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Summary (English) 

This thesis presents a comprehensive genomic and physiological study of C₃-C₄ intermediate 

photosynthesis within the Brassicaceae family. A new panel of species, including 19 novel 

genome assemblies and both C₃-C₄ types and close C₃ relatives, was established and 

meticulously characterized for traits such as carbon compensation point, water-use efficiency, 

vein density, and other characteristics reflective of the C₃-C₄ phenotype. C₃-C₄ species in 

Brassicaceae exhibited a wide range of carbon compensation points but lacked C₄-like traits 

such as increased venation or high concentrations of C₄ shuttle metabolites. Metabolic profiles 

were diverse, with glycine and serine universally present in all C₃-C₄ species, while other 

metabolites, important for nitrogen balance, varied between species. A unifying feature across 

all C₃-C₄ Brassicaceae species was centripetal organelle accumulation in bundle sheath cells, 

an anatomical adaptation that likely enhances CO₂ uptake by minimizing diffusion losses. 

Notably, C₃-C₄ Brassicaceae do not exhibit significant water-use or nitrogen efficiencies under 

current atmospheric conditions but do under reduced carbon atmosphere typical of the past. 

The genomic assemblies produced include high-quality gene annotations and identified 

orthology across species, enabling robust comparative analyses. Joint physiological 

measurements and phylogenetic analysis revealed a new independent origin of the C₃-C₄ trait 

in a Hirschfeldia incana genotype, marking another example of convergent evolution in this 

family and highlighting its relevance to commercially important species. A critical discovery 

involved the differential expression of the GLDP gene, essential for initiating C₃-C₄ evolution. 

Genomic comparisons identified a key promoter element whose increased distance from the 

GLDP gene correlates with the C₃-C₄ phenotype, challenging prior assumptions. Alterations in 

the upstream region were associated with transcription factors, emphasizing their role in plant 

evolution. These methods can be extended to other genes in the future, leveraging the published 

panel of species to uncover further insights. 

The findings have significant implications for understanding photosynthetic evolution and offer 

a valuable foundation for improving crop efficiency and resilience. The panel of Brassicaceae 

species serves as a critical resource for ongoing research. C₃-C₄ traits provide not only a 

steppingstone toward full C₄ development but also a potential standalone improvement for 

crops in unstable environments, offering a promising avenue for agricultural sustainability. 
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Summary (German) 

Diese Dissertation präsentiert eine umfassende genomische und physiologische Untersuchung 

der C₃-C₄-Intermediärphotosynthese innerhalb der Familie der Brassicaceae. Eine neue Gruppe 

von Arten, einschließlich 19 neu erstellter Genomassemblierungen sowie C₃-C₄-Typen und eng 

verwandter C₃-Arten, wurde etabliert und detailliert für Merkmale wie den 

Kohlenstoffkompensationspunkt, Wassernutzungseffizienz, Blattaderdichte und andere für den 

C₃-C₄-Phänotyp typische Eigenschaften charakterisiert. C₃-C₄-Arten der Brassicaceae zeigten 

eine breite Spanne von Kohlenstoffkompensationspunkten, wiesen jedoch keine C₄-ähnlichen 

Merkmale wie erhöhte Blattaderdichte oder hohe Konzentrationen von C₄-Shuttle-Metaboliten 

auf. Die metabolischen Profile waren vielfältig, wobei Glycin und Serin in allen C₃-C₄-Arten 

universell vorhanden waren, während andere Metaboliten, die für den Stickstoffhaushalt 

wichtig sind, zwischen den Arten variierten. Ein gemeinsames Merkmal aller C₃-C₄-

Brassicaceae-Arten war die zentripetale Ansammlung von Organellen in den 

Bündelscheidenzellen, eine anatomische Anpassung, die wahrscheinlich die CO₂-Aufnahme 

durch Minimierung von Diffusionsverlusten verbessert. Bemerkenswerterweise weisen C₃-C₄-

Brassicaceae unter den aktuellen atmosphärischen Bedingungen keine signifikante 

Wassernutzungs- oder Stickstoffeffizienz auf. 

Die erstellten Genomassemblierungen umfassen qualitativ hochwertige Genannotationen und 

identifizierten Orthologie zwischen den Arten, was robuste vergleichende Analysen ermöglicht. 

Gemeinsame physiologische Messungen und phylogenetische Analysen enthüllten einen neuen 

unabhängigen Ursprung des C₃-C₄-Merkmals in einem Genotyp von Hirschfeldia incana, ein 

weiteres Beispiel für konvergente Evolution in dieser Familie, das die Relevanz für 

kommerziell wichtige Arten hervorhebt. Eine zentrale Entdeckung war die differentielle 

Expression des GLDP-Gens, die für die Initiierung der C₃-C₄-Evolution wesentlich ist. 

Genomvergleiche identifizierten ein Schlüsselelement im Promotorbereich, dessen 

vergrößerter Abstand zum GLDP-Gen mit dem C₃-C₄-Phänotyp korreliert und frühere 

Annahmen in Frage stellt. Veränderungen im upstream-Bereich wurden mit 

Transkriptionsfaktoren in Verbindung gebracht, was ihre Rolle in der Pflanzenevolution 

unterstreicht. Diese Methoden können in Zukunft auf andere Gene angewendet werden, um 

weitere Erkenntnisse aus dem veröffentlichten Artenpanel zu gewinnen. 

Die Ergebnisse haben bedeutende Implikationen für das Verständnis der photosynthetischen 

Evolution und bieten eine wertvolle Grundlage zur Verbesserung der Effizienz und Resilienz 
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von Nutzpflanzen. Das Panel von Brassicaceae-Arten dient als wichtige Ressource für 

zukünftige Forschungen. C₃-C₄-Merkmale bieten nicht nur einen Zwischenschritt zur 

vollständigen Entwicklung der C₄-Photosynthese, sondern auch eine potenzielle eigenständige 

Verbesserung für Pflanzen in instabilen Umgebungen und eröffnen vielversprechende 

Perspektiven für eine nachhaltige Landwirtschaft.
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Glossary 
2PG – 2-P-glycolate 

3-PGA – 3-phosphoglycerate 

ATP – Adenosine triphosphate 

BS – Bundle Sheath 

CCP – Carbon Compensation Point 

CO2 – Carbon Dioxide 

NADPH – Nicotinamide adenine dinucleotide phosphate 

NH3 – Ammonia 

GDC – Glycine decarboxylase Complex 

GLDP – P-subunit of Glycine decarboxylase Complex 

GLDH – H-subunit of Glycine decarboxylase Complex 

GLDL – L-subunit of Glycine decarboxylase Complex 

GLDT – T-subunit of Glycine decarboxylase Complex 

GWAS – Genome Wide Association Mapping 

MDH-NADP – Malate dehydrogenase 

ME-NADP – Malic enzyme 

OAA – Oxaloacetate 

PAM – Phylogenetic Association Mapping 

PEP – Phosphoenolpyruvate 

PEPC – PEP-carboxylase 

PPDK – Orthophosphate dikinase 

QTL – Quantitative Trait Loci 

RuBP – Ribulose-1,5-bisphosphate 

RuBisCO – Ribulose-1,5-bisphosphate carboxylase 

SNP – Single Nucleotide Polymorphisms 

SV – Structural Variation 

TADs – Topologically Associated Domains 

TE – Transposable Elements 

TF – Transcription Factors 

AspAT – Aspartate Aminotransferase 

DiT2 – Dicarboxylate transporter 2 

PPT – Phosphoenolpyruvate/phosphate translocator
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Introduction 

Photosynthesis and RuBisCO 

Photosynthesis is a fundamental process in the plant realm and for life on the planet (Arnon, 

1959). It is the process by which plants and algae convert water, sunlight energy and 

atmospheric CO2 into chemical energy in the form of sugar, the basis of the food chain for most 

living organisms (Arnon, 1951). Plant cells do this with their specialized organelles, the 

chloroplasts, where photon energy is used to break water molecules (photolysis) into a free 

proton (H+ ion), a free electron and oxygen (O2) (Barber, 2002). As a result, a gradient of 

protons (chemiosmosis) and a flow of excited electrons are established, which culminate in the 

creation of ATP (adenosine triphosphate) and NADPH (nicotinamide adenine dinucleotide 

phosphate) (Mitchell, 1961). These two highly reactive energy-rich molecules are utilized in a 

downstream pathway, named the Calvin cycle, to build more stable and energy-dense 

carbohydrates like sucrose (Calvin & Benson, 1948). The Calvin cycle requires the input of 

atmospheric carbon, captured by the RuBisCO enzyme (Weissbach et al., 1956). Standing for 

ribulose-1,5-bisphosphate carboxylase, RuBisCO is an essential enzyme for carbon fixation and 

is so ubiquitous that it is often considered the most abundant protein on the planet (Bar-On & 

Milo, 2019). Given the diversity of physiology and efficiency regarding the context of 

RuBisCO function, the identification of underlying genetic diversity may one day inform the 

transformation of commercial crop species to enhance productivity, stress resilience, and water 

conservation (Miglani et al., 2021). RuBisCO commonly uses CO2 to catalyse the carboxylation 

of ribulose-1,5-bisphosphate (RuBP), a five-carbon molecule, producing two molecules of 3-

phosphoglycerate (3-PGA), three-carbon compounds, and releasing Oxygen as a byproduct 

(Parry et al., 2003). The three-carbon outputs of carbon fixation in this kind of common 

photosynthesis type earn it the name of C3 photosynthesis. Despite its predominance, RuBisCO 

has inherent limitations: besides a relatively low catalytic rate, it can counter-productively bind 

Oxygen instead of CO2, oxygenating RuBP and breaking it into a molecule of 3-PGA and one 

molecule of 2-P-glycolate (2PG) (Bowes et al., 1971). The latter molecule is a competitive 

inhibitor of other enzymes in the Calvin cycle (Flügel et al., 2017) and it needs to be 

metabolized to avoid toxicity, which happens through a process called photorespiration (Bauwe 

et al., 2010). 
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Photorespiration 

In order to recycle the toxic 2PG compound, photorespiration requires the expense of ATP 

energy and several metabolization steps, acting contrary to the Calvin cycle (Bauwe et al., 2010). 

Photorespiration originated as a partner of oxygenic photosynthesis billions of years ago, being 

composed of enzymes of cyanobacterial and proteobacterial origin (Bauwe et al., 2010). It 

initially converts the toxic 2PG into glycolate in chloroplasts and transports it into a peroxisome, 

where it is further metabolized into glyoxylate and aminated into glycine (Bauwe et al., 2010). 

