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Summary

Summary (English)

This thesis presents a comprehensive genomic and physiological study of Cs-Ca intermediate
photosynthesis within the Brassicaceae family. A new panel of species, including 19 novel
genome assemblies and both Cs;-Cs types and close Cs relatives, was established and
meticulously characterized for traits such as carbon compensation point, water-use efficiency,
vein density, and other characteristics reflective of the Cs-Ci phenotype. Cs-Ca species in
Brassicaceae exhibited a wide range of carbon compensation points but lacked Ca-like traits
such as increased venation or high concentrations of Ca shuttle metabolites. Metabolic profiles
were diverse, with glycine and serine universally present in all Cs-Ca species, while other
metabolites, important for nitrogen balance, varied between species. A unifying feature across
all Cs-Cs4 Brassicaceae species was centripetal organelle accumulation in bundle sheath cells,
an anatomical adaptation that likely enhances CO: uptake by minimizing diffusion losses.
Notably, Cs-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 Cs-Ca 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 Cs-Ca4 evolution.
Genomic comparisons identified a key promoter element whose increased distance from the
GLDP gene correlates with the Cs-Ca 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. Cs-Ca traits provide not only a
steppingstone toward full Cs 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 présentiert eine umfassende genomische und physiologische Untersuchung
der Cs-Ca-Intermedidrphotosynthese innerhalb der Familie der Brassicaceae. Eine neue Gruppe
von Arten, einschlieflich 19 neu erstellter Genomassemblierungen sowie Cs-Cs-Typen und eng
verwandter Cs-Arten, wurde etabliert und detailliert fir Merkmale wie den
Kohlenstoffkompensationspunkt, Wassernutzungseffizienz, Blattaderdichte und andere fiir den
Cs-Ca-Phénotyp typische Eigenschaften charakterisiert. Cs-Cs-Arten der Brassicaceae zeigten
eine breite Spanne von Kohlenstoffkompensationspunkten, wiesen jedoch keine Ci-dhnlichen
Merkmale wie erhohte Blattaderdichte oder hohe Konzentrationen von Cs-Shuttle-Metaboliten
auf. Die metabolischen Profile waren vielfdltig, wobei Glycin und Serin in allen Cs-Cs-Arten
universell vorhanden waren, wiahrend andere Metaboliten, die fiir den Stickstoffhaushalt
wichtig sind, zwischen den Arten variierten. Ein gemeinsames Merkmal aller Cs-Ca-
Brassicaceae-Arten war die zentripetale Ansammlung von Organellen in den
Biindelscheidenzellen, eine anatomische Anpassung, die wahrscheinlich die CO2-Aufnahme
durch Minimierung von Diffusionsverlusten verbessert. Bemerkenswerterweise weisen Cs-Ca-
Brassicaceae unter den aktuellen atmosphirischen Bedingungen keine signifikante
Wassernutzungs- oder Stickstoffeffizienz auf.

Die erstellten Genomassemblierungen umfassen qualitativ hochwertige Genannotationen und
identifizierten Orthologie zwischen den Arten, was robuste vergleichende Analysen ermoglicht.
Gemeinsame physiologische Messungen und phylogenetische Analysen enthiillten einen neuen
unabhingigen Ursprung des Cs-Cs-Merkmals in einem Genotyp von Hirschfeldia incana, ein
weiteres Beispiel fiir konvergente Evolution in dieser Familie, das die Relevanz fiir
kommerziell wichtige Arten hervorhebt. Eine zentrale Entdeckung war die differentielle
Expression des GLDP-Gens, die fiir die Initiilerung der Cs-Cs-Evolution wesentlich ist.
Genomvergleiche identifizierten ein Schliisselelement 1m Promotorbereich, dessen
vergroBerter Abstand zum GLDP-Gen mit dem Cs-Cs-Phénotyp korreliert und frithere
Annahmen in Frage stellt. Verdnderungen im upstream-Bereich wurden mit
Transkriptionsfaktoren in Verbindung gebracht, was ihre Rolle in der Pflanzenevolution
unterstreicht. Diese Methoden konnen in Zukunft auf andere Gene angewendet werden, um

weitere Erkenntnisse aus dem verdffentlichten Artenpanel zu gewinnen.

Die Ergebnisse haben bedeutende Implikationen fiir das Verstindnis 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 fiir
zukiinftige Forschungen. Cs-Cs-Merkmale bieten nicht nur einen Zwischenschritt zur
vollstdndigen Entwicklung der Cs-Photosynthese, sondern auch eine potenzielle eigenstindige
Verbesserung flir Pflanzen in instabilen Umgebungen und erdéffnen vielversprechende

Perspektiven fiir eine nachhaltige Landwirtschatft.
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Glossary

Glossary

2PG — 2-P-glycolate

3-PGA - 3-phosphoglycerate
ATP — Adenosine triphosphate
BS — Bundle Sheath

CCP - Carbon Compensation Point
CO:2 — 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

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 CO» 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 CO» 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 CO., 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 (Fliigel et al., 2017) and it needs to be
metabolized to avoid toxicity, which happens through a process called photorespiration (Bauwe

etal., 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 CO, and NHj3 (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 H>O; 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 O: increases at higher
temperatures and lower CO> concentrations (Salvucci & Crafts-Brandner, 2004), with the
addictive factor that leaves’ stomata may close under water scarcity, further consuming the CO;
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 CO; fixation rate, CO, 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 “Cs-Cs4 intermediate photosynthesis”, but they represent distinct
variations along the cline between C3 and C4 photosynthesis (Monson et al., 1984; Heckmann

etal., 2013).

