ ends; O < 15 for all
bases in four-base sliding window). The cleaned ddRADseq data were then mapped to a
chromosomal scale 4. semialata reference genome for a C, Australian individual (Dunning et al.,
2019b) using BowTie2 v.2.2.3 with default parameters (Langmead and Salzberg, 2012). We called
single-nucleotide polymorphisms (SNPs) from these alignments using the Gatk v.3.8 (McKenna et
al., 2010) pipeline with default parameters. We generated individual variant files (gVCF) with
HaprLOTYPECALLER and then combined them into a single multi-sample VCF file with Genotype
GVCFs. Biallelic SNPs were extracted from this file using SELECTV ARIANTS, and high-quality SNPs
retained using VARIANTFILTRATION (MQ >40, QD > 5, FS <60, MQRankSum > —12.5
ReadPosRankSum > —8). Finally, we used VCFtooLs to filter the remaining SNPs to remove those

with > 30% missing data and/or a minor allele frequency < 0.05 (Danecek et al., 2011).

The evolutionary relationship among individuals was inferred using a maximum likelihood
phylogenetic tree. We used VCF2puyLip v.2.8 (Ortiz, 2019) to generate a nucleotide alignment from
the filtered VCF file. To reduce the effect of linked SNPs on phylogenetic reconstruction, we
thinned the data set so that SNPs were at least 1 kb apart (starting from the first SNP on each

chromosome). The phylogenetic tree was inferred using RAXML v.8.2.12 (Stamatakis, 2014) with
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the GTRCAT model and 100 bootstrap replicates (Dataset S1). Finally, to verify previous
phylogenetic groupings (Alenazi et al., 2023), we determined the population structure of the C;+C,
accessions using ADMIXTURE Vv.1.3.0 (Alexander et al., 2009). We ran the analysis with multiple
values of k (range: 2—7), with 10 replicate runs for each value. The optimal k£ was inferred using
Admixture's cross-validation error method. We also used PLink-v.1.9 to perform a principal
component analysis to quantify population structure and to generate a pairwise kinship matrix

(Purcell et al., 2007).

3.3.2 Leaf anatomical traits of C;+C, A. semialata

Leaf anatomy data for all 132 C;+C, individuals were either extracted from a previous study
(n=100; Alenazi et al., 2023) or generated here using the same method from field-preserved
samples (n = 32; Table 3.S2). The measurements themselves were taken from leaf cross-sections
that were prepared from silica-dried leaf material following the method described by Alenazi et al.
(2023). The slide images were captured using a mounted camera on an Olympus BX51 microscope
(Olympus, Hamburg, Germany), and images from the same leaf were stitched together with Hugin's
software (Hugin Development Team, 2015). All measurements of leaf anatomical characteristics
were made using IMAGEJ v.1.53f (Schneider et al., 2012), avoiding the midrib and leaf margins. For
each individual, the anatomical measurements are based on the mean of at least five technical
replicates, each measured between independent pairs of secondary veins in the same cross-section

using.

We recorded the total cross-sectional areas between secondary veins (i.e. veins accompanied by
extraxylary fibers and epidermal thinning) for mesophyll (including airspaces; MS) and IBS tissues

(Figure 3.1). We used these values to then calculate the inner bundle sheath fraction
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(IBSF =IBS/[MS + IBS]), which is the portion of the photosynthetic part of the leaf that can be
responsible for refixing carbon obtained through the C, cycle. Finally, we also measured the bundle
sheath distance (BSD) and the inner bundle sheath width (IBSW) using the mean widths of

equatorial cells.
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Figure 3.1: A cross-section of a typical C, Alloteropsis semialata leaf.

The schematic is traced from a cross-section of accession JK0O23-03 16, with tissue types labelled. The anatomical
measurements used for the genome-wide association study (GWAS) are indicated in bold.

3.3.3. Estimating trait heritability

To estimate the proportion of phenotypic variation explained by underlying genetic differences, we
calculated the heritability of §"*C (complete and restricted C;+C, datasets) and the leaf anatomical
traits (C;+C, dataset) using Genome-wide Complex Trait Analysis (Gcta) v.1.94.1 (Yang et al.,
2011). A genetic relationship matrix was inferred from the previously generated SNP calls and
combined with the phenotype values in GCTA. Heritability was then estimated for each trait using

the restricted maximum likelihood method.
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3.3.4. Genome-wide association study of photosynthetic traits

We performed a GWAS for the strength of the C, cycle measured using 6"°C, and leaf anatomy traits
previously correlated with the strength of the C, cycle (IBSF, BSD, and IBSW; Figure 3.1; Alenazi
et al., 2023), with the objective of ultimately proposing some candidate genes underpinning the
phenotype. We used the variation in photosynthetic type which exists across A. semialata as a
whole, before focusing on anatomical variation in the C;+C, individuals that have been associated
with the strength of the C, cycle (Alenazi et al., 2023). We defined our associated regions of the
genome as the linkage block containing a significant SNP from the GWAS. We then identified the
gene models located within the correlated region as candidate genes and assessed their functional

relevance, gene expression pattern, and selective forces they have been evolving under.

The GWAS itself was performed using the RmvP package (Yin et al., 2021) in Rstupio v.4.3, with
the MVP.Data function and default parameters used for single-locus GWAS analysis for each
phenotypic trait with the fixed and random model circulating probability unification (FarmCPU)
approach (Yin et al., 2021). Population structure and genetic relatedness can confound a GWAS and
result in false associations (Chen et al., 2016). We therefore included the previously generated
pairwise kinship matrix so that the relationships among individuals could be accounted for. The
phenotypic data for each trait were normalized (if required), and a Bonferroni corrected SNP

significance threshold of P <0.05 was used.

3.3.5. Linkage disequilibrium

Linkage blocks are regions of the genome that are likely to be co-inherited, and the association of
the significant SNPs identified from the GWAS could be caused by any gene within this region. To

determine the linkage block encapsulating each SNP, we used HapLoview v.4.1 (Barrett et al., 2005).
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The input map and binary files were processed using PLink v.1.9 (Purcell et al., 2007), and we used
a solid spine of linkage disequilibrium (LD) with default parameters to infer linkage block size
(Kim et al., 2018). This approach requires the first and last SNPs in a block to be in strong LD with
all intermediate markers (normalized deviation (D') > 0.8), but the intermediate markers do not
necessarily need to be in LD with each other. Identifying linkage blocks is heavily impacted by the
distribution of SNPs across the genome, something that is accentuated by reduced sequencing
methods such as ddRADSeq. We therefore used the genome-wide mean linkage block size if the
analysis failed to place a significant SNP in a block of its own (Figure 3.S1). To do this, we
positioned the significant SNP at the center of the artificial linkage block and if necessary truncated

it to avoid incorporating unlinked SNPs up and/or downstream from this marker.

3.3.6 Identification of candidate genes

The linkage blocks associated with the phenotype of interest contain the causal gene(s) in addition
to those that happen to be in close physical linkage (hitchhiking). To try and identify plausible
candidate genes in each region, we compared their functional annotations, expression patterns, and

the selective pressures they are evolving under.

ORTHOFINDER v.2.5.4 (Emms and Kelly, 2015) was used to identify orthologous genes to the loci in
the associated regions. To do this, we combined the A. semialata protein sequences with nine other
plant species (Arabidopsis thaliana, Brachypodium distachyon, Hordeum vulgare, Oryza sativa,
Physcomitrium patens, Solanum lycopersicum, Triticum aestivum, and Zea mays) downloaded from
Phytozome v.13 (Goodstein et al., 2012). Orthogroup phylogenies are presented in Dataset S2. We

then used publicly available databases (e.g. TAIR (Berardini et al., 2015), RAP-DB (Sakai et al.,
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2013), and maizeGDB (Monaco et al., 2013)) and literature searches to extrapolate the functions of

each orthogroup containing a gene from a correlated linkage block identified from the GWAS.

Gene expression data for the candidate genes was extracted from a Dunning et al. (2019a). The gene
expression data come from mature leaf tissue grown under controlled conditions (60% relative
humidity, day/night temperatures of 25/20°C), sampled in the middle of the photoperiod (Dunning
et al., 2019a). To test for differential expression between the photosynthetic types, we used

two-tailed #-tests, with P-values Bonferroni corrected to account for multiple testing.

Finally, we used whole-genome resequencing data (Bianconi et al., 2020) for 45 A. semialata
individuals to determine whether the genes in the GWAS regions were evolving under positive
selection. In short, the datasets were downloaded from NCBI sequence read archive and mapped to
the reference genome using BowTie2, and consensus sequences generated using previously
developed methods (Olofsson et al., 2016; Dunning et al., 2022), and a maximum likelihood
phylogeny tree for each gene was inferred using RAXML (Stamatakis, 2014) with 100 bootstrap.
We then inferred the selective pressure each gene was evolving under by running the M0 model in

copEML v.4.9 h.

3.4. Results

3.4.1. Population structure

The broadscale phylogenetic (Figure 3.2a) and population genetic (Figure 3.2b) analyses recovered
those previously inferred by earlier studies, with the different photosynthetic types (C;, C;+C,, and
C,) belonging to separate clades (Olofsson et al., 2016, 2021; Bianconi et al., 2020). Within the

C;+C, intermediates, individuals are separated into five populations geographically spread across
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the Central Zambezian miombo woodlands (Figure 3.2). This reconfirms the phylogenetic
groupings previously demarcated (Alenazi et al., 2023), although the earliest diverging sixth lineage
is absent in this study because it is only represented by a single herbarium individual from the
Democratic Republic of the Congo and lacks ddRADSeq data. The population structure analysis
(Figure 3.2¢) largely concurs with the phylogenetic groupings, although it indicates gene flow
between populations. The distribution of the C;+C, groups has a pattern largely matching a scenario
of isolation by distance along an east—west axis through Zambia and Tanzania (Figure 3.2d). O—-Q
plots show no sign of P-value inflation for the subsequent GWAS results, indicating that population

structure was sufficiently corrected for using the pairwise kinship matrix (Figure 3.S2).
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Figure 3.2: Population genomics of the Alloteropsis semialata accessions.