In the mitochondria, pairs of glycine molecules are converted by coordinated reactions of the 

glycine decarboxylase complex (GDC) and the serine hydroxymethyl transferase into one 

molecule of serine, releasing CO2 and NH3 (for recent reviews see: Eisenhut et al., 2019; Timm 

& Hagemann, 2020). Through further reactions taking place in the peroxisome and plastid, 

serine is deaminated into hydroxypyruate, then metabolized into glycerate and finally converted 

into 3-PGA, the metabolite that can enter the Calvin cycle (Eisenhut et al., 2019). All these 

steps may reduce the efficiency of photosynthesis by up to 25% depending on abiotic conditions 

(Bauwe et al., 2010). As photorespiration is highly connected to cellular central metabolism 

(Bauwe et al., 2012), it is not a purely negative cycle, synthesizing new amino acids and one-

carbon units (Busch et al., 2018), as well as both generating and consuming H2O2 that is 

involved in redox signaling and redox homeostasis (Igamberdiev et al., 2001; Foyer et al., 2009). 

However, it can have a detrimental impact on plant growth especially under hot and dry 

conditions (Bauwe et al., 2010). In fact, RuBisCO’s affinity for O2 increases at higher 

temperatures and lower CO2 concentrations (Salvucci & Crafts‐Brandner, 2004), with the 

addictive factor that leaves’ stomata may close under water scarcity, further consuming the CO2 

levels inside the leaf through photosynthesis (Cornic, 2000). These effects will henceforward 

be referred to as the photorespiratory problem. 

Evolution of Kranz anatomy and carbon concentration 

mechanisms 

As a solution to avoid the oxygenation of RuBP, some plant lineages have evolved leaf anatomy 

and physiology that isolate the Calvin cycle and RuBisCO in specialized cells, where carbon is 

artificially concentrated through an intermediary transportation mechanism (Hatch, 1987). 

These specialized cells occur around the vein bundles of the leaf and are hence called Bundle 

Sheath (BS) cells (Griffiths et al., 2013). This refined leaf anatomy, also called Kranz anatomy, 

is an astonishing example of convergent evolution, having evolved independently in at least 60 
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plant lineages (Sage et al., 2011a; Edwards & Voznesenskaya, 2011), though it varies in details 

(Muhaidat et al., 2007). While the prominence of BS cells is common across evolutionary 

lineages that avoid photorespiration, the transportation pathway used to increase carbon 

concentration in BS cells varies in composition and complexity. The complex C4 pathway is 

the most widely known, where initially carbon is fixed on phosphoenolpyruvate (PEP), via the 

PEP-carboxylase (PEPC). The output of this reaction is a four-carbon compound called 

oxaloacetate (OAA), whence the name C4 photosynthesis comes from. OAA is further 

converted into malate or aspartate and then transported to the BS cells, where it releases carbon 

through decarboxylation via NADP-malic enzyme or NADP-aspartate aminotransferase (Sage, 

2004). C4 evolution from C3 photosynthesis requires intricate modifications such as structural 

adaptations related to cell size and morphology, adaptation of enzymes for novel biochemical 

processes, and spatial reorganization of proteins and organelles (Sage, 2004; Heckmann et al., 

2013). In a genetic engineering view, it certainly requires more than a few genetic mutations to 

achieve. However, there are extant plants that exhibit intermediate traits, including a simpler 

proto-Kranz anatomy (Sage et al., 2012; Sage et al., 2013), or simpler carbon shuttle 

mechanisms (Rawsthorne et al., 1992; Mallmann et al., 2014). Measurable parameters such as 

the CO2 fixation rate, CO2 compensation point (CCP) or the organelle accumulation in bundle 

sheath cells usually show intermediate values between C3 and C4 plants (Krenzer, 1975; Ku et 

al., 1991; McKown & Dengler, 2007; Muhaidat et al.; 2011). These plant lineages are classified 

under the umbrella term “C3-C4 intermediate photosynthesis”, but they represent distinct 

variations along the cline between C3 and C4 photosynthesis (Monson et al., 1984; Heckmann 

et al., 2013). 

 

C3-C4 intermediate photosynthesis 

C2 glycine shuttle 

Instead of the C4 shuttle, C3-C4 plants shuttle glycine from the mesophyll to BS cells (Edwards 

and Ku, 1987; Rawsthorne et al., 1992; Sage et al., 2014), where they maintain active glycine 

decarboxylation for increased CO2 levels. This shuttle mechanism is also called C2 shuttle, 

owing to the 2-carbon composition of glycine, or photorespiratory CO2 pump, as it involves 

rearranged enzymes from photorespiration (Sage et al., 2014; Schulze et al., 2016). Glycine 

itself is produced in photorespiration during the degradation of 2PG (Eisenhut et al., 2019), and 
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its decarboxylation is mediated by the glycine decarboxylase complex (GDC), a multi-enzyme 

comprised of 4 proteins (GLDP, GLDH, GLDL, GLDT) (Kikuchi & Hiraga, 1982). GDC is 

located in the mitochondria, and it cleaves photorespiratory glycine into serine, CO2, ammonia 

(NH3) and NADH (Schulze et al., 2016). The establishment of the C2 shuttle is comparatively 

more straightforward than the full C4 cycle, as it can emerge simply from differential expression 

of GDC in the BS cells (Monson et al., 1984; Rawsthorne et al., 1988a; Sage et al., 2014). In 

fact, the differential expression of the P-subunit of GDC is enough to limit the functionality of 

GDC to BS cells (Rawsthorne et al., 1988a, b; Schulze et al., 2016). The exclusive glycine 

decarboxylation in BS cells then promotes entry of more photorespiratory glycine from the 

Mesophyll through diffusion, acting as a glycine sink (Rawsthorne, 1992; Bräutigam & Gowik, 

2016). Evolutionary pressure should then occur to favour larger cell sizes and higher 

concentration of chloroplasts and mitochondria in BS cells, translating to direct efficiency gains 

(Schlüter & Weber, 2016; Lundgren, 2021). Other important photorespiratory and 

photosynthetic enzymes, including the other subunits of GDC, RuBisCO, serine 

hydroxymethyltransferase, glycolate oxidase, have been found both in BS and Mesophyll cells 

of C3-C4 intermediates, cementing the high impact of the minimal change of GLDP expression 

(Rawsthorne et al., 1988b, Morgan et al., 1993). 

Despite the photosynthetic gains of the C2 shuttle, glycine metabolization also releases 

ammonia into the BS cells, which can disrupt cellular homeostasis if not adequately regulated 

(Monson & Rawsthorne, 2000). A compelling hypothesis posits that the evolutionary pressure 

to rectify nitrogen imbalance is what drives the evolution towards C4 photosynthesis, as many 

C4 enzymes are installed to refix ammonia into the form of amino acids and shuttle them back 

to the mesophyll (Sage et al., 2012; Edwards, 2014; Mallmann et al., 2014; Bräutigam & Gowik, 

2016).Three alternative pathways have been identified: (i) a glutamate 2-oxoglutarate shuttle, 

(ii) an alanine pyruvate shuttle, and (iii) an aspartate malate shuttle (Dal’Molin et al., 2010; 

Mallmann et al., 2014; Bräutigam & Gowik, 2016). In all three cases, ammonia is fixed into 

amino acids in BS cells by the corresponding aminotransferases, which also exist in C3 plants 

but are recruited for new functions in C3-C4 and C4 leaf tissues (Aubry et al., 2011; Mallmann 

et al., 2014; Schlüter et al., 2018). The latter two pathways are typical C4 pathways that also 

bring CO2 to the BS, being called a weak C4 cycle when they occur in complement to the glycine 

shuttle (Lundgren et al., 2016). Metabolic models predict that strengthening the weak C4 cycle 

should directly translate to biomass gains, generating a selection pressure that should eventually 

replace the glycine shuttle (Heckmann et al., 2013; Mallmann et al., 2014). The final result 

should then have higher efficiency in water and nitrogen-use than C3-C4 photosynthesis 
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(Ghannoum et al., 2009; Ghannoum et al., 2011), which already reaches efficiency gains in 

some species (Ueno et al., 2006, Vogan & Sage, 2012, Schlüter et al., 2017). 

Metabolic background 

The metabolic background of an individual or species refers to the set of chemical compounds, 

or metabolites, that are present in its cells, being involved in various biochemical processes. 

The presence and quantity of these metabolites give insight into the existing metabolic 

pathways and can reveal differences in physiological states or adaptations between species. 

Though preliminary exploration of the metabolic background of C3–C4 was performed on the 

Flaveria genus (Mallmann et al., 2014), initial metabolite analysis has already identified 

differential concentrations of alanine, glycine, GABA, gluconic acid, leucine, malate, malonic 

acid, and valine between C3 and C3-C4 Moricandia species (Schlüter et al., 2017). The primary 

suspects, glycolate and glycerate (Mallmann et al., 2014), are not especially significant in C3-

C4 Moricandia, and aspartate had significant concentration difference for only one C3-C4 

species, hinting at either diverse pathways or distinct stages of progression towards C4 (Schlüter 

et al., 2017). Questions remain about the extent to which these pathways might be convergent 

across multiple lineages, and if they all handle nitrogen imbalance between BS and mesophyll 

the same way. Further investigation is needed to clarify the role of these metabolites in other 

independent origins of the C3-C4 trait. 

C3-C4 as intermediary stage or as evolutionary endpoint? 

C3-C4 photosynthesis is much rarer than C3 or C4 photosynthesis, and it often occurs in plant 

lineages where C4 has also developed (Sage et al., 2018; Lundgren, 2020). Nonetheless, its’ 

existence is probably underestimated as it requires complex gas exchange equipment and 

analysis, usually brought about in studies of known C4 (Sage et al., 2011; Lundgren, 2020). 

Evidence for the convergent evolution of the C2 shuttle is increasingly clear, with independent 

examples happening in 11 plant families, both monocots and eudicots, including Brassicaceae, 

Asteraceae and Poaceae (Schulze et al., 2016; Lundgren, 2020). Furthermore, the variation in 

stages of progress towards C4, that can be seen in naturally existing C3-C4 species lends to the 

idea of a stepwise evolutionary path (Heckmann et al., 2013; Blätke & Bräutigam, 2019; 

Edwards, 2014; Edwards, 2019). Despite this, C3-C4 photosynthesis may not presently be 

excluded as an evolutionary endpoint on its own (Lundgren, 2020; Walsh et al., 2023). 

Supporting that theory is the fact that some lineages have developed a C2 carbon shuttle and 
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remained without transitioning to the C4 shuttle for over 10 million years (Walsh et al., 2023). 

Indeed, photorespiration is actually net positive under certain conditions (Timm & Bauwe, 2013; 

Eisenhut et al., 2019; Broncano et al., 2023), and its biochemical trade-offs may limit the 

evolution towards C4 in fluctuating environments (Walsh et al., 2023). The protective role of 

photorespiration against abiotic stress conditions is known, usually through redox reactions 

(Wingler et al., 2000; Voss et al., 2013). It can rapidly alleviate oxidative stress generated by 

high salinity (Mittova et al., 2003; Abogadallah, 2011; Yu et al., 2011), by chilling (Guo et al., 

2006; Cheng et al., 2007) or exposure to heavy metals (McCarthy et al., 2001; Romero-Puertas 

et al., 2002; Cai et al., 2011). Photorespiration also helps dissipating excess energy that could 

cause photoinhibition in cases of excess light (Bauwe et al., 2010; Eisenhut et al., 2019), or 

photo-damage during drought stress (Haupt-Herting & Fock, 2002; Guan et al., 2004). 