Cs-C4 intermediate photosynthesis

C> glycine shuttle

Instead of the Cs4 shuttle, C3-Cs4 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 CO: levels. This shuttle mechanism is also called C: shuttle,
owing to the 2-carbon composition of glycine, or photorespiratory CO> 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, CO>, ammonia
(NH3) and NADH (Schulze et al., 2016). The establishment of the C, 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; Brautigam & 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
(Schliiter & 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 C;3-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 C, 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
Csenzymes 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; Briutigam & Gowik,
2016).Three alternative pathways have been identified: (i) a glutamate 2-oxoglutarate shuttle,
(i1) an alanine pyruvate shuttle, and (iii) an aspartate malate shuttle (Dal’Molin et al., 2010;
Mallmann et al., 2014; Brautigam & 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-Cs and Cs leaf tissues (Aubry et al., 2011; Mallmann
et al., 2014; Schliiter et al., 2018). The latter two pathways are typical C4 pathways that also
bring CO; 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-Cs4 photosynthesis
4
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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, Schliiter 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 (Schliiter et al., 2017). The primary
suspects, glycolate and glycerate (Mallmann et al., 2014), are not especially significant in Cs-
C4 Moricandia, and aspartate had significant concentration difference for only one C3-Cs
species, hinting at either diverse pathways or distinct stages of progression towards Cs (Schliiter
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-Cy 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 C; 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 Ca, that can be seen in naturally existing C3-C4 species lends to the
idea of a stepwise evolutionary path (Heckmann et al., 2013; Blitke & Briutigam, 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 C> carbon shuttle and

5
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Introduction

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 Cs 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
CO: fixation rates are more positive for C3-Cs and Cs 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 Cs

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 CO> 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 CO»
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 (Schliiter et al., 2017). C4 photosynthesis itself is
disadvantageous under certain conditions, such as high atmospheric CO: content, low light, and
cooler temperatures (Bellasio & Farquhar, 2019). On the other hand, implementing a C> 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 C» glycine shuttle in
singlehandedly improving water- and nitrogen-use efficiency is inconsistently observed across
taxa: While some C3-Cs4 species exhibit higher net photosynthetic rates than closely related Cs
species (Monson, 1989; Ueno et al., 2006; Voznesenskaya et al., 2007; Vogan et al., 2007;
Vogan & Sage, 2011), others do not (Schliiter et al., 2017), though the environmental conditions
under which these traits are tested are often limited (Vogan & Sage, 2011). The forming
consensus 1is that C3-C4 represents minimal improvements to Cs 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 Cs crops into C3-Cs4 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

7



Introduction

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-Cs 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 Cs-
Cs 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 Cs-Cs and C4 photosynthesis, emphasizing the need for studying the
9
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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 Cs photosynthesis have already been
identified (Brautigam 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 Cs 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-Cs 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 CO; (Christin et al., 2008; Christin et al.
2011). C5-C4 photosynthesis is starting to attract more attention, included in small phylogenies
encompassing Flaveria (McKown et al., 2005; Munekage & Taniguchi, 2022) or Moricandia
(Schliiter et al., 2017) and Poaceae (Grass Phylogeny Working Group II., 2012; Khoshravesh
etal., 2016). Lundgren et al. (2017) performed an angiosperm-wide joint analysis of C3, C3—Ca,
and C4 species, to test the relation between photosynthesis kind and ecological niche.
Controlling for phylogenetical effects, they concluded that C;3-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 Cs 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 C, carbon pump evolutionary endpoint on its own.

C5-C4 1n Brassicaceae

Brassicaceae evolved ~23 million years ago around the Mediterranean (Arias & Pires, 2012)
and hosts C3-Cs4 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-Cs 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 Cs relatives (Rawsthorne et al., 1988a, 1988b; Schliiter et al., 2017; Pinheiro et al., 2023).
Phylogenetical work and systematic phenotype characterization are required for a better
inspection of C3-Cy4 in this family. The most complete work done before this thesis was
performed by Schliiter 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-Cs4 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 GLDP] 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-Csresearch. 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-Cs4
photosynthesis, a multifaceted approach encompassing both physiological and genomic aspects

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

e Establish and annotate a comprehensive panel of Brassicaceae genomes, covering both
C3-Cs species and their close Cs relatives, facilitating a robust comparative analysis.

e Perform detailed quantitative description of C3-Cs characteristics across the panel,
including Carbon Compensation Point (CCP) and related anatomical and physiological
traits.

e Employ phylogenetic methods to elucidate the evolutionary history of Cs-Cs4
intermediacy in Brassicaceae.

e Describe metabolic background and its variability to identify key metabolites related to
the C3-C;y trait.