(a) A cladogram of the maximum likelihood phylogenetic tree, with individual clades recovered within the C;+C,
lineage coloured (same colours used in all panels). (b) A principal component analysis of the genotypes, showing the
first two axes. (¢) Admixture results for the C;+C, A. semialata accessions for K =5, the optimal number of population
clusters based on the cross-validation error. (d) location of the C;+C, populations used in this study, with the size of the
point proportional to the number of samples (range 1- 20 samples per population).
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3.4.2. ldentifying regions of the genome correlated with the strength of the C, cycle

We used the 8"°C values as a proxy for the strength of the C, cycle for all 420 4. semialata samples
used in this study with 8,082 SNPs analysed across the genome (Table 3.S3). As expected, the §"°C
values supported the demarcation of the main nuclear clades into the C;, C;+C, and C, phenotypes
(Figure 3.3a). For C; and C, accessions, we found 6'°C average values of -26.67 and -12.63 with
little dispersion within each group, whereas for C;+C, accessions, we found substantial variation
ranging from -28.35 to -18.47 with an average of -23.87. The heritability estimate, which represents
the proportion of phenotypic variation due to genetic variation in the population, was high for §"*C
when considering all photosynthetic types (h* = 0.75; SE = 0.06; n = 420), and three-fold lower

when just considering the Cs+C, intermediates (h* = 0.25; SE = 0.00; n = 132).
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Figure 3.3.

Genetic variation associated with the strength of the C, cycle in Alloteropsis semialata. (a) The stable carbon isotope
ratio (8"3C) was used to infer the strength of the C, cycle, with values measured for each of the photosynthetic types
shown. The boxes show the median value and the interquartile range, and the whiskers represent 1.5x the interquartile
range. (b) Manhattan plot showing the results of a genome-wide association study (GWAS) for §"°C using all samples.
The blue and red dotted lines indicate Bonferroni corrected P-values of 0.05 and 0.001, respectively. Significant
single-nucleotide polymorphisms (SNPs) are labelled with a block ID. Heatmap of pairwise linkage disequilibrium
(LD) between markers surrounding each significant SNP, ranging from white indicating low LD (LOD <2 and D' <1)
to bright red indicating strong LD (LOD >2 and D’ =1). (c) Boxplot of gene expression for the candidate gene that is

significantly differentially expressed. The boxes show the median value and the interquartile range, and the whiskers
represent 1.5% the interquartile range.

88



Chapter 3. Identifying genomic regions associated with C, photosynthetic activity and leaf anatomy in 4.semialata

We conducted a combined GWAS using all individuals (Figure 3.3b), as well as various partitions
by photosynthetic type (Figure 3.S3). When considering all individuals, the GWAS identified three
significant SNPs on chromosome 9, which all corresponded to relatively narrow regions based on
the LD (Figure 3.3b). The region with the highest association with "*C (LB-01) is a 121-kb region
at 32.2 Mb (Tables 1, S3; Figure 3.3b). The same region was also significant when repeating the
GWAS within the C;+C,, and when combining the C;+C, with either the C; or C, individuals (Table
S3; Figure 3.S2), but not when excluding the C;+C, individuals. These results imply that the
underlying causative gene segregates only within the C;+C, group. There were six predicted
protein-coding genes in the LB-01 region, and all were expressed in the leaf tissue of at least one A.
semialata individual (Table S4). One of these genes (Shewanella-like protein phosphatase 1, SLP1
(ASEM _AUS1 34305)) was significantly more highly expressed in the C; than in the other
photosynthetic types (C; vs C, Bonferroni-adjusted P-value =0.073; C; vs C;+C,
Bonferroni-adjusted P-value = 0.015; Figure 3.3c; Table 3.S4), although there is no consistent
differential expression between photosynthetic types when individual populations are compared
separately (Dunning et al., 2019a). None of the six genes were found to be strictly evolving under
positive selection with a dN/dS ratio (w) > 1 (Table S4), although those with the highest values may
be seeing a relaxation of purifying selection (e.g. ® = 0.83 for ASEM AUS1 34303). The annotated
genes in the LB-01 region have a variety of functions (Table S4), including loci associated with the
regulation of the Calvin cycle (SLPI (ASEM_AUSI 34302) (Kutuzov and Andreeva, 2012; Johnson
et al., 2020)) and the activation of NADP-malic enzyme 2 (NADP-ME2), a C, decarboxylation

enzyme (RPM1-Induced Protein Kinase, RIPK (ASEM_AUSI 34305) (Wu et al., 2022)).
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Table 3.1: Significantly correlated regions of the genome identified in the genome wide association studies.

* This SNP was not located in a linkage block in our analyses, we therefore defined the region using the genome wide
median block size

** This SNP was not located in a linkage block in our analyses, we therefore defined the region using the genome wide
median block size that was truncated if there was a closely located unlinked SNP up or downstream.

Phenotype = Chromosome SNP LD block -log,, P Bonferroni Number of
position (kb) adjusted P-value genes

9 32191256 121 29.18 5.33E-26 6
31%C 9 49592498 0.95%* 5.73 1.51E-02 1

9 81051792 63 5.58 2.12E-02 1

9 58663539 362 6.88 3.58E-04 33

2 634463 6** 4.83 4.95E-02 2
IBSF 5 23291361 59* 5.89 3.53E-03 4

4 63231217 13 6.71 5.34E-04 2

8 23357684 275 16.47 9.25E-14 24
BSD 9 10612628 11 5.1 2.17E-02 1

9 48749591 0.14%* 5.59 7.02E-03 0
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The two other regions identified in the §'*°C GWAS using all individuals (LB-02 and LB-03; Figure
3.3b) were not significant when partitioning the data by photosynthetic type (Table S3). Both these
regions are delimited by LD blocks narrow in size and that contain one annotated gene each. The
candidate gene in LB-02 (ASEM_AUSI 29467) was not expressed at all in any A. semialata mature
leaves, while the one in LB-03 (ASEM_AUSI 14480) was expressed in all individuals, but was not
differentially expressed between photosynthetic types. In addition, both genes do not seem to have
been under positive selection (Table S4). One of these genes (ASEM_AUSI 29467) encodes a
SCARECROW-LIKE protein 9 (SCL9) protein belonging to the GRAS gene family, a group of
transcription factors shown to play a key role in C, leaf anatomy and photosynthetic development in
maize (Slewinski et al., 2012; Hughes and Langdale, 2020). The lack of expression (or differential
expression) of these candidate genes in transcriptomes generated from mature leaf tissues is likely
explained by the involvement of these genes, such as SCLY, in leaf development. The other gene
encodes a protein associated with the suppression of nonphotochemical quenching and maintaining
the efficiency of light harvesting (suppressor of quenching 1, SOQ1 (ASEM_AUSI1 14480) (Brooks

etal., 2013; Duan et al., 2023)).

The 8"°C GWAS analyses were repeated with a subset of photosynthetic types (Figure 3.S3; Table
3.54), and these also identified potentially interesting candidate genes, particularly those related to
leaf vein patterning. WIP C2H2 zinc finger protein (WIP2 (ASEM_AUS1 03361); LB-20; C, and
C;+C,individuals) is paralogous to the WIP6 transcription factor TOO MANY LATERALS that
specifies vein rank in maize and rice (Vlad et al., 2024). Defectively Organized Tributaries 4 (DOT4
(ASEM_AUSI1 05127); LB-23; C;+C, individuals) is orthologous to a vein patterning gene in

Arabidopsis thaliana (Petricka et al., 2008).
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3.4.3. Identifying regions of the genome associated with C, leaf anatomy in the C;+C,

intermediates

We studied the genetic basis of three leaf anatomical traits previously associated with the strength
of the C, cycle (8"°C) using the 132 C,+C, individuals (Figure 3.1; Alenazi et al., 2023) with 2,754
SNPs analysed across the genome (Table 3.S3). The heritability estimates for the three leaf
anatomical traits in the C;+C, intermediates ranged from roughly equivalent to the value for §'°C
value to much lower (IBSF 42 =0.22 (SE=0.04); BSD 42 =0.12 (SE=0.06); IBSW /42 =0.06
(SE=0.06); n=132). No significantly correlated genomic region was detected for IBSW (Figure
3.S4), the trait with the lowest heritability. However, we did detect SNPs significantly associated

with BSD and IBSF.

i. Bundle sheath distance

The distance between consecutive bundle sheaths plays a significant role in determining the rate and
efficiency of photosynthesis in plants, with smaller distances being significantly correlated with
higher 8"°C (more C,-like) values (Alenazi et al., 2023). The C;+C, intermediate individuals showed
a range of BSDs from 55.14 to 178.36 um, with variation between subclades (Figure 3.4a). The
GWAS identified two significant regions associated with BSD, both on chromosome 9 (Tables 1,
S3; Figure 3.4). Only one annotated gene was identified in the correlated genomic regions
associated with BSD, the function of which is associated with leaf development (Glucan

Synthase-Like 8, GSLS (ASEM_AUSI 16831); Table 3.S4 (Linh and Scarpella, 2022)).
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Genetic variation associated with bundle sheath distance (BSD) in the C;+C, Alloteropsis semialata. a) The boxplot
shows the BSD variation for each of the C;+C, subclades. The box indicates the median value and the interquartile
range, and the whiskers represent 1.5x the interquartile range. b) A Manhattan plot showing the results of a
Genome-Wide Association Study (GWAS) for BSD. The blue and red dotted lines indicate Bonferroni corrected
P-values of 0.05 and 0.001, respectively. Significant SNPs are labelled with a block ID. Heatmap of pairwise linkage
disequilibrium (LD) between markers surrounding each significant SNP, ranging from white indicating low LD (LOD <
2 and D' < 1) to bright red indicating strong LD (LOD > 2 and D' = 1).

ii. Inner bundle sheath fraction (IBSF)

Inner bundle sheath fraction represents the portion of the leaf that can be used for C, photosynthesis

(Figure 3.1). A higher IBSF in the C;+C, 4. semialata has been significantly correlated with a
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higher "*C (more C, like; Alenazi et al., 2023). In the C;+C, populations, there is a range from 0.05
to 0.29, with variation between subclades (Figure 3.5a). We identified five regions of the genome
correlated with IBSF, each on a different chromosome (Tables 1, S3; Figure 3.5). Expression was
detected in mature leaves for 62% of the 65 genes located in the five regions, with no consistent
differential expression between photosynthetic types in mature leaves (Dunning et al., 2019a),
although two are on average more highly expressed in the C; vs C, accessions (ASEM AUSI 21119
Bonferroni-adjusted P-value =0.073; ASEM AUS1 17094 Bonferroni-adjusted P-value =<0.001).
Five out of the 65 genes were also evolving under strong positive selection with a dN/dS ratio

() > 1 using the one-ratio model (Table S4). The annotated genes in the correlated regions of the
genome have a variety of functions (Tables 1, S4), including loci directly connected to the response
to light stress (Ferulate 5-Hydroxylase 1, FAHI (ASEM_AUSI 36251) (Maruta et al., 2014)) and
leaf development (GATA transcription factor 19, GAT19 (ASEM _AUS1 21136), CCR4-NOT
transcription complex subunit 11, CNOT11 (ASEM _AUS1 _25789) and GRF I-interacting factor 1,

GIF1 (ASEM_AUSI 21151)) (Sarowar et al., 2007; Zhang et al., 2018; An et al., 2020).
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Figure 3.5.