Furthermore, there are indications that C4 photosynthesis loses efficiency under fluctuating 

light conditions, which happens both due to weather or canopy coverage (Li et al., 2021), where 

CO2 fixation rates are more positive for C3-C4 and C3 species (Li et al., 2021). In these specific 

conditions, C3-C4 photosynthesis may strike an ideal balance between positive photorespiration, 

and reduced oxygenation function of RuBisCO, potentially even fitter than C4 (Walsh et al., 

2023). In sum, C3-C4 photosynthesis is relevant not only as a probable intermediary stage that 

will help us fully understand C4 evolution, but equally as a standalone improvement on C3 

photosynthetic output, especially advantageous in fluctuating environmental conditions. 

Relevance for agriculture 

Crop breeding and engineering 

Improving photosynthetic efficiency in crops can be achieved with plant breeding (Araus et al., 

2021). Several studies have explored ways to improve photosynthetic efficiency in crops, 

including genetic engineering of key enzymes, and the implementation of more efficient carbon 

fixation and photorespiration pathways. As a clear illustration, a recent study by South et al. 

(2019) used gene editing to introduce glycolate metabolism enzymes from E. coli and algae 

into the photorespiratory cycle of tobacco plants, which significantly increased photosynthetic 

rates and biomass production. The earliest attempts at introducing single C4 genes in rice failed 

to improve photosynthetic CO2 assimilation rates and resulted in stunted morphologies and 

metabolic energy waste via PPDK, MDH or ME, PEPC enzymes (Taniguchi et al., 2008). 

Another study by Wang et al. (2017) used maize genes to induce chloroplast and mitochondrial 

development in rice BS cells, in an attempt to implement a proto-Kranz anatomy (Sage et al., 
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2012; Sage et al., 2013), achieving neither fitness gains nor losses in terms of in leaf CO2 

concentration or photosynthetic output. Complicating the picture, individual genes don’t always 

have a linear relation with phenotypes. Liu et al (2023) identified genes via knock-out that 

promote vein density, noting that only the knock-out of pairs of genes generated an effect, while 

knocking out each individual one did not. Overall, improving photosynthetic efficiency in crops 

is a complex and challenging task, but one that has the potential to significantly improve 

agricultural productivity and sustainability. 

 

Many of the top agricultural crops utilize C3 photosynthesis, requiring moderate to high 

amounts of water and nitrogen (Makino, 2011). The lower water and nitrogen requirements of 

the C4 phenotype are often in focus as relevant for agriculture, as leading to higher yields, 

resistance to environmental stress and even faster growth (Schuler et al., 2016; Atkinson et al., 

2016). Yet the changes required for a total C4 transformation are complex and not yet fully 

understood (Sedelnikova et al., 2018). Furthermore, some other commercial crops belong to 

plant families where C4 seems to not naturally occur, like Brassicaceae, potentially due to 

anatomical or ecological limitations (Schlüter et al., 2017). C4 photosynthesis itself is 

disadvantageous under certain conditions, such as high atmospheric CO₂ content, low light, and 

cooler temperatures (Bellasio & Farquhar, 2019). On the other hand, implementing a C2 glycine 

shuttle can be achieved with a few changes to the regulation of already existing genes (Gowik 

& Westhoff, 2011; Lundgren, 2020). Nonetheless, the impact of the C2 glycine shuttle in 

singlehandedly improving water- and nitrogen-use efficiency is inconsistently observed across 

taxa: While some C3-C4 species exhibit higher net photosynthetic rates than closely related C3 

species (Monson, 1989; Ueno et al., 2006; Voznesenskaya et al., 2007; Vogan et al., 2007; 

Vogan & Sage, 2011), others do not (Schlüter et al., 2017), though the environmental conditions 

under which these traits are tested are often limited (Vogan & Sage, 2011). The forming 

consensus is that C3-C4 represents minimal improvements to C3 in photosynthetic and water-

use efficiency under mild temperatures (25°C), but that it offers clear advantages in efficiency 

and resilience at high temperatures (35°C) or variable conditions (Bellasio & Farquhar, 2019). 

This would make the transformation of C3 crops into C3-C4 relevant for heat-stressed regions 

and variable climates, alleviating pressures on global food production systems, reducing water 

and nitrogen requirements (Mercado & Studer, 2022). Reduced water and nitrogen usage during 

crop growth would alleviate the pressures on ground and freshwater resources, as well as 

decrease the ecological footprint of farming practices (Smith et al., 2023). In the face of global 

food insecurity (Tilman et al., 2011), climate volatility (Malhi et al., 2021), and the need for 
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sustainable land management (Pérez-Soba et al., 2008), C3-C4 photosynthesis represents a step 

toward a more resilient and less environmentally damaging agricultural paradigm (Smith et al., 

2023). Finally, the practicality of transformation into C3-C4 or even to C4 should be considered 

on a crop-specific basis. For example, the low leaf area-to-ground area ratio of crops like rice 

diminishes the benefits of C4 photosynthesis due to shading (Bellasio & Farquhar, 2019). 

Ultimately, though the development of a full C4 cycle may be the most robust solution for some 

crops in consistently hot and arid climates, C3-C4 also offers potential improvements in crop 

resilience to abiotic stress and productivity, as well as being a bridge for future C4 development 

(Mercado & Studer, 2022). 

 

Genomes and mechanisms of genetic regulation 

The level of understanding of C4 and C3-C4 photosynthesis has reached the frontier of DNA and 

RNA. Unraveling genetic information encoded within plant genomes has become a cornerstone 

of biological research, enabling a deeper understanding of plant development, adaptation, and 

evolution (Michael & Jackson, 2013). 

 

Gene regulatory elements and transcription factors 

In plants, as well as in animals, the differentiation of cell types from the same genome is directed 

by many concurrent mechanisms of genetic regulation (de-Leon & Davidson, 2007). 

Coordination is mainly driven by regulatory proteins latching onto promoters, enhancers, and 

other regulatory elements in the genome (Shlyueva et al., 2014). These regulatory elements are 

small DNA segments in the genome that bind with transcription factors (TFs), which in turn 

recruit cofactors that locally modify chromatin structure and kickstart or block gene 

transcription (Shlyueva et al., 2014). A gene is usually influenced by several regulatory 

elements, coded in many possible relative positions in the same (cis) DNA strand (de-Leon & 

Davidson, 2007; Long et al., 2016). The variety in regulatory elements opens multiple pathways 

for divergent evolution in the expression of a gene, underpinning variety between individuals 

or species. 

Importance of non-coding genomic variation for gene expression 

Another source of variation in gene expression has to do with the chromosome unfolding during 

transcription to RNA (Vergara & Gutierrez, 2017; Bernardi, 2021). What was in the past called 
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junk DNA, the large part of the genome that does not code for genes, is increasingly seen as 

vital for the gene regulation machinery: the distinctive chemical properties of CG and AT mean 

that the amino-acid composition of DNA affects how it folds, rendering specific regions more 

accessible to transcription factors (Bernardi, 2021). Furthermore, epigenetics mechanisms like 

demethylation and methylation of CpG islands are respectively associated with active gene 

transcription or gene silencing (Deaton & Bird, 2011). Such mechanisms for example play a 

crucial role in the expression of photosynthesis-related genes like RuBisCO and PEPC, acting 

with in response to environmental factors like light and drought (Duarte-Aké et al., 2019). This 

illustrates the vital role of non-coding regions in shaping gene expression and regulatory 

processes across different cell types. 

Transposons as sources of genomic variation 

There is a plethora of ways wherein genomic evolution can affect gene expression, from the 

direct creation or inactivation of TF recognition sites to rearrangement of the chromatin 

structure and unfolding (Mardis, 2007; Hirsch & Springer, 2017). In plants, one of the biggest 

sources of genomic structural variation are transposons (Hirsch & Springer, 2017). These are 

DNA segments which move within the genome across generations, by virtue of recognition 

sites for enzymes that mediate their movement. DNA transposons bind directly to Transposase 

enzymes, which cut-and-paste them somewhere on the genome, while retrotransposons first get 

transcribed and then bind to reverse transcriptases, which write a DNA copy of the transposon 

on the genome (Bourque et al., 2018). The dynamic nature of transposons introduces diversity 

into genomes, occasionally resulting in alterations in gene expression and, consequently, 

distinct phenotypes between individuals or across various cell types (Hirsch & Springer, 2017). 

Not only can transposon mobility lead to the activation or inactivation of single genes, but it 

may also extend beyond single genes to affect the regulatory networks governing cellular 

functions (Bourque et al., 2018). The intricate interplay between transposons and the genome 

wields a transformative influence on genomic evolutionary processes. This can be seen in C₃-

C₄ evolution, where spatially differentiated gene expression patterns often stem from 

transposons. For example, the rearrangement of upstream regulatory regions by transposons 

could contribute to the differential expression of genes involved in glycine shuttling or 

decarboxylation pathways (Hirsch & Springer, 2017). Transposons are also thought to play an 

evolutionary role in recruiting enzymes and regulatory elements to the C4 cycle (Cao et al., 

2016; Zhu et al., 2024). These processes illustrate how genomic plasticity drives the evolution 

of complex traits like C₃-C₄ and C4 photosynthesis, emphasizing the need for studying the 
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genome as a whole and not just separate genes, which depends on the complex process of 

genome sequencing and assembly. 

Foundations for genomics research 

In recent decades, the field of plant genomics has undergone a remarkable transformation, 

primarily driven by advancements in sequencing technologies. Emergent high-throughput 

sequencing platforms revolutionized the field, facilitating the rapid and cost-effective analysis 

of plant genomes and transcriptomes with unprecedented accuracy and resolution (Kress et al., 

2022). Sequencing technologies have diverged to accommodate different research needs. Short 

read sequencing is a cost effective method for high throughput whole genome sequencing 

(Quail et al., 2008) but struggles to resolve repetitive or highly heterozygous regions of 

genomes, common in plants (Treangen & Salzberg, 2012). Long read and linked read 

sequencing are both excelling solutions for contiguous genome assembly, full-length 

transcriptome analysis, and haplotype phasing (Mostovoy et al., 2016; Pollard et al., 2018). 

Proximity ligation sequencing methods, such as Hi-C, reflect the genome three-dimensional 

architecture (Lieberman-Aiden et al., 2009), useful both for scaffolding assemblies into 

chromosome level contiguity and for unveiling higher-order chromatin structures like loops and 

topologically associated domains (TADs) (Beagan et al., 2020). Hi-C has proven instrumental 

in annotating regulatory elements, deciphering long-range interactions, and unraveling the 

intricate folding dynamics of genomes. Finally, when having quality reference genome 

assemblies, higher level of detail, ChIP-seq and Hi-ChIP represent pivotal techniques for 

dissecting protein-DNA interactions, instrumental in uncovering transcription factor binding 

sites, histone modification patterns, and other chromatin-associated proteins, which provides 

critical insights into the regulatory networks governing gene expression (Mardis, 2007). These 

advancements in genomic technologies collectively contribute to a more comprehensive 

understanding of the functional and structural aspects of the genome, shedding light on the 

regulatory mechanisms that orchestrate cellular processes. 