Genetic variation associated with inner bundle sheath fraction (IBSF) in the C;+C, Alloteropsis semialata. a) The
boxplot shows the IBSF variation for each of the C;+C, subclades. The box indicates the median value and the
interquartile range, and the whiskers represent 1.5x the interquartile range. b) a Manhattan plot showing the results of a
Genome-Wide Association Study (GWAS) for IBSF. The blue and red dotted lines indicate Bonferroni corrected
P-values of 0.05 and 0.001, respectively. Significant SNPs are labelled with a block ID. Heatmap of pairwise linkage
disequilibrium (LD) between markers surrounding each significant SNP, ranging from white indicating low LD (LOD <
2 and D' < 1) to bright red indicating strong LD (LOD > 2 and D' = 1). ¢) Boxplot of gene expression for the candidate
genes that areis significantly differentially expressed. The boxes show the median value and the interquartile range, and
the whiskers represent 1.5x the interquartile range.

95



Chapter 3. Identifying genomic regions associated with C, photosynthetic activity and leaf anatomy in 4.semialata

3.5. Discussion

Alloteropsis semialata has C;, C;+C,, and C, genotypes that recently diverged, and it is therefore a
useful model to study the initial steps leading to the establishment of the C, phenotype since these
modifications are not conflated with other changes that accumulate over time (Pereira et al., 2023),
and its emergence in this species provided an immediate demographic advantage (Sotelo et al.,
2024). Here, we estimate the heritability and identify regions of the genome correlated with
variation in both the stable carbon isotope ratio (8'°C) and leaf anatomical traits known to influence
8"3C from field-based measurements (Alenazi et al., 2023). Despite a relatively modest sample size
(n =420 for 8"°C; n =132 for leaf anatomy), we identified regions of the genome significantly
associated with these traits, which may indicate that the genetic architecture of C, evolution in 4.
semialata is relatively simple, although a broader study may identify additional loci. At present,
functional validation of the candidate loci is not possible in Alloteropsis, as no proven stable
transformation system has been established (Pereira et al., 2023). This is something that would
greatly advance the utility of Alloteropsis semialata as a model system to study C, evolution in the

future.

3.5.1. Genetic basis of the carbon isotope ratio (6"°C) in Alloteropsis semialata

Using linked phenotype and genotype information for 420 A. semialata individuals, we identified
three associated regions of the genome, containing eight protein-coding genes (Figure 3.3). The
underlying differences in the §"°C between photosynthetic types are driven by C, plants evolving to
fix carbon with the PEPC enzyme rather than Rubisco. However, genes encoding PEPC were not
detected in the associated regions identified in our GWAS. This absence could be due to variation in
the specific PEPC gene copy used for C, in the different individuals masking the signal, with up to

five different versions known to be used by different A. semialata populations (Dunning et al.,
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2017). Among these five copies, three were laterally acquired (Christin et al., 2012), complicating
the matter further as they appear as large structural variants inserted randomly into the genome
(Dunning et al., 2019b) and are only present in a subset of individuals (Raimondeau et al., 2023).
However, based on the annotations of the genes in the associated regions, we did identify candidate
genes with functions potentially associated with the 3'°C, the most promising of which include
those co-expressed with Rubisco (SLPI (ASEM_AUSI 34302)), the activation of the NADP-ME C,
decarboxylating enzyme (RIPK (ASEM AUS1 34305)), the development of C, ‘Kranz’ anatomy
(SCLY (ASEM_AUSI 29467)), and the suppression of nonphotochemical quenching (SOQ1

(ASEM_AUSI_14480)).

SLP] encodes a Shewanella-like protein phosphatase 1, an ancient chloroplast phosphatase that is
generally more highly expressed in photosynthetic tissue (Kutuzov and Andreeva, 2012; Johnson et
al., 2020). In Arabidopsis thaliana, it is co-expressed with a number of photosynthetic genes
(including all of the Calvin cycle enzymes and Rubisco activase) and it is predicted to play a role in
the light-dependent regulation of chloroplast function (Kutuzov and Andreeva, 2012). In 4.
semialata, SLP1 is significantly more highly expressed in the C; individuals compared with the
other photosynthetic types. This greater expression in C; individuals could indicate a higher Calvin
cycle activity at the whole leaf level; meanwhile, in the C;+C, and C, individuals, its expression
would be increasingly restricted to the IBS tissue. Subdivision of the light signaling networks is one
of the key steps in the partitioning of photosynthesis across tissue types in C, species (Hendron and
Kelly, 2020), and SLP1 is potentially one of the regulators of this key innovation in 4. semialata.
RIPK is an enzyme that plays a role in disease resistance and plant immunity (Liu et al., 2011), but
has pleiotropic effects. In 4. thaliana, RIPK directly phosphorylates NADP-ME2 (4T5G11670) to

enhance its activity and increase cytosolic NADPH concentrations (Wu et al., 2022). In C, species,
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CO, s initially fixed in the mesophyll by CA and PEPC before being transported to an internal leaf
compartment and released for Rubisco to assimilate through the Calvin cycle. Preliminary studies in
A. semialata concluded that NADP-ME was the predominant decarboxylating enzyme, although its
activity varied with temperature (Frean et al., 1983). Subsequent transcriptome work showed that
NADP-ME expression (specifically the nadpme-1P4 gene that is a many-to-many ortholog of
AT5G11670) has a mean expression level four times higher in C,and C;+C, individuals (mean =300
RPKM; SD = 235) than in C; plants (mean =75 RPKM; SD = 32), although this difference is not
always consistent between populations (Dunning et al., 2019a). The other decarboxylating enzyme
commonly used by C, Alloteropsis is phosphoenolpyruvate carboxykinase (PCK), but like PEPC, a
C, copy of PCK was also laterally acquired (Christin et al., 2012), complicating its identification in

a GWAS analysis because it is absent in the C; (Dunning et al., 2019b).

SCL9 belongs to the GRAS gene family of transcription factors that regulate plant development
(Hirsch and Oldroyd, 2009). This multigene family includes two known C, Kranz anatomy
regulators identified in maize, SHORTROOT (Slewinski et al., 2014) and SCARECROW (Slewinski
et al., 2012). Orthologous SCARECROW (SCR) genes have divergent functions, being recruited for
distinct roles in leaf development within maize, rice, and A. thaliana (Hughes and Langdale, 2022).
In addition to its influence on leaf anatomy, SCR is also required for maintaining photosynthetic
capacity in maize (Hughes and Langdale, 2020). The correlation of the SCARECROW-LIKE SCL9
gene with the strength of the C,cycle in 4. semialata may indicate that convergence in C,
phenotypes are a result of the parallel recruitment of GRAS transcription factors between species,

although there is divergence in the specific loci recruited for this purpose.

SOQ1 is a chloroplast-localized thylakoid membrane protein that regulates nonphotochemical
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quenching in 4. thaliana (Brooks et al., 2013; Duan et al., 2023). In full sunlight, plants absorb
more light energy than they can process, which can ultimately result in the generation of free
radicals that damage the photosynthetic apparatus (Miiller et al., 2001). To overcome this, plants
have evolved nonphotochemical quenching, which enables them to dissipate the excess energy as
heat. This problem is potentially exacerbated in C, species, which typically grow in high-light
conditions compared with their C; counterparts (Sage and Monson, 1999). Preliminary evidence
indicates that C, species exhibit a significantly faster and greater nonphotochemical quenching
relaxation than their C; relatives, including between photosynthetic types in A. semialata (Acre
Cubas, 2023). SOQ1 may therefore play a direct role in regulating differences in the
nonphotochemical quenching responses among A. semialata photosynthetic types, and it may
represent a good candidate gene to target for reduced photoinhibition associated with fluctuating

light conditions in crops (Long et al., 1994).

3.5.2. The genetic basis of C, leaf anatomy

In A. semialata, the IBS is the site of C, photosynthesis, and three leaf anatomical variables linked
to the proliferation of this tissue explain the strength of the C, cycle (8'°C) in the C;+C,
intermediate individuals: IBSW, BSD, and IBSF (Alenazi et al., 2023). IBSW has the lowest
heritability (42 =0.06 (SE =0.06)), and we failed to identify any significant SNPs correlated with
this phenotype in our GWAS. This absence of significant genetic factors contributing to the trait
may indicate that IBSW has a complex genetic architecture or high phenotypic plasticity. In 4.
semialata, 8"C is largely genetically based as it is highly heritable after population structure has
been accounted for (42 =0.75 (SE =0.06)), and field-based differences are preserved in a common
environment (Lundgren et al., 2016). However, slight variation in §"°C can still be caused by

environmental effects on water use efficiency (Farquhar and Richards, 1984). The previously
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observed correlation of field-based IBSW measurements with "*C may potentially arise from such
environmental-induced plasticity (Alenazi et al., 2023). For example, bundle sheath cells in wheat

have a larger diameter (more C,-like) under drought conditions (David et al., 2017).

3.5.3. Plasmodesmata and reduced distance between bundle sheaths

We identified two regions of the genome associated with BSD that contain a single protein-coding
gene. This gene is GSL8 (ASEM_AUS1 _16831), a member of the GSL family that encodes enzymes
synthesizing callose. GSLS plays an important role in tissue-level organization (Chen et al., 2009),
including stomatal (Guseman et al., 2010) and leaf vein patterning (Linh and Scarpella, 2022).
Mutants of GSLS in A. thaliana formed networks of fewer veins in their leaves (Linh and Scarpella,
2022). This change in venation is mediated by the aperture of plasmodesmata, channels through cell
walls that connect neighboring cells (Paterlini, 2020; Band, 2021), which is regulated by GSLS8
(Saatian et al., 2018; Linh and Scarpella, 2022). Normal vein patterning is reliant on an auxin
hormone signal travelling through these plasmodesmata, and any interference of this signal disrupts
leaf vein development (Linh and Scarpella, 2022). GSL8 might play a role in strengthening the C,
cycle in A. semialata by reducing the distance between bundle sheaths through modulation of the
auxin signal. The transition to being fully C, in A. semialata is also correlated with the presence of
minor veins, which reduces both the number of mesophyll cells and the distance between bundle
sheaths in C;+C, in comparison with C; populations (Lundgren et al., 2019). Therefore, GSL8 may
play a pleiotropic role in the strengthening of C, photosynthesis in A. semialata by increasing both
the proportion of bundle sheath tissue in the leaf, and the connectivity between the two distinct cell
types required to complete the cycle. The §*C GWAS using the C, and C;+C, (which differ in the
presence of minor veins; Lundgren et al., 2019) interestingly identified a paralog of a gene recently

shown to specify vein rank in maize (Vlad et al., 2024), and potentially, WIP2 has been co-opted for
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a similar function in 4. semialata.

3.5.4. The genetic basis of the inner bundle sheath fraction in Alloteropsis semialata

The inner bundle sheath fraction has the highest heritability of all the three leaf anatomy measures
used (52 =0.22 (SE=0.04)). Since it is a composite trait, it is more likely to be influenced by
multiple developmental processes. Our GWAS identified five regions of the genome significantly
associated with IBSF, containing 65 predicted protein-coding genes. Interestingly, we found a
number of genes associated with leaf development that could play a role in the development of C,
leaf architecture. These include homologs of genes that alter leaf area and vascular development
(GAT19 (ASEM_AUS1 21136)) (An et al., 2020), leaf thickness (CNOT11 (ASEM_AUSI _25789))
(Sarowar et al., 2007), and leaf width by regulating meristem determinacy (GIF'/

(ASEM_AUS1 21151)) (Zhang et al., 2018). GIF'I (also called ANGUSTIFOLIA3) is perhaps the
most interesting of these genes, since it is expressed in the mesophyll cells of leaf primordium and
can influence the proliferation of other clonally independent leaf cells (e.g. epidermal cells (Kawade
et al., 2013)). The numerous regulators of leaf development identified in the GWAS point to an
interacting balance of growth regulators to increase the proportion of bundle sheath tissue within the

leaf for C, photosynthesis.

There are other genes in these regions with a diverse set of functions, although it is unclear how
they could modulate IBSF, including genes associated with light stress and lignin biosynthesis.
FAHI encodes ferulic acid 5-hydroxylase (FSH) 1, a cytochrome P450 protein that, when disrupted,
reduces anthocyanin accumulation under photooxidative stress (Maruta et al., 2014) and is more
highly expressed in the C; (mean RPKM = 7.38; SD = 5.29) than other photosynthetic types (mean

RPKM = 1.00; SD =2.10; Table 3.S4). These loci could also play a role in C, photosynthesis,
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although most likely they might just be in close physical linkage.

3.6. Conclusion

C, photosynthesis is a complex trait that requires the rewiring of metabolic gene networks and
alterations to the internal leaf anatomy. We investigated the genetic basis of these key innovations in
Alloteropsis semialata, which has recently diverged C;, C;+C, intermediate, and C, phenotypes. We
performed a GWAS that identified regulators of C, decarboxylation enzymes (R/PK),
nonphotochemical quenching (SOQ1), and several genes involved in tissue-level organization and
leaf development (e.g. SCLY, GSLS, and GIFI). Interestingly, these tend to come from the same
gene families as the previously identified C, leaf anatomy regulators in other species. This parallel
recruitment appears to mirror the pattern observed in the core metabolic enzymes, with the paralog
recruited for the C, function depending on its ancestral expression pattern and catalytic properties
(Wang et al., 2009; Hibberd and Covshoft, 2010; Christin et al., 2013, 2015; Aubry et al., 2014;
Emms et al., 2016; Moreno-Villena et al., 2018). Thus, the easiest path to C, leaf anatomy would be

context-dependent, which likely has implications for engineering C, anatomy in C; species.
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Figure 3.S1: Distribution of linkage block sizes in the Alloteropsis semialata genome. The block sizes were
inferred using a solid spine of linkage disequilibrium (SSLD) analysis. 2,601 linkage blocks were identified, with a
mean length of 58,996 kb (SD = 109,378 kb).
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Figure 3.S2: Density and Q-Q plots for the studied traits. The blue shaded areas in the Q—Q plots represent the

95% confidence bands around the p-values under the null hypothesis for the GWAS results presented in the main text.
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Figure 3.S3: Manhattan plot showinge the results of a Genome-Wide Association Study (GWAS) for $13C
using various subdivisions of samples based on photosynthetic type. The blue and red dotted lines indicate
Bonferroni corrected P-values of 0.05 and 0.001, respectively. Significant SNPs are labelled with a block ID.
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Figure 3.S4: Manhattan plot showing the results of a Genome-Wide Association Study (GWAS) for inner
bundle sheath width (IBSW). The blue dotted line indicates a cutoff significance value of a Bonferroni corrected
P-value of 0.05.
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Supplementary Tables

All tables available as individual tabs in separate excel file

Table 3.S1: Details of samples used in the genome wide association study. This includes sample

collection information, 3"°C and NCBI Sequence Read Archive accession numbers.

Table 3.S2: Leaf anatomy measurements for the C;+C, Alloteropsis semialata.

Table 3.S3: Summary of significant regions detected. This includes the SNP location and linkage

block size.

Table 3.S4: Summary of genes in significant regions. This includes gene annotation, expression

levels and estimates of omega (dN/dS ratio).

Supplementary tables for this chapter are available at https:/doi.org/10.1111/nph.19933
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Data set 1: Maximum likelihood phylogeny of all accessions used in this study.
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Data set 2: Orthogroup phylogenies
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4.1. Abstract

C, photosynthesis is a complex trait that requires many biochemical and anatomical components to
be coordinated. It has evolved convergently over 60 times, yet these origins are phylogenetically
clustered. For example grasses can be divided into two main clades (BOP and PACMAD), and the
greater than 20 C, origins are only found in the PACMAD clade. Here, we examined the genetic
precursors that might have enabled the evolution of C,in this clade. Using the new Aristidoideae
genomes we assembled representing the Aristidoideae sub-clade, we could identify genes that were
duplicated specifically in the base of the PACMAD clade, which represents the last common
ancestor of all the C, grass origins in this family. The genes duplicated in this ancestral clade were
involved in the regulation of water use efficiency (WUE) as part of the response to environmental
stress via cell wall modifications (e.g. Beta-1,2-xylosyltransferase XYXT1) and stomatal opening
(e.g. Trehalose 6-phospate phosphatase I (4¢TPPI). Anatomical modifications related to WUE
regulation or CO, conductance may therefore have acted as precursors for the convergent evolution
of Kranz anatomy. This chapter highlights the profound genetic and anatomical complexities
underlying the convergent evolution of C, photosynthesis in grasses, with the evolutionary

trajectory of a species dictated by its evolutionary history.
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4.2. Introduction

Complex or polygenic traits are composed of multiple components working in synergy to increase
an organism's fitness. When comparing different species, we can observe how these complex traits
manifest into impressive phenotypic innovations and novel adaptations. However, the evolutionary
dynamics behind their progressive emergence are often unknown, especially when their function
relies on multiple components working in synchrony. The evolution of complex traits is typically
envisaged as a stepwise progression of multiple intermediate stages, each offering an incremental
fitness advantage that can be selected for through a process of descent with modification (Darwin,
1859). The order that the individual components are assembled is of great interest (Meléndez-Hevia
et al., 1996; Lenski et al., 2003), especially when there is potentially a key innovation that is
foundational to the emergence of a particular trait (e.g. Ourisson and Nakatani, 1994). The presence
of such evolutionary precursors may be one explanation for the non-random phylogenetic clustering

of certain convergent traits (Christin et al., 2015).

Gene duplication is a major driving force in evolution, providing new genetic material that can be
recruited for specialised or novel gene function (Magadum et al., 2013). Gene duplication has
contributed to the developmental programme of various organisms, including the HOX genes that
are responsible for mammalian body form (Wagner et al., 2003), and developmental and regulatory
loci that underpin the diversity of flowering plants (Angiosperms) (Moore and Purugganan, 2005).
Duplicated genes can originate through whole genome duplication (polyploidization) or small-scale
duplications, either through unequal crossing-over events or mediated by transposable elements.
The fate of these duplicates can be gene loss / pseudogenization; subfunctionalization, where each
copy randomly loses subfunctions of the original gene at either protein activity or gene expression

levels; or neofunctionalization, where one duplicate retains the ancestral function while its paralog
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gains a novel function (Panchy et al., 2016). Gene duplication and neofunctionalization are likely to

be very important for the emergence of novel complex traits.