Most levels of analysis require knowing gene locations in the genome. Several methods are 

established for predicting genes ab initio out of genomic sequences, using Hidden-Markov-

Models and optionally mapped RNA transcripts, which infer DNA patterns associated with 

genes (Stanke & Waack, 2003; Johnson et al., 2008). Moreover, we currently see the dawn of 

Deep Learning models for easier and more accurate gene annotation (Jaganathan et al., 2019; 

Wang et al., 2019; Stiehler et al., 2020). The field of transcriptomics in particular has allowed 

for mass identification of genes, with clues on their function based on differential gene 
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expression between samples of different species, conditions, tissues or cell types (Weber, 2015). 

In this way, many genes relevant for C3-C4, C3 and C4 photosynthesis have already been 

identified (Bräutigam et al., 2011; Stata et al., 2016; Lauterbach et al., 2017). However, the 

picture remains incomplete without another layer of knowledge: How is differential expression 

achieved across cell types? How is gene expression changed in response to environmental 

factors? What polymorphisms map to phenotypic differences across individuals? These are 

questions that can only be inspected with the help of genome assemblies. 

A growing repertoire of C3-C4 and C4 genomes and transcriptomes is asserting itself, with 

examples in the families Poaceae (Emrich et al., 2004; McCormick et al., 2018), Asteraceae 

(Wang et al., 2013; Bonthala et al., in preparation) and Amaranthaceae (Wang et al., 2019). 

With genome assemblies and accurate gene annotations, the groundwork for more complex 

studies is laid, allowing researchers to study gene spatial arrangements, alternative splicing, 

structural and polymorphism variations, promoter regions and repetitive elements. Nuanced 

differences in any of these features can have effects in disease resistance, stress tolerance, cell 

differentiation and developmental processes (Gabur et al., 2019). Future transcriptomics studies 

are reinforced by the existence of reference genomes, as differential expression analysis is 

affected by read depth estimations, which are best when mapped against a genome (Burgess & 

Hibberd, 2015). Sequenced genomes also allow the design of molecular markers used to probe 

variation across different individuals (Zhu et al., 2023), based on the single nucleotide 

polymorphisms (SNPs) (Ganal et al., 2009, 2012). It is now possible and relatively cheap to 

genotype plant individuals by sequencing and screening with SNP arrays (Clarke et al., 2016). 

Making use of population statistics, Genome Wide Association Studies (GWAS) and 

Quantitative Trait Loci (QTL) mapping are valuable tools to pinpoint genomic areas of interest 

related to a phenotype in question (Yano et al., 2016; Clarke et al., 2016). Through these 

magnifying lens, regulatory mechanisms, or even elusive novel genes (Yano et al., 2016) may 

be uncovered. Finally, multiple genome comparison allows the identification of conserved 

regions and evolutionary relationships across different plant breeds or species. Such 

investigations have provided valuable insights into the evolutionary history of plants, 

highlighting shared genetic features and evolutionary adaptations. 

Phylogenetics of C3-C4 photosynthesis 

Phylogenetics provides a robust foundation for the formulation and empirical testing of 

scientific hypotheses, as it quantifies the relatedness between species. This relatedness is 

contingent on the species temporal separation, which is followed by genomic divergence both 
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due to distinct evolutionary pathways and due to accumulation of different random mutations 

(Brocchieri, 2001). Knowing species’ relatedness allows an informed comparison of their 

genomes. Conserved genomic regions observed across distantly related species often signify 

segments of biological significance that are critical to the viability and fitness of organisms 

(Bejerano et al., 2005). Conversely, regions of high genetic divergence between closely related 

species may signify areas that have been subjected to distinct evolutionary pressures and may 

correlate with phenotypic divergence (Massingham & Goldman, 2005). It is however 

imperative to exercise caution when interpreting such correlations, as they easily yield false 

positives. Comparing several species at the same time and accounting for their evolutionary 

relatedness increases statistical power and is essential to discern whether divergences may be 

biologically meaningful or merely incidental artifacts (Nagy et al., 2020). This must be followed 

by functional scrutiny of the DNA segments and what they code for. 

Much work has been done on C4 phylogenetics, with estimations of over 40 independent 

evolutions of the trait (Sage, 2004; Sage et al., 2011) since it first appeared 25–30 million years 

ago as an adaptation to an atmospheric decrease in CO2 (Christin et al., 2008; Christin et al. 

2011). C3-C4 photosynthesis is starting to attract more attention, included in small phylogenies 

encompassing Flaveria (McKown et al., 2005; Munekage & Taniguchi, 2022) or Moricandia 

(Schlüter et al., 2017) and Poaceae (Grass Phylogeny Working Group II., 2012; Khoshravesh 

et al., 2016). Lundgren et al. (2017) performed an angiosperm-wide joint analysis of C3, C3–C4, 

and C4 species, to test the relation between photosynthesis kind and ecological niche. 

Controlling for phylogenetical effects, they concluded that C3-C4 taxa tend to inhabit warm 

climates with more seasonal rainfall, independent of their ancestral condition. They also noted 

that almost all C3-C4 species have close C4 relatives, apart from species in the Brassicaceae 

family. They supposed that the geographical distributions of this family in areas with relatively 

high minimum precipitation and fertile soil and relatively colder temperatures decrease the 

evolutionary pressure towards full C4 evolution. Further investigations in a Brassicaceae 

context could yield practical insights for commercial applications, as well as could confirm or 

disprove the hypothesis that the C2 carbon pump evolutionary endpoint on its own. 

C3-C4 in Brassicaceae 

Brassicaceae evolved ~23 million years ago around the Mediterranean (Arias & Pires, 2012) 

and hosts C3-C4 species in at least two genera (Apel et al., 1997). Already in the infancy of the 

development of Carbon Compensation Point (CCP) measurements, more than 60 years ago 
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(Hatch et al., 1967), it was noted that M. arvensis did not fit in either a C3 or a C4 pattern 

(Krenzer, 1975). The Brassiceae tribe, one of the largest and most commercially important 

tribes within Brassicaceae, includes staple crops such as cabbage, broccoli, rapeseed, turnip and 

mustard. Being the family of Arabidopsis thaliana and many commercial vegetables, 

Brassicaceae has already been subject of much phylogenetical work and discussion (Warwick 

& Black, 1991; Al-Shehbaz et al., 2006; Arias et al., 2014; Nikolov et al., 2019). However, such 

a speciose family is hard to fully cover, and many of the C3-C4 species are wild weeds that are 

ignored in favour of more charismatic species. Some C3-C4 species are poorly known and are 

often ignored in holistic studies and phylogenies, like B. gravinae (Ueno, 2011) and D. 

erucoides, whereas most C3-C4 focus is on the Moricandia and Diplotaxis genera that have very 

close C3 relatives (Rawsthorne et al., 1988a, 1988b; Schlüter et al., 2017; Pinheiro et al., 2023). 

Phylogenetical work and systematic phenotype characterization are required for a better 

inspection of C3-C4 in this family. The most complete work done before this thesis was 

performed by Schlüter at al. (2017). It analysed Moricandia in detail, suggesting a single origin 

of the glycine shuttle in an ancestor of the 3 known intermediate species. However, the 

phylogeny was based only on nuclear ITS markers, which have accuracy limitations when 

compared to a more comprehensive approach involving multiple genes (Degnan & Rosenberg, 

2009). Previously it was suggested that the genetic mechanisms governing the C3-C4 anatomy 

and physiology of Moricandia are different than those existing in C4 (Rylott et al. 1998). It 

would be interesting to see if that extends to the other C3-C4 species in Brassicaceae. 

Being the family of veteran model species is a great advantage for the study of more complex 

patterns of gene expression (Mabry et al., 2023). Not only does A. thaliana possess gold 

standard annotations for genes and understudied classes of non-coding RNA like smallRNA, 

microRNA, long intergenic RNA, small nucleolar RNA, natural antisense transcripts and small 

nuclear RNA (Cheng et al., 2017), it has also been the subject of extensive exploration of gene 

enhancers (Meng et al., 2021) and of connection between DNA methylation and gene 

expression (Zicola et al., 2019; Zhao et al., 2020). Specific traits connected with C3-C4 

photosynthesis have already been approached: For example, in A. thaliana, the genetic 

mechanisms controlling vein density are relatively well known (Rishmawi et al., 2017) and 

epigenetic mechanisms modulating BS cell anatomy and chloroplast content have recently been 

identified (van Rooijen, 2020). The promoter region of GLDP1 has already been scrutinized in 

this species, with the identification of an M-box regulatory element that might be related with 

bundle sheath expression (Adwy et al., 2015, 2019). Finally, A. thaliana is subject of 

accumulated experience with genome editing (Meng et al., 2021; Miki et al., 2021) and 
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population statistics (Rishmawi et al., 2017), valuable tools in genomic analysis. 

 

Aims of Thesis 

As established, the Brassicaceae family and particularly its Brassiceae tribe, is a relevant and 

underappreciated subject for C3-C4 research. Conclusions on how to instantiate C3-C4 evolution 

in this family would generate agricultural gains at a fraction of the difficulty of engineering a 

full C4 cycle in these plants (Lundgren et al., 2020). To comprehensively understand C3-C4 

photosynthesis, a multifaceted approach encompassing both physiological and genomic aspects 

is essential. Therefore, this thesis aims for the following: 

 

• Establish and annotate a comprehensive panel of Brassicaceae genomes, covering both 

C3-C4 species and their close C3 relatives, facilitating a robust comparative analysis. 

• Perform detailed quantitative description of C3-C4 characteristics across the panel, 

including Carbon Compensation Point (CCP) and related anatomical and physiological 

traits. 

• Employ phylogenetic methods to elucidate the evolutionary history of C3-C4 

intermediacy in Brassicaceae. 

• Describe metabolic background and its variability to identify key metabolites related to 

the C3-C4 trait. 

• Investigate genomic regulation mechanisms influencing the C3-C4 differentiation of 

mesophyll and bundle sheath (BS) cells. 

• Explore the practical implications of C3-C4 photosynthesis in Brassicaceae for crop 

improvement, with an emphasis on the potential for genetic engineering.
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Publications 

1. A genomic panel for studying C3-C4 intermediate photosynthesis 

in the Brassiceae tribe 

Except for Figure 6, all bioinformatical work here performed was by me under the supervision 

of Prof. Stich and Dr. Bonthala. Laboratory work was mainly performed by laboratory 

technicians Stephanie Krey and Agata Stoltmann. Some of the plant specimens were procured 

and grown by me with the help of Stephanie Krey, while others were grown previously by 

Agata Stoltmann. Library preparation and sequencing were performed by 3rd parties, whereby 

I organized the shipping logistics and sequencing process, with the help of Prof. Stich and 

Stephanie Krey. The text was mainly written by me. Collaborators helped with ideas, as well 

as providing physiological and sequencing data for some species, and with manuscript 

reviewing, especially in the introduction. 
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2. Brassicaceae display variation in efficiency of photorespiratory 

carbon-recapturing mechanisms 

Here I contributed with phylogenetic work, creating Figure 2 and writing the “Phylogenetic 

inference” section of the Materials and Methods. I also acquired and managed seeds for the 

used plant accessions, germinating and growing the plants in a controlled growth chamber, as 

well as collecting and freezing leaf samples used for the metabolite experiment that resulted in 

Figures 6 and 7. 
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3. Transposable elements contribute to the establishment of the 

glycine shuttle in Brassicaceae species 

 

Here I helped Prof. Stich supervise the initial bioinformatical work of Dr. Triesch, providing 

him with the data and teaching him how to analyze it. The initial discovery of the correlation 

of M-box distance to the GLDP gene and CCP happened as a result of this supervision. We also 

started the investigation of binding sites in upstream areas of genes. Continued exchange of 

ideas remained. As a co-author, I reviewed the manuscript but made minimal text contributions. 
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Discussion 

The work of this thesis is intended on establishing a groundwork for investigation of C3-C4 

photosynthesis in the Brassiceae tribe of the Brassicaceae family. The set of species included 

in this study has been systematically characterized for C3-C4 traits, including Carbon 

Compensation Point (CCP), and other physiological and anatomical traits, revealing variation 

inside the family and between closely related species. The published set of genomes allows a 

robust inference of phylogenetic relatedness, as well as the analysis of variation of genes and 

their regulatory regions across several degrees of C3-C4 phenotype. The published articles have 

attracted attention of reviews (Smith et al., 2023) and insight articles (Walsh et al., 2023; 

Julkowska et al., 2024), highlighting the novelty of the genome assemblies and the relevance 

of the wild C3-C4 species for the introduction of desirable traits into commercial plants. 

 

Bioinformatical approaches to study C3-C4 in Brassicaceae 

Genome assembly and annotation 

A total of 19 genome assemblies created within this thesis are new to science, exhibiting varying 

levels of contiguity. While commonly used as a proxy for assembly quality, contiguity measures 

alone are not reliable for quality assessment in a genome assembly (Simão et al., 2014; Thrash 

et al., 2020). In that regard, the assemblies largely capture the reference gene space of the 

Eudicot clade (Guerreiro et al., 2023, Fig. 1). The resulting total assembly sizes, representative 

but not fully equal to the real species’ genome sizes, have no correlation with the C3-C4 

phenotype (Triesch et al., 2023, Fig.2). While the assemblies have contiguity considered 

sufficient for gene annotation, comparable to other Brassicaceae species, there is potential for 

contiguity and haplotype-phasing improvement through future sequencing. This improvement 

could be achieved with long-read-based sequencing as exemplified here with 7 species 

(Guerreiro et al., 2023, Suppl. Table 1), or with proximity-ligation sequencing, as exemplified 

in the annex paper for Potato (Freire et al., 2021). This was in the meantime done for both HIR1 

and HIR3 accessions of Hirschfeldia incana, improving assembly through long read sequencing 

(El Hasnaoui et al., 2024). 

 

The de novo gene annotation strategy yielded an average of 46,546 high-quality gene models 
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across taxa, comparable to publicly available gene annotations for related species. Importantly, 

despite imperfect levels of assembly contiguity, a high proportion of annotated genes are 

accompanied by long upstream sequences (>30Kb) (Guerreiro et al., 2023, Suppl. Fig. 5), 

enabling deeper analysis cis-regulatory motifs and transcription factors, ultimately offering 

valuable insights into gene regulation mechanisms. However, the noted exceptions in lower 

contiguity assemblies of B. gravinae, D. harra, and M. sinaica highlight challenges in genomic 

data consistency, underscoring the need for improved sequencing techniques or assembly 

methods to fully leverage genomic information. Lower quality assemblies may lead to missing 

or unconnected parts of the genome, whereby genes or their upstream areas might be falsely 

accounted (Thrash et al., 2020). This can disrupt various kinds of downstream comparative 

analysis as is visible in Guerreiro et al., 2023, where the less contiguous assemblies stand out 

in orthology grouping (Suppl. Fig. 7) and synteny (Fig. 5; Suppl. Fig. 7). 

 

The importance of selfing, the creation of individuals from a self-fertilized parent individual, is 

evident for quality genome assemblies in plants. The most contiguous assemblies in Guerreiro 

et al. (2023) were the ones that used more selfed specimens, with the best D. tenuisiliqua being 

an F2 generation (Guerreiro et al., 2023, Suppl. Table 1). Selfing reduces heterozygosity 

between homologous chromosome sets, allowing an easy assembly of their sequences for a 

single haploid assembly. This is especially important for polyploid species and was an essential 

part of the annex paper on tetraploid potato (Freire et al., 2021). Of course, intra-species 

diversity may be lost with selfing, but it can easily be represented as called single-nucleotide 

polymorphisms (SNPs) or called structural variants (SVs), by mapping reads of heterozygous 

individuals to the haploid assembly, as illustrated by the second annex paper (Schmidt et al., 

2024). In any case, C3-C4 traits are thought to be under positive selection pressure (Edwards et 

al., 2014) and therefore likely fixed in the species where they exist (Booker et al., 2017). If 

traits are not fixed in all haplotypes of a species, or if nucleotide variation exists in key genes, 

the strength and frequency of positive selection pressure for the trait may be lower (Booker et 

al., 2017), or it might be an example of balancing selection (Hedrick, 2007). 

 

For further refined insights, the level of analysis must move to the gene level. To assist that, a 

new generation of annotation methods are set to further streamline comparative studies, making 

the detection of genes, repeats and other genomic features easier to run, more insightful and 

efficient (Stiehler et al., 2020). Indeed, the genome annotation was one of the most time 

consuming parts of this thesis (Guerreiro et al., 2023) and would nowadays be considerably 
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faster to perform with deep learning pipelines like Helixer (Holst et al., 2023). Finally, a holistic 

analysis of gene variation should start by grouping genes based on homology, and by estimating 

phylogenetic relations between them and between the species at hand. 

Orthology and phylogenetic relations 

Orthology grouping of genes across genome assemblies is a foundational step in comparative 

genomics, identifying homologous genes with probable common ancestry (Emms & Kelly, 

2019). Orthologous genes likely retain similar functions across different organisms and 

comparing them offers significant insights into gene evolution (Gabaldón & Koonin, 2013). 

Chiefly, gene orthology helps transferring functional annotations from model organisms to less-

studied species, accelerating gene discovery and functional validation efforts (Klasberg et al., 

2016). During the work of this thesis, I developed and shared an add-on pipeline 

(https://github.com/davidemms/OrthoFinder/issues/451) for streamlining the interpretation of 

orthology groups, based on annotations from a reference like Araport11. 

The 42 928 orthogroups identified in Guerreiro et al. (2023) represent structural and functional 

relations of genes across this species set, providing a level of abstraction necessary for 

hypothesis inference and testing. The grouping of genes should be robust, a recent comparison 

on Brassicaceae concluded that different orthology inference algorithms predict similar 

orthogroups (Liao et al., 2024). Identifying candidate genes involved in C3-C4 photosynthesis 

pathways can be done not only via orthogroup presence/absence across species (Nagy et al., 

2014), but also via copy number variation (McCarroll et al., 2007). Moreover, even with well-

known genes of interest, the detailed study of sequence diversity in orthologs or in their 

upstream areas may reveal variation of biological relevance, not in the least related to gene 

regulation. For instance, Cao et al. (2016) used 40 gene orthologs between maize and rice to 

identify BS specific motifs that differ between C3 and C4 photosynthesis. Likewise, an 

illustration is given in this thesis: the genes from the newly produced assemblies were grouped 

via orthology (Guerreiro et al., 2023). After annotating the presence of TEs in the upstream 

areas of those genes, a correlation could be identified between TE presence and C3-C4 

photosynthesis for 222 orthogroups (Triesch et al., 2023). One of those orthogoups represented 

the GLDP genes, which under scrutiny led to conclusions of biological relevance, discussed in 

the “Genetic regulation mechanisms” section of this thesis’ discussion. 

By grouping related genes, orthology enables creating phylogenetic trees of gene relatedness 
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(Emms & Kelly, 2019). Concatenating the trees of thousands of genes results in high fidelity 

species phylogenies when using advanced coalescent models like Maximum Likelihood and 

Bayesian methods (Degnan & Rosenberg, 2009; Trifinopoulos et al., 2016). Often phylogenetic 

gaps inhibit the exploration of evolutionary hypotheses (Julkowska et al., 2024). The phylogeny 

established in Guerreiro et al. (2023) crucially provides the structure to analyze evolutionary 

pathways of C3-C4 evolution within the Brassiceae tribe, suggesting that the transition towards 

C3-C4 intermediacy has occurred independently five times. This revelation, identifying an 

additional origin than previously recognized, paints a more complex picture of C3-C4 

photosynthesis in the tribe. It does not yet confirm or disprove the hypothesis that the C2 carbon 

pump evolutionary endpoint on its own (Lundgren, 2020; Walsh et al., 2023), though it 

anecdotally reinforces that theory. It also offers further datapoints that contradict Kadereit et al. 

(2017)’s hypothesis that C3-C4 is merely the result of hybridization with C4 species, as there are 

no known C4 species in this family (Sage et al., 2011), and even if one were to have existed in 

the past and gone extinct, the probability of hybridization with 5 species seems lower. 

The current paradigm shift intends to move from single model species into model clades (Mabry 

et al., 2023). In that new paradigm, this thesis’s characterization of the Brassicaceae clade not 

only refines our understanding of plant evolutionary biology but also holds implications for 

leveraging genetic diversity in crop improvement. While convergent innovations in all C3-C4 

species are obvious candidates for missing pieces in an overall strategy towards C4 genetic 

engineering, non-convergent innovations may be relevant towards understanding distinct 

evolutionary pathways. Perhaps several roads towards C4 exist (Schlüter & Weber, 2016), and 

some lineages would rather benefit from genetic mechanisms extracted from closely related C3-

C4 species instead than from more distant ones. Put in simple words: Commercial species like 

Brassica rapa, B. napus, B. oleracea should more easily benefit from the introduction of genetic 

features taken from C3-C4 D. erucoides or HIR3 H. incana than from C4 Maize (Zea mays), or 

even from D. tenuifolia, which belongs to another clade inside Brassiceae (Guerreiro et al., 

2023, Fig. 4). 

 

Anatomy and physiology of C3-C4 photosynthesis in Brassicaceae 

The physiological and anatomical insights from Schlüter et al. (2023) provide a robust 

framework to underline the nuances of C3–C4 intermediate photosynthesis in Brassicaceae. The 
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clinal variation of CCP values (Schlüter et al., 2023, Fig. 1) confirms that not all C3–C4 species 

are the same, and they probably have varying degrees of derivations from the primitive C3 state. 