The C, photosynthetic pathway is a complex trait that increases the efficiency of carbon fixation in
hot and dry environments when compared to the ancestral C; pathway (Sage et al., 2012; Atkinson
et al., 2016). C, photosynthesis requires the coordinated modification of numerous anatomical and
biochemical components to concentrate CO, around the carbon fixing enzyme Rubisco (Hatch,
1987). Gene duplication and subsequent subfunctionalization has been proposed as a prerequisite to
C, evolution (Monson, 2003). Most core enzymes in the C, pathway are encoded by large multigene
families, with different copies recruited depending on their ancestral expression patterns and
catalytic properties (Wang et al., 2009; Hibberd and Covshoff, 2010; Aubry et al., 2011; Christin et
al., 2013a, 2015; Emms et al., 2016; Moreno-Villena et al., 2018). Gene duplication may also play a
more immediate role in the emergence of the C, cycle, with a whole genome duplication facilitating
the evolution of C, anatomy and biochemistry in the eudicot Gynandropsis gynandra (Huang et al.,
2021), and a single photorespiratory gene duplication underpinning the development of the
photorespiratory CO, pump in C;—C, intermediate Flaveria species (Schulze et al., 2013). To date,
most research has focused on genes known to be directly involved in C, metabolism, with the
genetic basis of leaf anatomical enablers largely unknown (Christin et al., 2013b). A global analysis
using comparative genomics as a tool to identify gene families that have been duplicated and
retained in two independent C, origins unveiled 41 orthologous genes with heterogeneous functions,
including transcription factors, transporters, and genes involved in hormone metabolism, among

others (Emms et al., 2016).
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Despite its apparent complexity, C, photosynthesis has evolved over 60 times in land plants,
representing a remarkable example of convergent evolution (Heyduk et al., 2019). The origins of C,
photosynthesis are phylogenetically clustered (Christin et al., 2015), with over 20 C, origins in the
grasses alone (Grass Phylogeny Working Group II, 2012). Even within the grass family (Poaceae),
the multiple origins of C, photosynthesis are structured, only occurring in the PACMAD clade (six
subfamilies: Panicoideae, Aristidoideae, Chloridoideae, Micrairoideae, Arundinoideae, and
Danthonioideae) which is sister to the BOP clade (three subfamilies: Bambusoideae, Oryzoideae,
and Pooideae) where C, species are conspicuously absent (Grass Phylogeny Working Group II,

2012).

The absence of C, photosynthesis in BOP grasses suggests that species from the PACMAD clade
carry certain precursors that make them prone to evolve C,. These preadaptations are likely related
with leaf anatomy rather than with biochemical pathways (Christin et al., 2013b). The genetic basis
controlling leaf development has only been partially elucidated (Lewis and Hake, 2016), preventing
a comprehensive inspection of specific genes that might be responsible for these preadaptations.
Global comparative genomics studies are therefore needed in order to elucidate the genetic factors
that may contribute to C, evolvability. High-quality reference genomes have been published for
more than a hundred grass species, offering a great opportunity to further investigate the role of
gene duplication in C, evolution in a broad perspective (Figure 4.1). However, a reference genome
for any species belonging to the earliest diverging PACMAD subfamily (Aristidoideae) was
lacking, hampering an analysis of the specific duplications that occurred in the last common

ancestor of this clade.
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In this study, we aimed to identify genes that may contribute to preadaptations for C, photosynthesis
present in the PACMAD clade. To achieve this aim, we generated reference genomes for two
members of the Aristidoideae family, Aristida adscensionis and Stipagrostis hirtigluma. We then
used these genomes together with publicly available genomes for other grass species to identify
duplication events at the base of the PACMAD clade that were retained in all C, species. We
investigated their predicted gene function and found that half of the duplicated and retained genes
were involved in cell wall biogenesis. We hypothesise that cell wall structure may modify the
permeability of bundle sheath and/or mesophyll cells and affect water and CO, diffusion. These
changes may have facilitated the convergent evolution of C, photosynthesis in the PACMAD clade

and be related to the key anatomical enablers (Christin et al., 2013b).
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edsp.
/ #total sp.
Aristidoideae — ] Adistidoideae /364
——— L1 Arund +Micra 1226
Base of o 0293
PACMAD Danthonioideae
clade
Chloridoideae  13/1601
— Panicoideae 37/3560
Oryzoideae 17/116
Bambusoideae 12/1641
Pooideae 35/4234
Figure 4.1.

Phylogeny, C, origins and sequenced genomes in grasses. The tree has been redrawn from (Spriggs et al., 2014), C,
species in yellow and C, species in blue. The number of species per family was extracted from (Soreng et al., 2015) and
the number of sequenced genomes per family was determined by searching in the NCBI database. The photos of
Aristida adscensionis and Stipagrostis hirtigluma were extracted from the Kew - Royal Botanical Gardens website
(https://powo.science.kew.org/).
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4.3. Materials and methods

4.3.1. Tissue collection and DNA extractions

Aristida adscensionis seed was obtained from the USDA Germplasm Resources Information
Network (GRIN) (accession number = PI 269867, collection location = Pakistan), and Stipagrostis
hirtigluma var. patula seeds from Kew Millenium Seed Bank (accession number = 74902,
collection location = Botswana). Seeds were germinated and grown at the Arthur Willis
Environment Centre, University of Sheffield (UK) under semi-controlled conditions (12 h daylight,
25/20 °C day/night temperature). The 1C genome size for each species was estimated by flow
cytometry using the one-step protocol (Dolezel et al., 2007) with minor modifications (Clark et al.,

2016).

High molecular weight genomic DNA was extracted for each species from flash frozen leaf tissue
stored at -80 °C using the NucleoBond® HMW DNA kit (Macherey-Nagel), following
manufacturer’s protocol, and purified with AMPure XP Beads (Beckman Coulter Life Sciences).
DNA quality, purity and concentration were estimated with a Femto Pulse (Agilent), NanoDrop
(Thermo Fisher Scientific), and Qubit (Thermo Fisher Scientific), respectively. PacBio HiFi DNA
libraries were prepared and run on Sequel Il SMRT Cells in CCS run mode at the NERC
Environmental Omics Facility (University of Liverpool, UK). In total, we ran two SMRT cells for

A. adscensionis and three SMRT cells for S. hirtigluma.

4.3.2. Organelle assembly

To remove organelle data prior to nuclear genome assembly, we first generated reference

chloroplast and mitochondrial organelle genomes.
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Chloroplast sequences were identified by aligning the raw HiFi reads with BLASR v5.3.5-0
(Bussotti et al., 2011) to published chloroplast genome assemblies for each species downloaded
from NCBI GenBank (4. adscensionis = MZ373986.1; S. pennata = MZ373985.1). To be
considered for downstream analysis, reads were filtered by alignment length (>5 kb) and alignment
similarity (>99%). These reads were then de novo aligned using hifiasm v0.16.1 (Cheng et al.,
2021) with default parameters. Primary contigs were inspected using circlator clean v1.5.5 (Hunt et
al., 2015), discarding shorter contigs that were nested within larger sequences. The remaining
contigs were annotated with the GeSeq v2.03 (Tillich et al., 2017) web portal. The annotations were
used to identify overlapping contigs that were then manually trimmed, merged and circularised in
Geneious Prime (v2023.0.1, Build 2022-11-28) to obtain the complete chloroplast genome, before

being re-annotated with GeSeq.

Assembling mitochondrial genomes can be problematic for plants as they are not necessarily
circular and can exist in multiple conformations within a cell (Sloan et al., 2012). To assemble the
mitochondrial genome we used MitoHiFi v3.2 (Uliano-Silva et al., 2023) with a minimum
percentage of each HiFi read sequence in the blast match to a closely related mitochondrial genome
(-p) set to 30%. As expected, a fully resolved mitochondrial genome was not obtained. To select
unique, long contigs, we used circlator clean, and annotated the remaining contigs with GeSeq.

Only contigs containing at least one gene model were included in the draft mitochondrial contigs.

4.3.3. Nuclear assembly

The estimated coverage and ploidy for each species was calculated using the k-mer spectrum
generated with GenomeScope 2.0 (Ranallo-Benavidez et al., 2020). Prior to nuclear genome

assembly, we removed reads that belong to the organelles by mapping the raw HiFi reads to the
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chloroplast and mitochondrial genomes with minimap2 v2-2.24 (Li, 2018), discarding those where
>80% of the read aligned. The organelle-filtered HiFi reads were then de novo assembled using
hifiasm, using default parameters except for the number of haplotypes in S. hirtigluma being set to
four as it was inferred to be tetraploid. The assembly completeness was checked using BUSCO
v5.4.2 (Simao et al., 2015) with the poales_odb10 database, and Inspector v1.2 (Chen et al., 2021)

was used to estimate assembly quality values (QV).

4.3.4. Genome annotation

Extensive de-novo TE Annotator v1.9.4 (Ou et al., 2019) was used to annotate transposable
elements (TEs), and RepeatMasker v4.1.2-p1 to annotate simple repeats. The identified TEs and
simple repeats were then soft-masked in each draft genome using BEDtools maskfasta (Quinlan and
Hall, 2010). To annotate the softmasked reference genome we used both RNA and protein evidence
separately, running BRAKER?2 v2.1.6 (Brina et al., 2021) with each independently before
combining both annotation files with TSEBRA v1.0.3 (Gabriel et al., 2021). For the RNA
annotation we used previously generated RNA-seq data for both species that was downloaded from
the NCBI Sequence Read Archive (SRA) (Accession numbers = SRR13316956, SRR15729218,
SRR6221622, SRR6221624, SRR6221636, SRR6221637). These data were then cleaned with
trimmomatic (LEADING:3 TRAILING:3 SLIDINGWINDOW:4:30 MINLEN:50), aligned to the
draft genome using hisat2 (Kim et al., 2019), before using the resulting sorted BAM file in the
BRAKER?2 pipeline. For the protein infomed annotation, we used the Plant dataset Odb10 from
BUSCO. To prepare the protein dataset we used ProtHint to generate a genome annotation file that

was then incorporated into the BRAKER?2 annotation pipeline.
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4.3.5. Identifying orthologous genes and identifying duplication events

To identify orthologous genes between the two reference genomes produced here and 18 other
grasses with published genomes from across the Poaceae (PACMAD and BOP) and representing
multiple C, origins (Figure 4.2; Table 4.S1), we used Orthofinder v.2.5.4 (Emms and Kelly, 2019).
Orthologs were identified using the coding sequences (CDS), aligned using MUSCLE v3.2 (Edgar,
2004), and a maximum likelihood tree inferred using FastTree v2 (Price et al., 2010). Orthofinder
reconciles gene duplications against the species tree it infers to determine the branch on which the
duplication occurred. Of particular interest are the orthogroups inferred to have been duplicated at
the base of the PACMAD clade, the branch representing the last common ancestor of all grass C,

origins.