Despite variation, evidence points to no Brassicaceae species as having more advanced C4-like 

characteristics, as shown by the low abundance of phosphoenolpyruvate carboxylase (PEPC) 

and typical C4 metabolites α-ketoglutarate, pyruvate and α-alanin (Schlüter et al., 2023, Fig. 

7G-I and Fig. 8C). Additionally, all C3-C4 plants here are more similar to C3 than C4 in vein 

density, BS cross-section area, as well as in having significant portions of BS cells with 

organelles oriented towards the mesophyll (Schlüter et al., 2023, Fig. 8A,B,H). Taken together 

with the known BS cell specificity of GLDP in many of these species (Rawsthorne et al., 1988a; 

Rylott et al., 1998; Ueno et al., 2003; Ueno, 2011; Schlüter et al., 2016), it seems like all these 

Brassicacaeae lineages have developed a C2 carbon shuttle but did not advance much on the 

ladder of supposed inevitable evolution towards C4 (Gowik & Westhof, 2011; Sage et al., 2014; 

Edwards, 2014). 

Common characteristics of C3-C4 

The one defining feature common across all C3-C4 plants in this study was enhanced organelle 

accumulation in BS cells on the side adjacent to the central vein (Schlüter et al., 2023, Fig. 8E). 

This is called centripetal accumulation and is here corroborated as a basal C3-C4 trait, as 

previously suggested (Gowik & Westhoff, 2011; Sage et al., 2014). Centripetal organelle 

accumulation is particularly significant because mitochondria are where the photorespiratory 

step of glycine decarboxylation occurs, catalyzed by GDC, which is limited to the BS cells in 

C3-C4 (Rawsthorne et al., 1988a, b; Rylott et al., 1998; Schulze et al., 2016). Furthermore, 

chloroplasts are where RuBisCO is located, which captures CO2 after it is released by glycine 

cleavage (Sage et al., 2014; Khoshravesh et al., 2016). Having a high concentration of both 

these organelles in the centripetal pole of the BS cells probably minimizes loss of either glycine 

or CO2 back to the mesophyll through dispersion, increasing the efficiency of the carbon capture 

mechanism (Khoshravesh et al., 2016; Schlüter et al., 2023). This pattern of organelle 

accumulation had previously been reported for interspecific hybrids of C3 and C3-C4, being 

estimated to be genetically encoded (Ueno et al., 2003). However, Schlüter et al. (2023) 

suggests that centripetal accumulation of organelles might be separately regulated from their 

peripheral reduction (Fig. 8H). Identifying the convergent genomic features that enable this 

organelle distribution pattern should be now possible with this panel of species (Guerreiro et 

al., 2023). Genes thought to underlie chloroplast localization, PHOT2 and CHUP1, have 
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already been observed to have differential spatial expression in Moricandia arvensis, based on 

promoter-GUS assays (Lin et al., 2022). A next step is extending that analysis to all species in 

this panel. Finally, though centripetal accumulation is increasingly seen as a solid feature of C3-

C4, it may not be essential in all plant families, as it does not seem to affect CCP values in C3-

C4 Amaranthaceae (Oono et al., 2022). Other quantified anatomical features in Schlüter et al., 

(2023) don’t seem to correlate with CCP values (Fig. 8), but they also remain to be explored in 

relation to genetic background of this panel of species. 

 

Advantages and evolution of C3-C4 

Schlüter et al. (2023) reports carbon assimilation rate and water use efficiency of C3-C4 

Brassicaceae to be at the same level as in C3 in contemporary atmospheric conditions but shows 

that those statistics would be significantly better than C3 in pre-industrial carbon concentration 

in the atmosphere (Fig. 3 and 4). This is in accordance with literature, suggesting a stronger 

selective pressure in past atmospheric conditions to evolve a C2 carbon shuttle (Sage et 

al., 2014). Though it seems here like C3-C4 has little water use advantage over C3 under the 

current atmosphere (Fig. 4), it is important to note that our experiment was performed at stable 

abiotic conditions, whereas it is known that C3-C4 metabolism can widely vary at different soil 

nitrogen, temperature, or light conditions (Brown & Morgan, 1980; Schuster & Monson; 1990; 

Oono et al., 2022). In fact, studies with Brassicaceae have already reported lower CCPs and 

higher water use efficiency in C3-C4 Moricandia under warm and dry conditions than in mild 

conditions (Gomez et al., 2020), and even increased vein density when growing under drought 

and heat stress (Zhu et al., 2022). Moving forward, a focus on metabolic plasticity is a must 

when studying C3-C4. 

In C3-C4 and especially in C4 species, coordination between mesophyll and BS is necessary to 

maintain functional stoichiometry in both cell types (Sage & Mckown, 2006). On the contrary, 

the undifferentiated photosynthetic cells of C3 species have more autonomy to adjust to shifting 

abiotic conditions (Sage & Mckown, 2006). This means that C3 photosynthesis is more flexible 

in its ecology, akin to the concept of generalist niche (Futuyma & Moreno, 1988), whereby C4 

photosynthesis with its high fitness in stable hot environments would fit the concept of specialist 

ecological niche (Sage & Mckown, 2006). C3-C4 photosynthesis seems to hit a particular 

balance between avoiding the photorespiratory problem in warm dry environments and dealing 

with shifting abiotic conditions. However, since the photorespiratory problem does not 
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significantly occur in northern latitudes, the ecological window where C3-C4 photosynthesis is 

potentially fitter than C3 or C4 photosynthesis is relatively small. Despite this, C3-C4 

Brassicaceae have large geographical distributions, along less hot and dry environments than 

typical for C4, with richer soils and abiotic variation (Lundgren & Christin, 2017). Indeed, many 

C3-C4 Brassicaceae are invasive across the world (Gorai et al., 2009; Dahlin et al., 2012; Abu-

Dieyeh et al., 2013; Winkler et al., 2019), which typically happens with generalist species that 

have ecological plasticity to adapt well to different environments (Gioria et al., 2023). 

Particularly, a richer soil is important for C3-C4 species due to a lower efficiency of nitrogen 

use than C4 species (Ghannoum et al., 2009, 2011). But environments where chilling can 

happen drastically reduce the advantages of C4 (Pignon et al., 2019). Additionally, low light 

intensity or light variability via shading from other plants has been reported to undercut C4 

efficiency (Sage & McKown, 2006; Pignon et al., 2017; Bellasio & Farquhar, 2019). The idea 

that the C2 shuttle represents an evolutionary endpoint would be reinforced by a strategic trade-

off, where metabolic plasticity is prioritized over peak photosynthetic efficiency at ideal 

conditions (Lundgren, 2020). 

Diverse metabolic backgrounds 

Schlüter et al. (2023) also explores the role of metabolic background in C3–C4 biochemistry. 

While previous research highlighted the transportation of various metabolites between BS and 

mesophyll in association with this photosynthesis type (Heckmann et al., 2013; Mallmann et 

al., 2014; Schlüter et al., 2017; Pinheiro et al., 2023), the work of this thesis only confirmed 

glycine and serine as universal C3–C4 metabolites in Brassicaceae (Schlüter et al., 2023, Fig. 

6D). High glycine concentrations are evidence of the established C2 shuttle, which in turn 

produces serine and ammonia when decarboxylated in the BS cells (Schulze et al., 2016). 

Interestingly, high serine levels seem to be a feature of only C3–C4 species, not being present in 

C4 G. gynandra (Schlüter et al., 2023). While the retrotransportation of serine to mesophyll cells 

is known for nitrogen stoichiometry (Rawsthorne, 1992), it alone cannot prevent nitrogen 

imbalance (Mallmann et al., 2014). In the panel of analyzed Brassicaceae, the extent of serine 

transport and the concentration of alternative metabolites for nitrogen rebalancing varies per 

species (Schlüter et al., 2023, Fig. 7). For example, both D. erucoides and D. tenuifolia favor 

glycerate, complemented by malate in first and glutamate in the latter (Schlüter et al., 2023, Fig. 

7). M. arvensis utilizes a combination of glutamate and aspartate (Schlüter et al., 2023, Fig. 7). 

Of note, previous research had pointed M. arvensis as not having significant levels of aspartate 
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(Schlüter et al., 2017), an inconsistency which reflects the metabolome’s variability and 

reactivity to environmental factors (Sampaio et al., 2016), as well as the limitation of using 

whole leaf samples instead of single cell datasets. This conclusion can also be taken when 

looking at the disparate metabolite variation even inside Moricandia (Schlüter et al., 2023, Fig. 

7), which should have a common origin of the phenotype and thus similar metabolite patterns. 

However, the same lack of a consistent single other metabolite for ammonia refixation and 

shuttling has been reported with C3-C4 Flaveria (Borghi et al., 2022). The forming consensus 

is that multiple metabolites contribute for nitrogen rebalancing between BS and mesophyll, so 

the metabolite patterns don’t diverge evidently from C3 (Leegood & von Caemmerer 1994; 

Borghi et al., 2022). Nonetheless, metabolites such as pyruvate and α-alanine, predicted by 

Mallmann et al. (2014) to form a C4-like shuttle were not highly present in any of surveyed C3-

C4 species (Schlüter et al., 2023, Fig. 7), reinforcing the idea that evolution did not go further 

than the C2 shuttle in this family, multiple times. Walsh et al. (2023) argues against the nitrogen 

imbalance hypothesis, proposing advantages of C2 in fluctuating environments due to stress 

resilience through a secondary open flux carbon cycle and photorespiration pathways. Because 

most of photorespiratory cycle in C2 still happens openly in the mesophyll, its’ metabolites can 

easily become substrates for other processes (Keys, 1999), conferring higher flexibility to deal 

with shifting conditions (Timm et al., 2012; Walker et al et al., 2000). Furthermore, the variation 

inside this family, especially the quite distinct D. erucoides, highlights the possible existence 

of subgroups inside C3-C4 (Schlüter et al., 2023, Fig. 7) which could potentially be specific 

adaptations to different environmental conditions. 

 Having primary metabolite candidates for C₃-C₄ species identified for each species, the next 

steps should focus on experimental validation to confirm their functional roles. Techniques such 

as isotopic labeling can be used to track the flux of these metabolites in the tissue (Gevaert et 

al., 2008), revealing their direct impact on photosynthesis and carbon transport. A deeper 

understanding of the shuttle mechanisms can also be reached through studying the enzymes 

responsible for metabolite production and interconversion. For instance, literature modeling 

predicts that several aminotransferases are highly expressed in C₃–C₄ leaf tissue to recycle 

ammonia released during carbon transport to bundle sheath cells (Mallmann et al., 2014). 