The genes duplicated on the PACMAD branch were further filtered to keep only those that had been
duplicated and retained in all C, species included in the analysis, as these are potentially the most
important loci for the convergent evolution of C,. The function of these orthogroups was then
inferred by annotating the maize gene against the SwissProt database, the MaizeGDB (Woodhouse
et al., 2021) and the function of the Arabidopsis thaliana ortholog using TAIR (Berardini et al.,

2015).

4.3.6. Gene ontology

The annotations for each orthogroup were derived from the annotations of Oryza sativa genes in
Gene Ontology (Ashburner et al., 2000; Aleksander et al., 2023). The genes that were duplicated in
the base of PACMAD were used in the PANTHER Overrepresentation Test in panther resource v.18
(Thomas et al., 2021; Mi et al., 2013) to determine if specific gene ontology (GO) terms were

overrepresented in these genes compared to a set of rice genes that is released from Orthofinder. We
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used Fisher's exact test to determine which GO terms were significantly more prevalent (FDR <
0.05) in the selected genes and then the multiple testings were corrected using the Bonferroni

correction (p < 0.05).

4.4. Results

4.4.1. Assembly of two early diverging PACMAD grasses

We assembled reference genomes for two divergent Aristidoideae species, Aristida adscensionis
and Stipagrostis hirtigluma. For A. adscensionis, we generated 31.0 Gb of HiFi data, which is
approximately 53x coverage of the nuclear genome based on the flow cytometry estimated 1C of
0.58 Gb (Table 4.1). The analysis of the k-mer spectrum suggested that the 4. adscensionis
individual sequenced was diploid, and the final assembly was 451 Mb (77.8% of the flow cytometry
estimated genome size), relatively contiguous (186 contigs and N50 = 5.6 Mb) and 95.8% of
BUSCOs were detected (Table 4.1). Genome annotation showed that 53.0% of the genome is made

up of TEs, and we were able to identify 31,208 protein coding genes (Table 4.1).

We generated 67.7 Gb of HiFi data for S. hirtigluma (Table 4.1). The analysis of the k-mer spectrum
suggested it was a tetraploid, therefore the haploid genome estimated by flow cytometry would be
0.48 Gb (141x coverage). The final assembly was 613 Mb, which is higher than the haploid flow
cytometry estimate, probably because divergent sequences from different subgenomes are
assembled separately. The assembly was more fragmented (458 contigs, N50 = 12.1 Mb) than the 4.
adscenionis assembly, despite the higher coverage and larger N50 obtained, most likely due to the
added complexity of assembling a polyploid. In terms of completeness, 96.9% of BUSCOs were

detected (Table 4.1), and 29.7% were duplicated, supporting the partial redundancy of the assembly.
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Genome annotation showed that 48.72% of the genome was made up of TEs, and we were able to

identify 30,617 protein coding genes (Table 4.1).

Table 4.1.

Assembly statistics for the two de novo genomes.

Aristida adscensionis

Stipagrostis hirtigluma

Sequencing
Number of reads 1889280 4507740
Total sequence (Gb) 30.97 67.68
Average read length (kb) 16.39 15.01

Assembly

Ploidy Diploid Tetraploid
Estimated genome size (1C/Gb) 0.58 0.48*
Total assembly length (Mb) 451.51 613.38
Number of contigs 186 458
Contig N50 (Mb) 5.6 12.14
Longest contig (Mb) 17.85 31
Qv 63.55 25.06

BUSCO Complete (Duplicated)

94.1% (2.7%)

95.7% (29.7%)

BUSCO Fragmented 1.7% 1.2%
BUSCO Missing 4.2% 3.1%
Annotation
% Transposable Element 53.0% 48.7%
Number of gene models 31208 30617

132



Chapter 4. Gene duplication and the repeated origin of C, photosynthesis in PACMAD grasses

4.4.2. Duplication events at the base of PACMAD clade

The PACMAD clade has evolved C, photosynthesis has evolved at least 20 times in the PACMAD
clade of grass whereas the sister BOP clade only contains C; species (Figure 4.1). This is potentially
driven by genetic enablers that evolved in the last common ancestor of the PACMAD clade,
facilitating the recurrent emergence of C, in this clade. We identified 407 duplication events
represented by 369 orthogroups that were duplicated at the base of PACMAD clade (Table 4.S2).
There was no difference between the proportion of orthogroups retained in the C; versus C, species
(two tailed t-test p-value = 0.737), or in the total number of orthologs within each of these 369
orthogroups (two tailed t-test p-value = 0.292 [0.707 when correcting for ploidy level]). There were
eight orthogroups duplicated on the PACMAD branch and retained in all C, species (Figure 4.2).
Some of these orthogroups were subsequently further duplicated, with as many as 13 Digitaria
exilis orthologs in orthogroup OG0000383 (Figure 4.2). This redundancy could have an impact in
the evolvability of the C, cycle, as well as other traits. We further investigated the function of these

C, conserved PACMAD duplications.

Four of the eight PACMAD duplicated orthogroups retained in the C, descendants are involved in
cell wall biogenesis, with genes encoding: Beta-1,2-xylosyltransferase XYXT'1 (XYXTI) involved in
the arabinosylation of xylan in grasses (Anders et al., 2012; Chiniquy et al., 2012); Peroxidase 2
(PER2_5) involved in lignin biosynthesis and xylem development (Fernandez-Pérez et al., 2015;
Hoffmann et al., 2020); a Walls are Thin 1 related (WAT 1-related) protein belonging to a
plant-specific gene family essential for secondary wall formation in Arabidopsis (Ranocha et al.,
2010, 2013); and probable xyloglucan endotransglucosylase/hydrolase protein 12 [XTH12], that is
expressed in the vascular bundles of elongating leaves and contributes to xyloglucan modifications

in rice (Maris et al., 2009; Hara et al., 2014).
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Figure 4.2.

Species tree containing all the species used in this study, including their ploidy, and the copy number found in each
species for the orthogroups duplicated at the base of PACMAD. Yellow is used for C; species and blue for C, species,
and white means no duplication.

Genes encoding two primary metabolic enzymes are also duplicated at the base of PACMAD and
retained in all C, lineages: (DL)-glycerol-3-phosphatase and trehalose 6-phospate phosphatase
(TPPJ). (DL)-glycerol-3-phosphatase (GPP) is involved with core glycerol metabolism, and TPPJ
participates in the trehalose biosynthetic process. Trehalose is a disaccharide that serves as a carbon
source, a structural component and a stress protectant (Van Houtte et al., 2013). In plants, trehalose
6-phosphate also acts as a cue for important developmental processes such as flowering,

embryogenesis and shoot branching (Fichtner and Lunn, 2021).

The last two enzymes duplicated at the base of PACMAD and retained are both cytochrome P450’s,

a protein superfamily that plays a key role in plant development and defence (Xu et al., 2015).
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The gene ontology terms for the 369 duplicated genes in the base of PACMAD has revealed 36
above the threshold with p value 2.8 e -2. exhibit functional diversity, encompassing role in cellular

anatomical entity, cell modification, chloroplast stroma, and potassium transporter.

4.5. Discussion

C, photosynthesis is a remarkable example of convergent evolution, yet its occurrence is restricted
to relatively few lineages (Christin et al., 2015). In grasses, 99% of species are found in two roughly
equallysized clades (BOP = 5,753 species; PACMAD = 5,726 species; Soreng et al., 2017), and the
>20 origins of C, in this family are solely restricted to the PACMAD grasses (Grass Phylogeny
Working Group II, 2012). Here we assembled two genomes for the Aristidoideae grasses (Aristida
adscensionis and Stipagrostis hirtigluma), a subfamily containing over 350 species. We then used
comparative genomics to determine the genes that were duplicated at the base of PACMAD as these

potentially represent genetic enablers underlying the repeated evolution of C, in this clade.

4.5.1. Duplication of a photorespiratory enzyme and a C, pump

One of the driving forces behind C, evolution is the reduction of photorespiration, an energetically
costly process that increases at high temperatures (Sage et al., 2012). Indeed, the evolutionary
trajectory from C; to C, predicts that the establishment of a photorespiratory CO, pump that
operates across different leaf compartments is one of the key steps (Brautigam and Gowik, 2016).
The Asteraceae Flaveria genus contains several C;-C, intermediates, and the emergence of these
from their C; ancestor is thought to be partially driven by gene duplication and subfunctionalization
(Schulze et al., 2013). The duplicated gene encoding the P-protein of the glycine decarboxylation
complex became preferentially expressed in the bundle sheath cells, helping to establish the

photorespiratory CO, pump across leaf compartments. Interestingly, we also identified a duplicate
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copy of (DL)-glycerol-3-phosphatase 2 (GPP) that encodes a protein with homology to
2-phosphoglycolate phosphatase (PGP), the entry enzyme to the photorespiratory pathway

(Schwarte and Bauwe, 2007).