Research on C4 plants has even shown that high aminotransferases expression happens on the 

BS cells and not mesophyll (Doring et al., 2016; Schlüter et al., 2018), but enzyme localization 

research on C3–C4 has mostly been limited to GLC protein complex (Schlüter & Weber, 2020; 

Oono et al., 2022). Recently, a study identified more transcript expression for aspartate 
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aminotransferase (AspAT), as well as dicarboxylate transporter 2 (DiT2) and 

phosphoenolpyruvate/phosphate translocator (PPT) in M. suffruticosa than in C3 Brassica 

napus (Zhu et al., 2022). Similar procedures applied to the whole panel of species published 

here could be very enlightening. Further research steps would greatly benefit from the adoption 

of new technologies like single cell sequencing or immunohistochemistry microscopy (Nawy, 

2014; Rao et al., 2021), or at the very least use RNA sequencing of partitions of the leaf, as 

done by Doring et al., 2016. 

Genetic regulation mechanisms 

Most C3-C4 research focuses on transcriptomics/metabolomics and differential expression of 

genes between species or individuals (Schlüter et al., 2017; Lauterbach et al., 2017; Pinheiro et 

al., 2023) and not between cell types. However, little has been done to pinpoint the exact genetic 

control mechanisms through which differential expression is achieved between cells (Schlüter 

& Weber, 2016). Moreover, RNA counts are not always directly translatable to fitness gains or 

even to increased presence of their corresponding protein (Evans et al., 2015). Examples of 

gene regulation differing between cell types exist for other characteristics, many of which result 

promoters and other regulatory elements in the genome (Abdolreza et al., 2014; Kim & Sung, 

2017; Mhiri et al., 2022), but little genomic work has been applied to C3-C4 specifically. 

Scientific literature is increasingly aware of the role of transposable elements (TEs) as dynamic 

components of plant genomes, contributing to gene regulation, genome structure, and evolution 

(Feschotte, 2008). They can influence gene expression by inserting themselves near or within 

genes, creating new regulatory elements, and altering chromatin structure (Mhiri et al., 2022; 

Hassan et al., 2024). Research has already associated TEs to the evolution of photosynthesis 

pathways. Looking at 40 ortholog genes between C3 rice and C4 maize, Cao et al. (2016) 

identified over 1000 differentially distributed promoter motifs, more than 60% being associated 

with TEs. These motifs likely originated from non-photosynthetic genes and were transposed 

to C4 genes, linking gene regulatory networks and underscoring the evolutionary impact of TEs 

(Cao et al., 2016). The work of this thesis suggests TEs as underlying a primary step in C3-C4 

evolution, namely the institution of the glycine carbon (C2) shuttle between two differentiated 

cell types in the leaf: The mesophyll and the bundle sheath (BS) cells. This shuttle is known to 

be controlled by differential expression of the GLDP protein between the two cell types 

(Monson et al., 1984; Rawsthorne et al., 1988a; Schulze et al., 2016). Adwy et al. (2015, 2019) 

proposed the absence of an M-Box element as the reason for differential expression in C3-C4 
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intermediate Moricandia. However, our quality genome assemblies allowed for the 

identification of that M-box in those same species, upstream of the GLDP1 gene, merely shifted 

further upstream than expected in the C3-C4 species (Triesch et al., 2023). Thus, all studied C3-

C4 species, except for D. erucoides, have an M-box promoter which exists at a higher distance 

to the GLDP gene than the C3 species (Triesch et al., 2023, Fig. 6A and 7). Our counter proposal 

is then that the distance between the M-Box and GLDP gene is what causes the gene to be 

differentially expressed, the exact mechanism to be uncovered but it potentially has to do with 

chromatin structure (Mhiri et al., 2022; Hassan et al., 2024). Other regulation mechanisms such 

as transcription factor activity, DNA methylation, histone modifications (Kim & Sung, 2017), 

and the presence of small RNAs (Zhan & Meyers, 2023) may not be excluded but seem less 

likely in this context. The exception of D. erucoides, as in the metabolite analysis, seems to 

again indicate that this species achieved low CCP values through an evolutionary process that 

is not totally convergent with the other species in this panel. If so, it should be an interesting 

path to scrutinize on its own, but it should be also weighted as an outlier, so not to lower the 

discovery of true positive signal for the other species in this panel. 

Our hypothesis is that some TEs, inserted in specific locations, underlie spatially differential 

gene expression (Triesch et al., 2023, Fig. 6,7). The specific relevant TEs happen independently 

of global TE patterns, which do not correlate with the phenotype of interest (Triesch et al., 2023, 

Fig. 2,5). If anything, recent insertion times of LTR transposons may be connected to C3-C4 

evolution, as they are significantly more pronounced in C3-C4 species than in C3 species, 

especially in Moricandia arvensis (Triesch et al., 2023, Fig. 4, Table S3). In addition to the 

findings on the M-Box, Triesch et al. (2023) revealed significant correlations between TE 

insertions in cis-regulatory regions and C3-C4 intermediacy in 113 genes (Triesch et al., 2023, 

Fig. 6A, Table 1), which group functionally under photorespiration, SnRK1-kinase regulation, 

cell wall proteins and solute transport channels (Triesch et al., 2023, Table 2). The role of TEs 

in rewiring gene regulatory networks has been documented in other plant species, indicating a 

broader evolutionary mechanism (Feschotte, 2008). Understanding this, an avenue for genetic 

improvement of commercial crops starts being visible. Differential regulation of GLDP1 and 

other relevant genes through TE insertions could be a target for genetic engineering. By 

manipulating the positioning of TEs or associated cis-elements, it may be possible to replicate 

the gene regulatory networks observed in C3-C4 intermediates, thereby enhancing the efficiency 

of C3 crops (Triesch et al., 2023). 
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Future avenues for C3-C4 research in Brassicaceae 

Directions of research 

The work related to this thesis contributed to advance the knowledge and resources related to 

C3-C4 photosynthesis in Brassicaceae. The availability of complete genome assemblies is basal 

for much of the research that is to come. It makes it easier to design arrays for probing genomic 

variability across populations, as well as to engage in genome editing for knock-out experiments 

(White et al., 2013) or for transformation with new genes (South et al., 2019). Relevant genetic 

variation between species can be identified through direct comparative genomics (Triesch et al., 

2023) or by a genomic dissection of segregating hybrid populations with varying phenotypes 

(Schlüter & Weber, 2016), as illustrated by a companion paper of this thesis (Schmidt et al., 

2024). This has been tried once with Brassicaceae crops: Zhang et al. (2004) produced tetraploid 

hybrids of C3-C4 Moricandia and C3 Brassica species, further backcrossing them with the 

commercial C₃ parent and using genomic markers to distinguish whether offspring inherited the 

C₃ or C₃-C₄ version of GLDP. Developing and applying markers to the recombinant lines was 

one of the biggest challenges in the study (Zhang et al., 2004). Such limitations can finally be 

overcome, it is now easier and more effective to design high quantities of markers for many 

genes and regulatory regions. 

 

The utility of these methods is further enhanced by the harnessing of H. incana HIR3, newly 

described as a C₃-C₄ intermediate species (Schlüter et al., 2023, Fig. 1). Being phylogenetically 

closer to many crop species than Diplotaxis or Moricandia — both already previously explored 

on hybridization (Ueno et al., 2003; Bang et al., 2007; Ueno et al., 2007) — H. incana offers a 

promising resource for future studies. This species has already garnered increased attention 

following the publication of its genome and C3-C4 status (Taylor et al., 2023; Hoang et al., 

2024). Based on its’ CCP values (Schlüter et al., 2023, Fig.1), the studied HIR3 accession seems 

to be on the earliest stages of C3-C4 evolution, which may be interesting to identify which are 

the minimal steps necessary for a functioning C2 cycle. Unlike all other lineages where C3-C4 

intermediacy was identified in this study, there are no studies on this species identifying 

differential expression of the GLDP gene in BS cells, although that is to be predicted based on 

the presence of the M-box promoter (Triesh et al., 2023). The HIR3 accession is quite unique, 

and the work of Guerreiro et al. (2023) hints at the possibility of it being a separate species from 

the regular HIR1 genotype of H. incana. This is backed by morphological differences 
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(Guerreiro et al., 2023, Fig. 6C) and by phylogenetic work based on chloroplast DNA, where 

the two genotypes are not monophyletic (Guerreiro et al., 2023, Fig. 6A-B). Guerreiro et al. 

(2023) places HIR3 closer to Sinapsis pubescens and Brassica procubens than to the HIR1 

accession, which clusters together with the NIJ accession recently published by Garassino et al. 

(2022) (Guerreiro et al., 2023, Fig. 6B). ⁠Sequencing the genomes and characterizing 

photosynthetic properties like the CCP of S. pubescens and B. procubens, or of closely related 

species in literature like Diplotaxis brachycarpa (Warwick & Hall, 2009) would add value to 

this panel and to C3-C4 research in Brassicaceae. 

 

Another interesting species in this thesis is D. muralis, thought to be a tetraploid hybrid of D. 

tenuifolia and D. viminea, for which the first genomic evidence is provided by this thesis 

(Guerreiro et al., 2023, Fig. 5). This hybrid species is especially interesting since one parent is 

C3-C4 and the other is C3, and its phenotype is intermediate between the two types (Schlüter et 

al., 2023, Fig. 1). Allele specific expression analysis on inter-specific hybrids from C3 and C3-

C4 parents had already identified cis-regulatory differences in Moricandia in GLDP1 and other 

genes (Lin et al., 2022). The same analysis may be extended to D. muralis, to other genes and 

even other species of this panel, provided that interspecific hybrids can be generated. If the 

creation of interspecific segregating material is possible, the genomes of the various progeny 

can be cheaply sequenced on low coverage, mapping and accessing what parts of DNA are 

inherited from the C3 or C3-C4 ancestor. That information can be used against individual 

phenotypical measurements like CCP or anatomical measurements, allowing to pinpoint 

specific genomic regions that correlate with phenotype, with increased statistical power through 

replication (Schlüter & Weber, 2016). Those regions can then be further scrutinized for key 

genomic determinants of the C3-C4 phenotype, be it structural variation, single nucleotide 

polymorphisms, regulatory binding sites or factors associated with chromatin accessibility. 

 

In the future, several research pathways will be necessary to fully understand the C3-C4 and C4 

systems. Besides the genes related to glycine shuttling and decarboxylation focused on this 

thesis, there are many other points where C3-C4 and C4 photosynthesis are different to C3: in 

RuBisCO and chloroplast expression and localization, stomatal behavior, vein density, leaf 

anatomy and nitrogen economy (Ku et al., 1983; Vogan & Sage, 2011; Griffiths et al., 2013; 

Stata et al., 2016; Oono et al., 2022). While much knowledge has been gathered in these areas, 

significant gaps remain, particularly in understanding how gene expression is regulated. 

Breakthroughs already exist — genetic mechanisms to circumscribe the localization of 
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RuBisCO and chloroplasts to BS cells have been identified (Bowman et al., 2013; van Rooijen, 

2020) — but comparative genomics could help uncover additional regulatory elements and gene 

interactions that have not yet been explored, offering a broader framework to fully elucidate 

these complex systems. 