4.5.2. Cell wall modifications may limit CO, diffusion and enhance water use

efficiency

Half of the genes that were found to be duplicated at the base of the PACMAD clade and
subsequently retained in the descendant C, species were associated with cell wall biogenesis (Figure
4.2 and Table 4.2). This indicates that compositional modifications to the cell wall were potentially
a precursor to the origin of C, photosynthesis. In C, plants, CO, is initially incorporated into
four-carbon acids either oxaloacetate or malate in the mesophyll cells, then the C, acid is
transported into the bundle sheath cells where they are decarboxylated and the CO, that is released
is subsequently fixed by Rubisco. A low CO, conductance across the cell walls from the bundle
sheath to the mesophyll is an essential feature of the C, pathway (Von Caemmerer and Furbank,
2003), otherwise there is a risk that much of the CO, concentrated in the bundle sheaths would
diffuse out. Cell wall composition and thickness are the main determinants of foliar gas exchange,
and cell wall modifications are likely to impact photosynthetic efficiency (Carriqui et al., 2020;
Flexas et al., 2021). Cell walls in grasses are composed of cellulose fibres encased in the
hemicellulose polymer glucuronoarabinoxylan (Vogel, 2008). The PACMAD duplicated genes are
involved in (1) hemicellulose biosynthesis, particularly in the arabinosylation of xylans (XYX71/;
Anders et al., 2012), (2) hemicellulose modifications, such as splitting and reconnection of the
xyloglucan crosslinks in the cell wall (X7TH12; Hara et al., 2014), (3) secondary cell wall formation,
including an upstream regulator (WATI-related; Ranocha et al., 2010) and a peroxidase likely

involved in lignification (PER2_5; Fernandez-Pérez et al., 2015). Duplication of these genes may
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have facilitated their subfunctionalization and specialisation to reduce CO, conductance and/or

facilitate subsequent anatomical modification.

Table 4.2.

Gene functional annotation of the orthogroups duplicated at the base of PACMAD and retained in all C, species.

Arabidopsis
Orthogroup |Gene description Swissprot top hit [species] e-value |ortholog(s)
Beta-1,2-xylosyltransferase
Glycosyltransferase XYXT1[Oryza sativa AT3G18180,
0G0000234 family 61 protein Japonica Group] 2.0E-104 AT3G18170
0G0000344 Peroxidase (EC1.11.1.7) Peroxidase 2 [Zea mays] 2.0E-85 AT4G33420
AT3G45870,
WAT 1-related protein AT4G19185,
0G0000383 WAT1-related protein  [Arabidopsis thaliana] 2.0E-46 AT5G45370
Probable xyloglucan
xyloglucan endotransglucosylase/hydrolas
endotransglucosylase ¢ protein 12 [Arabidopsis
0G0000408 (EC2.4.1.207) thaliana 4.0E-90 AT4G28850
Cytochrome P450 81Q32 AT3G25180,
0G0000105 Cytochrome P450 Catharanthus roseus]| 3.0E-147 AT2G25160
Cytochrome P450
CYP72A616 [Paris
0G0000498 Cytochrome P450 polyphylla] 0
(DL)-glycerol-3-phosph (DL)-glycerol-3-phosphatase AT4G25840,
0G0001071 atase 2 1 [Arabidopsis thaliana] 4.0E-88 AT5G57440
Trehalose 6-phospate
phosphatase Trehalose 6-phosphate
0G0001418 (EC3.1.3.12) phosphatase RA3 [Zea mays] 0 AT1G35910
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Furthermore, cytochrome P450 enzymes are responsible for vascular differentiation and the cell
division and expansion has been duplicated was the base of the PACMAD clade and then retained at
all 18 C,species. Cytochrome P450 enzymes prevent plants from becoming dehydrated during
drought stress (Minerdi et al., 2023) which can play an important role in environment conditions
that promote a photorespiration and they are also associated with the lignin biosynthesis process
(Gou et al., 2018). Moreover, several P450 enzymes are involved in the synthesis of structural
components of the plant cell wall (Grausem et al., 2014) and vein density (Rizal et al., 2015). The
AtTPPI gene that was discovered here to be duplicated at the base of the PACMAD clade and
retained in all species (OG0001418 in Figure 4.2) encodes one of trehalose-6-phosphate
phosphatase (TPP family) that has been shown in Arabidopsis to regulate stomatal aperture during
drought stress thereby facilitating the enhanced water use efficiency (Lin et al., 2020). Also, A¢TPPI
was found to participate in increasing the length of the primary root, and linked to reduced
transpiration rate suggesting an enhancement of water use efficiency (Lin et al., 2020). Moreover,
the overexpression of At7TPPI might influence the abundance of the auxin transporter (P/N3) (Lin et
al., 2020) which is found in the leaf midrib cells (Li et al., 2024) and has been linked with drought
stress adaptation (Krugman et al., 2011). Auxin moves between cells via plasmodesmata and is
known to be involved in leaf development and vein patterning (Linh and Scarpella, 2022). Also,
auxin is involved in the regulator of cell elongation, which has been linked with adaptation to
fluctuations of blue light levels during light stress (Ma and Li, 2019; Li et al., 2024). Moreover, cell
elongation is reduced during drought stress thereby influencing overall plant water use efficiency

(Boutraa et al., 2011).

In addition to the aforementioned duplicated genes that were retained in all C;, PACMAD

descendants, the GO analysis also revealed that some duplicated genes already present at the base of
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the PACMAD clade have functions that are related to cell modification and chloroplast stroma.
Also, the GO analysis showed some functions related to potassium ion transport which is a crucial
component of mechanisms that control stomatal guard cells and the opening and closing of stomata

(Sawhney and Zelitch, 1969; Osakabe et al., 2013).

4.6. Conclusion

The decoding, assembly and annotation of two new genomes from the Aristidoideae allowed us to
investigate the genetic changes that happened in the PACMAD common ancestor that may have
enabled the repeated evolution of C, photosynthesis in this group. We found eight duplication
events that were retained in all subsequent, daughter C, lineages, including genes with functions

related to cell wall composition, metabolism and stress responses.
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5. General discussion

The over reaching aim of this thesis was to investigate the evolutionary steps required to assemble
the C, cycle, a complex trait requiring the intimate coordination of numerous anatomical and
biochemical components. To do this, I first focused on the remarkable photosynthetic variation in
Alloteropsis semialata, the only species that has both C, and non-C, photosynthetic genotypes.
Using this system I conducted a comparative analysis to identify leaf traits associated with the
proportion of carbon fixed using the C, cycle, showing that the proportion of bundle sheath tissue
increases in plants with higher C, activity (Chapter 2). I then followed up the results in the next data
chapter, using a genome wide association study (GWAS) to identify several candidate genes related
to the strength of the C, cycle and an increasing proportion of bundle sheath tissue (Chapter 3).
Finally, in the last data chapter, I took a broader perspective to investigate the genetic precursors
that may have enabled the repeated evolution of C, photosynthesis in the PACMAD grasses. Genes
associated with lignification and the regulation of stomatal aperture were discovered to have been
duplicated at the base of the PACMAD clade and subsequently retained in all C, origins, potentially
facilitating the repeated convergent evolution of Kranz anatomy (Chapter 4). All three data chapters

highlight the importance of anatomical modifications during the emergence of the C, cycle.

5.1. Understanding the evolutionary steps to C, carbon fixation

The current best theory purposes that the C, cycle evolved via a series of gradual modifications to
biochemical and anatomical traits and numerous intermediate phases during the evolutionary
progression from C; to C, (Sage, 2004; Sage et al., 2012). These stages have been represented
within an adaptive fitness landscape, which connects various biological properties (Figure 5.1;

Edwards, 2014). However, it has remained unclear how individual C, trait components were
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acquired. The results presented in Chapter 2 suggested that the C;-C, intermediate 4. semialata
accessions with carbon isotope values less negative than —23%o acquire a significant fraction of
their CO, via the C, cycle while still operating the C; cycle (potentially involving a photorespiratory
pump) for part of their carbon acquisition (Brown and Hattersley, 1989; von Caemmerer, 1992;
Farquhar et al., 1982; Stata and Sage, 2019). Increasing C, activity in A. semialata was correlated
with leaf anatomical modifications, specifically increasing the inner bundle sheath volume, and
decreasing the distance between veins. The strength of the C, cycle was also found to be correlated
with the local environmental conditions, suggesting that each population has locally adapted its

photosynthetic rate.

Cicycle captures

Cicycle captures COyin M cells

rebalance nitrogen

C; Photosynthesis

Further changes to
BS cells

Low MS : BS ratio

Fitness

CO:; limitation
climate stress, gene
duplication

Evolutionary accessibility to Cs

G Cs Evolutionary trajectory Cs

Figure 5.1.

The model suggests the main C, evolution stages and C, trajectory with significant incremental steps for each stage.
Only two major intermediate stages are shown, the first is increasing the volume of bundle sheath and the other is C,
photosynthesis that precedes the full C, photosynthesis. Adapted from Edwards (2014).

Leaf cellular has been proposed as a key anatomy driver of C, evolution, but to date only a couple

of genes associated with the C, leaf anatomy (Kranz anatomy) have been identified and
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characterised functionally (Simpson et al., 2021). This is because most variation in photosynthetic
types is discretely segregated between species, rather than within, making quantitative genetics
approaches difficult. Here, this challenge was overcome using A. semialata as a study system, and
through conducting the first GWAS for the strength of the C, cycle and Kranz anatomy. The GWAS
results identified multiple candidate genes that could function in the establishment of identified
Kranz anatomy, with functions associated with leaf developments including vein patterning and
meristem determinacy (Chapter 3). Interestingly, the identified genes include known paralogs of
previously identified Kranz anatomy regulators, for example SHORTROOT and SCARECROW,
indicating that the evolution of C, leaf anatomy may repeatedly co-opt loci from the same gene

family.

Finally, thanks to the two newly assembled Aristidoideae genomes generated here, we are able for
the first time to identify genes specifically duplicated at the base of the PACMAD clade,
representing the last common ancestor of all C, origins in grasses. We found that genes associated
with lignification and the regulation of stomatal aperture were duplicated at the base of the
PACMAD clade, potentially facilitating the repeated convergent evolution of Kranz anatomy within

this clade by increasing the water use efficiency (WUE) (Chapter 4).

In summary, this research has revealed a quantitative basis for the anatomical modifications that
offered rapid evolutionary paths to physiological adaptation (Chapter 2), that the convergent origins
of C,-related anatomy traits may be associated with different members of the same gene family
(Chapter 3), and that genes known to regulate WUE through anatomical changes were duplicated at

the base of PACMAD clade (Chapter 4). Overall the findings support the idea that constructing the
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appropriate leaf anatomy where C, photosynthesis can operate may be the foundational step in its

evolution. Once the anatomy is in place, then the metabolic enzymes can be recruited.

5.2. Will these results be useful for engineering C, photosynthesis in C; species?

Improving agricultural productivity by engineering the C, photosynthetic pathway into C; crops
such as rice has been proposed as a method to enhance rice productivity and support global food
security (Kajala et al., 2011; Dash et al., 2022; Sahoo et al., 2024; Talukder et al., 2024). There has
been a lot of effort to install C, photosynthesis in C; rice, for example the C, Rice Project (reviewed
in Furbank et al., 2023). A higher CO, assimilation efficiency as a result of C, photosynthesis
would produce faster growing crops with potentially higher yields. However, there are some
challenges, mostly due to the fact that the C, pathway involves multiple anatomical and biochemical
changes (Dengler et al.,1994; Hattersley, 1984; Lundgren et al., 2014). Since we do not know the
levels of core C, enzymes needed, researchers have used the level of C,enzyme expression in maize
as a target (reviewed in Furbank et al., 2023). Transferring and expressing these traits in C; plants is
a complex task. Also, C, plants have distinct regulatory mechanisms for photosynthesis, which need
to be integrated into C; plants once the anatomy has been established (Christin et al., 2013; Furbank
et al., 2023; Talukder et al., 2024). The C, rice engineering goal is to incorporate the complete C,
photosynthetic pathway, along with its anatomical specialisations, into rice. Some progress had
been made in expressing several maize photosynthetic genes in rice leaves to achieve C,
photosynthesis within a single cell. This approach aimed to enable carboxylation by PEPC and
decarboxylation by NADP-malic enzyme (NADP-ME) to occur in mesophyll cells (Miyao et al.
2011; Miyao 2003; Ermacova et al., 2023; reviewed in Furbank et al., 2023). The expression of
essential photosynthetic enzymes, and specific protein expression in the bundle sheath or mesophyll

cells are needed to build a prototype. In short, there are many obstacles in developing tools to
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achieve high expression levels of C, pathway enzymes and precise cell-specific expression in the
mesophyll or bundle sheath compartments for constructing a rice C, system . To date, the C, rice

project has had mixed fairly limited success despite a significant amount of funding.

The intraspecific variation in 4. semialata allows a fine-scale understanding of the genetic basis of
C,evolution (Chapter 3), including the intermediate steps involved in the assembly of this complex
trait. This is crucially important to identify the initial modifications required to support the
emergence of this trait, something that may ultimately have applications in the engineering of C,
photosynthesis in C; crops such as rice. Hence, the results from Chapter 2, which revealed the
significant variations in anatomical traits that explain C, strengthening, can help guide the C,
engineering processes by focusing on those traits (Chapter 2). The results in Chapter 3 assist in this
by showing that we have identified the right gene families of leaf anatomy regulators that are
common across C, lineages. However, these are large multigene families and different paralogs can
be recruited, potentially meaning the tailoring of a C, leaf anatomy will require the use of specific

loci.

5.3. Anatomical measurements of C; and C, would enrich the analysis

The sample size we had was enough to detect C, variation among the C;-C, 4. semialata in
(Chapter 2) using carbon isotope ratio. Adding anatomical measurements for C; and C, populations
would enrich the study and provide a broader understanding of the evolutionary dynamics within A.
semialata. Studying anatomical traits across these populations might reveal the specific structural
modifications that underlie the transition from C; to C, and help to define the intermediate steps
forms that may have led from C; to C, photosynthesis. Hence, both populations provide the

potential to reveal the genetic basis underlying the anatomical differences leading to morphological
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and physiological adaptations. However, that was not always possible as there were no
cross-sections for these accessions and, even if there were cross sections, anatomical measurements

take a prohibitively long time to accomplish within a PhD.

It would also be nice to look at variation in these traits within populations at greater and spatial
resolutions. This would help validate hypotheses regarding the selective pressures driving the
evolution of the C, pathway in 4.semialata, and as a result would significantly enhance the depth
and breadth of the GWAS analysis in Chapter 3. Furthermore, it would be beneficial to analyse the
anatomical and carbon isotope ratio variation within another C;+C, A. semialata population or at
least increase the number of individuals of the ZAM1715 population that were already analysed.
This population consists of C;+C, intermediates and C, individuals, which might limit our
conclusions. Hence, it helps identify local adaptations that might be unique to a specific
environment by isolating the genetically fixed traits from the plastic ones. This can provide clues

about how different anatomical traits contribute to the fitness of plants in specific ecological niches.

5.4. What is the role of phenotypic plasticity in C, leaf anatomy?

We have shown that wild populations of C;+C, 4. semialata had different 5"*C values that were
correlated with local environmental conditions (Chapter 2). It would have been valuable to conduct
a plasticity experiment to test whether these differences had genetic basis by growing a panel of
C;+C, A. semialata populations in several different environments where variables including
temperature, light and soil are varied, and then study the leaf cellular anatomy. The goal would be to
determine whether the variation in anatomy has a purely genetic basis rather than being a result of
phenotypic plasticity. This would provide useful understanding of the extent of phenotypic

plasticity within these populations and how environmental factors influence their growth,
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development, and overall fitness of the individual accessions. Understanding these adaptive
mechanisms could further elucidate the evolutionary pathways and ecological strategies of C, A4.
semialata. Nevertheless, a planned plasticity experiment was hindered by various limitations. We
had living material of only four Cs+ C, A. semialata accessions from Zambia (ZAM1503-03) and
Tanzania (TAN1602-03, TAN1-01A and TAN1-04B). These accessions are maintained as part of a
living collection in the glasshouse at the Arthur Willis Environment Centre (AWEC) at the
University of Sheffield, UK. Having a small number of accessions limited the generalizability and

robustness of the findings.

Whilst plasticity may play a role in trait expression, the GWAS results revealed that these traits
were largely heritable, apart from the inner bundle sheath width. The inner bundle sheath width may
be a plastic component of the C, leaf anatomy, and could be a result of differences in WUE under

drought conditions (Lynch et al., 2012).

5.5. Would increasing the density of genome wide markers identify new C, loci?

QTL analysis is a powerful tool to elucidate the genetic basis of traits of interest, and could be a
promising strategy to map genomic regions associated with traits of C;-C, intermediate hybrids.
Hybrid F2’s would have a recombined genetic basis of the C, traits allowing for finer mapping of
genes associated with our traits of interest. Whilst hybrids between different photosynthetic types in
A. semialata have been generated, these have not progressed beyond the F1 stage (Bianconi et al.,

2020). We therefore adopted a GWAS approach.

We used dd-RADseq data to successfully identify regions of the genome correlated with our traits.

However, the density of markers was relatively low, meaning that some regions of the genome may
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have been missed. Using whole-genome sequencing would allow for the identification of genetic
variants at a greater resolution across the entire genome. Also, it could be used to potentially detect
structural variants such as insertions, deletions, and copy number variations, which may play a role

in trait variation and would have been missed with the dd-RADseq data.

5.6. Could structural variation play a role in C, leaf anatomy evolution?

It would be nice to verify if any of the outlying regions identified in the GWAS analysis are
associated with structural variants. GWAS results for several beneficial agronomic traits (e.g. yield
and stress tolerance) in other plant species have been linked to structural variants (Tao et al., 2016).
Structural variants can contribute to genetic diversity and adaptation by influencing the genetic
basis underlying the anatomical and biochemical adaptations necessary for C, and C; (Lappalainen
et al., 2013). To do this we would require long read sequencing for multiple A. semialata
accessions, something that may be possible in the near future as sequencing costs continue to
plummet. Indeed, we had planned to use the five available 4. semialata reference genomes
(Raimondeau et al., 2024), but these were generated using a hybrid approach (Illumina and PacBio

pre-hifi) and the contiguity was not sufficient to generate structural variant graphs.

5.7. Verifying the function of our candidate genes in the evolution of C, leaf

anatomy

It would be beneficial to conduct knock-out experiments on the genes identified in Chapter 3 that
are associated with the most significant C,-related anatomical trait. One of the candidate genes that
could be promising was GLS8 which may control the bundle sheath distance either by increasing

venation or expanding the number of channels between cells to allow auxin signals travelling
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throughout these cells. Bundle sheath distance plays an important role in how C, metabolites are
moved between the photosynthetic cells, and reducing this distance can help a plant to shift to
fixing more of its atmospheric CO, via the C, cycle. Ideally, the number of mesophyll cells between
bundle sheath cells should be determined. Disabling the g/s§ gene would be a real step to
understand its function in conservation or divergence. An alternative GLSS to knock out approaches
would be single cell or spatial transcriptomics which could be used and complementary approach to
verify whether or not that the candidate genes were expressed during leaf development. To elucidate
this,leaf samples would be collected at specific developmental stages (i.e. individual leaf primordia)
to see if the identified genes from GWAS are expressed when the C, anatomy is developing. Both of
these approaches were beyond the scope of this thesis due to time constraints and the lack of a
stable transformation method for 4.semialata, but are potentially profitable avenues for future

research.

5.8. Conclusions

The findings presented here support the conclusion that leaf anatomy is paramount for C,
emergence in grasses. Here, leaf anatomy was found to correlate with the strength of the C, cycle
and candidate genes responsible for the emergence of a C, leaf anatomy were identified using
GWAS. Even when in A.semialata attention was shifted towards the elucidation of the impact of
gene duplication events on the C, trajectory using the entire PACMAD clade, most of the
duplication events we identified involved genes linked to anatomical traits, particularly those
contributing to plant cell wall biosynthetic pathway. This work has built upon an advanced
understanding of C, evolution and the evolutionary forces shaping the emergence and refinement of

C, photosynthetic pathways.
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