Phylogenetic association mapping 

This thesis also makes the case that comparing multiple species at the same time, considering 

their evolutionary relations, is more insightful than only pairwise comparisons. The published 

panel of species is ideal for phylogenetic association mapping, using mixed-linear models to 

statistically detect correlations between genomic features and phenotypic variability (Hiller et 

al., 2012; Kiefer et al., 2019). In this approach, a quantified phenotype of interest, such as the 

Carbon Compensation Point (CCP), is modelled as a function of both fixed and random effects. 

Specifically, for each genetic variant (i), the phenotype (y) is regressed against a matrix of 

genetic variation (X) as a fixed effect, and a species variance-covariance computed from 

phylogenetic relatedness (Z) as random effect, with an additional error term (ϵ): 

𝑦 =  𝛼 + (𝑋𝑖𝛽𝑖 + 𝑍𝑏𝑖) +  𝜖 

 

Where α is a fixed intercept, and βi and bi are the coefficient vectors applied to the 

corresponding matrices on the i-th genetic variant. Additionally, population structure may be 

included as a fixed effect in the form of principal components of genetic variation, PC1 and 

PC2, multiplied by corresponding coefficient vectors Ui and ui : 

y = α + Xiβi + PC1Ui + PC2ui + Zbi + ϵ 

 

Scripts for achieving this were developed in the course of this thesis and are published in a 

public github repository (https://github.com/ViriatoII/C4Evol/blob/master/PAM_brassicas.R). 

This model structure allows for the disentanglement of the genetic and evolutionary influences 

on the phenotype, providing a robust framework for identifying significant associations 

between genetic variation and traits while accounting for the underlying phylogenetic 

relationships. The matrix of genetic variation can be comprised of a number of things: Either a 

matrix of presence/absence or copy-number variation of genetic orthogroups, or a matrix of 

SNP/indel variation in the upstream areas of genes. In any case, due to high numbers of 
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variables in a genetic matrix, multiple testing correction strategies like Bonferroni (Dunn, 1961) 

or Benjamini-Hochberg (Benjamini & Hochberg, 1995) adjustment of the significance 

threshold are necessary. These strategies ensure that the associations identified are robust and 

reliable, reducing the likelihood of spurious results. Additional literature applying similar 

procedures can be found (Prudent et al., 2016). 

The results of phylogenetic association mapping can guide downstream research into the 

molecular mechanisms underlying trait variability. Genetic variation identified as significantly 

associated with traits like CCP can act as an entry point for studying genes and their regulatory 

context. As illustration, the M-box element regulatory element of GLDP1 should be flagged as 

correlated with CCP values (Triesch et al., 2023), and further research on the functional 

implications of that could ensue. 

Downstream genomic research 

The biggest question remaining in this thesis has to do with how differential regulation of the 

GLDP1 gene is created via the larger distance between the gene and a promoter M-box element 

(Triesh et al., 2023). It seems that this is a case where chromatin structure plays a role in gene 

regulation. Studies of chromatin structure could become a final piece in solving the puzzle. 

Whilst the field is still in its infancy in plants, first studies have already described non-random 

changes to chromatin structure between plant species (Vergara et al., 2017; Ullah et al., 2018; 

Dong et al., 2020; Li et al., 2023). Differences in chromatin structure can have practical effects 

in gene expression, as chromatin folds into areas of high transcription accessibility or areas of 

intense interaction frequency, named topologically associated domains (TADs) (Beagan et al., 

2020). As an illustration, Farmer et al. (2021) demonstrated distinct chromatin accessibility 

profiles between cell types in Arabidopsis roots to be associated with differential gene 

expression and cell-specific physiology. While chromatin structure was not scrutinized for 

Brassicaceae in this thesis, the synteny analysis of Guerreiro et al., 2023 (Fig. 5) already 

provides a framework of colinear blocks and synteny breaks, which often coincide with open-

chromatin boundaries of TADs (Li et al., 2023). Ultimately however, data on the physical 

proximity of the folded DNA is required. A common method to obtain such data is proximity 

ligation, also called Hi-C sequencing (Lieberman-Aiden et al., 2009). Naturally, Hi-C 

sequencing would also greatly help with further scaffolding the genome assemblies into 

chromosome level contiguity, as demonstrated by Freire et al. (2021) in this dissertation. 

Deciphering gene regulation and chromatin dynamics may eventually also require the 
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exploration of epigenetic modifications to the genomes. Two key epigenetic mechanisms, DNA 

methylation and histone methylation, play pivotal roles in shaping the chromatin landscape and 

how genes are accessed for transcription. DNA methylation affects chromatin density by adding 

methyl groups to DNA, typically at CpG sites, which can suppress gene activity, being often 

studied through techniques such as bisulfite sequencing (Darst et al., 2010). Likewise, histone 

methylation patterns can affect how open or close the chromatin is, leading respectively to gene 

activation or repression, and are investigated through various methods, including chromatin 

immunoprecipitation followed by sequencing (ChIP-seq) (Mardis, 2007). The integration of 

these epigenetic studies would build a holistic understanding of the molecular mechanisms 

governing gene expression and chromatin organization. Indeed, a comprehensive integration of 

multi-omic data is necessary to fully uncover the complexity and adaptability of photosynthetic 

mechanisms within Brassicaceae, unlocking potential introduction of C3-C4 mechanisms in 

agricultural and ecological contexts. The full understanding of gene regulation and metabolic 

flexibility in this trait offers valuable insights for practical applications in sustainable 

agriculture, especially under the current challenges posed by environmental degradation. Any 

important findings in Brassicaeae may further be compared with the Flaveria genus, which is 

increasingly the subject of attention of C3-C4 photosynthesis research (Mallman et al., 2014; 

Borghi et al., 2022; Munekage & Taniguchi, 2022). 

 

Crop engineering 

Efforts to engineer efficiency gains in crops illustrate the difficulty of implementing a complex 

photosynthetic system. For instance, Wang et al. (2017) transformed rice plants using maize 

GLK genes with a ubiquitin promoter specific to BS cells, resulting in the accumulation of 

organelles in the BS cells, a proto-Kranz-like anatomy. However, this transformation did not 

yield significant improvements in photosynthetic performance compared to the wild type. 

Likewise, Jethva et al. (2024) managed to relocate carbonic anhydrase activity from 

chloroplasts to the cytosol, a typical C4 trait, but also did not have any impact on plant growth, 

photosynthetic rate or CO2 assimilation. Both these transformations implemented C4 sub-

components onto a C3 plant without palpable agricultural benefit. There are proposals to test 

inducing the genetic mechanism that limits RuBisCO to BS cells onto Arabidopsis thaliana 

(Singh & Reeves, 2020), which should significantly decrease the amount of this enzyme 
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produced overall (Furbank & Taylor, 1995) and thus decrease the nitrogen requirements 

(Ghannoum & von Caemmerer, 2011; Bar-On & Milo, 2019). However, this too is a C4-like 

characteristic that requires well defined Kranz-anatomy and a functional carbon shuttle towards 

the BS cells to have efficiency (Li et al., 2017), even decreasing plant resilience to chilling in 

relation to C3 and C2 types (Pignon et al., 2019). Due to the stepwise nature of C4 evolution 

many of the more popular C4-like traits compound on earlier steps (Heckmann et al., 2013). It 

is essential to build a foundational structure before any C4 traits are to be tested, and that may 

pass by the engineering of a mature C2 shuttle first, along with other basal C3-C4 characteristics. 

As far as literature search could tell, the only attempts to establish the C2 glycine shuttle into a 

C3 commercial species were the previously mentioned hybridization efforts of Zhang et al. 

(2004) on Brassica crops. It resulted in modest phenotypic gains, not reaching the CCP levels 

of the C3-C4 Moricandia parent. Hybridization with backcrossing is not only very labor-

intensive, but it also introduces other unwanted DNA segments from the second parent 

(Gramazio et al., 2021), often even whole sets of chromosomes with polyploidization (Zhang 

et al., 2004). Modern tools like CRISPR/Cas9 make it possible to precisely incorporate only the 

desired C₃-C₄ genomic changes while preserving the identity of the crop species (Zhang et al., 

2018). To my knowledge, all further attempts at transformation of a C3 plant aim directly 

towards C4 characteristics (Lundgren, 2020). 

 

All these efforts would benefit from a solid groundwork of a successful transformation of A. 

thaliana into C2, where consequences on plant resilience and parameters like CCP can be easily 

studied, before moving towards commercial crop transformation and measurement of yield 

improvements. Ongoing research in this area will doubtless continue to shed light on the genetic 

mechanisms underlying C4 and C3-C4 intermediate photosynthesis, with potential implications 

for improving crop productivity and resistance in the face of global demand and climate change. 

Ultimately, simply introducing the C₂ glycine shuttle to commercial crops may not be sufficient 

to address agricultural challenges but is a critical intermediate step toward achieving the more 

ambitious goal of full C₄ photosynthesis.
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Conclusion 

The research here presented has significantly advanced our understanding of C3-C4 intermediate 

photosynthesis in the Brassicaceae family, shedding light on the genomic, physiological, and 

evolutionary mechanisms underlying this trait. By establishing a panel of Brassicaceae 

genomes with detailed genetic and phenotypic annotations, a robust foundation for future 

comparative studies was laid, allowing the exploration of the genetic basis of C3-C4 

intermediacy. 

The phylogenetic analysis conducted in this thesis has revealed multiple independent origins of 

C3-C4 photosynthesis inside the Brassicaceae family, suggesting a more complex evolutionary 

pathway than previously understood. Crucially, a thus far considered genotype of Hirschfeldia 

incana, described here for the first time as a C3-C4 intermediate, falls inside a sub-clade that 

was not known to possess C3-C4 species, in yet another apparent process of convergent 

evolution. Support for convergent evolution is found in increased Carbon assimilation rates and 

water use efficiency under past atmospheric conditions. 

The analysis of metabolic pathways illustrated the complex diversity of metabolites involved 

in the C3-C4 transition, highlighting variability among species and potential metabolic plasticity. 

Furthermore, the investigation into genomic regulation mechanisms shed light on the influence 

of transposable elements on a crucial step of cell type differentiation of bundle sheath cells, 

through control of GLDP differential expression, challenging literature assumptions. Unlike 

previously thought, it is not the absence of a regulatory element that is correlated with 

differential expression, but the increased distance of that regulatory element to the gene, 

prompting hypothesis based on chromatin structure related regulation. This reframing may 

inform both future research decisions and targeted genetic engineering aimed at improving crop 

resilience and efficiency. 

Looking ahead, the gained insights could be leveraged to enhance crop productivity and 

sustainability, particularly in the context of global food security and climate change. By 

reproducing the genetic characteristics and adaptive mechanisms found in C3-C4 intermediates, 

it may be possible to develop new crop varieties that boast higher photosynthetic efficiency. 

Introducing the simple C2 glycine shuttle onto crops. Future research building on this work will 

undoubtedly continue to unravel the complexity of this trait and of plant evolution, paving the 

way for innovative strategies in crop improvement and sustainable agriculture.
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