e Investigate genomic regulation mechanisms influencing the C3-C4 differentiation of
mesophyll and bundle sheath (BS) cells.

e Explore the practical implications of C3-Cs 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 Csz-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 3™ 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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Abstract

Research on C4 and C3-C4 photosynthesis has attracted significant attention
because the understanding of the genetic underpinnings of these traits will support
the introduction of its characteristics into commercially relevant crop species. We
used a panel of 19 taxa of 18 Brassiceae species with different photosynthesis
characteristics (C3 and C3-C4) with the following objectives: (i) create draft genome
assemblies and annotations, (i) quantify orthology levels using synteny maps
between all pairs of taxa, (iii) describe the phylogenetic relatedness across all the
species, and (iv) track the evolution of C3-C4 intermediate photosynthesis in the
Brassiceae tribe. Our results indicate that the draft de novo genome assemblies are
of high quality and cover at least 90% of the gene space. Therewith we more than
doubled the sampling depth of genomes of the Brassiceae tribe that comprises
commercially important as well as biologically interesting species. The gene
annotation generated high-quality gene models, and for most genes extensive
upstream sequences are available for all taxa, yielding potential to explore variants in
regulatory sequences. The genome-based phylogenetic tree of the Brassiceae
contained two main clades and indicated that the C3-C4 intermediate photo-
synthesis has evolved five times independently. Furthermore, our study provides the
first genomic support of the hypothesis that Diplotaxis muralis is a natural hybrid of
D. tenuifolia and D. viminea. Altogether, the de novo genome assemblies and the
annotations reported in this study are a valuable resource for research on the

evolution of C3-C4 intermediate photosynthesis.
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1 | INTRODUCTION

Carbon concentrating mechanisms enable plants to reduce photo-
respiration and improve their photosynthetic efficiency especially
under conditions of high temperatures and limited water supply
(Bellasio & Farquhar, 2019; Sage et al., 2012). In C4 photosynthesis, a
high CO, atmosphere is achieved in the bundle sheath cells by
complex modifications of leaf biochemistry, anatomy and ultra-
structure (Hatch, 1987). C4 photosynthesis is therefore not only the
focus of fundamental research but also crop breeding programmes
may benefit from a better knowledge of the trait (Schuler et al., 2016).
However, our understanding of the genetics underlying C4 photo-
synthesis is still very fragmented and attempts to introduce C4 traits
into agriculturally relevant crop species were only partially successful
(Ermakova et al., 2021; Wang et al.,, 2017). An alternative approach
might, therefore, focus on the understanding of carbon concentration
through the glycine shuttle mechanism, a pathway that is supposed
to represent an early step during the evolution from C3 to C4
photosynthesis (Mallmann et al,, 2014; Rawsthorne et al., 1992).
Plants employing the glycine shuttle mechanism are often termed C3-
C4 intermediates or C2 species because a C2 compound is
exchanged between the cells (Edwards & Ku, 1987; Rawsthome
et al., 1992; Sage et al., 2014). Measurable parameters such as the
CO, compensation point or mitochondria and chloroplast accumula-
tion in bundle sheath cells usually show intermediate values between
C3 and C4 plants (Ku et al.,, 1991; McKown et al., 2005; Muhaidat
et al, 2011). Biochemical, anatomical and ultrastructural modifica-
tions in the C3-C4 leaf are therefore likely to be less complex than in
C4 plants, easier to understand and, thus, to engineer (Bellasio &
Farguhar, 2019; Lundgren, 2020).

The photorespiratory cycle describes the recycling of 2-
phosphoglycolate (2PG), a toxic metabolite that is formed when
Rubisco reacts with oxygen instead of CO, 2PG is initially
converted into glycolate in the plastids and transported into the
peroxisome. There it is further metabolised into glyoxylate and
aminated into glycine. In the mitochondria, two molecules of glycine
of the

decarboxylase complex and the serine hydroxymethy| transferase

are converted by coordinated reactions glycine
into one molecule of serine, CO, and NH; (for recent reviews see:
Eisenhut et al., 2019; Timm and Hagemann, 2020). Through further
reactions taking place in the peroxisome and plastid, serine is
deaminated into hydroxypyruvate, then metabolised into glycerate
and finally converted into 3-phosphoglycerate, a metabolite that
can enter into the Calvin-Benson-Bassham cycle. In C3 species, the
complete photorespiratory cycle takes in all
of the

decarboxylation step exclusively to the bundle sheath cells leads

place photo-

synthetically active cells leaf. Shifting the glycine
to increased CO, release in these cells, creating an elevated CO,
environment where the oxygenase reaction of Rubisco is consider-
ably reduced. The bundle sheath specific localisation of the P-
protein from the glycine decarboxylase complex has been shown in
C3-C4 species from diverse phylogenetic backgrounds by immuno-

localization (Khoshravesh et al, 201é6; Oono et al, 2022;

Rawsthorne et al., 1988; Schliiter & Weber, 2016). The glycine
shuttle biochemistry is accompanied by enhanced centripetal
organelle accumulation in the bundle sheath cells (for reviews see:
Lundgren, 2020; Schliter and Weber, 2016). Carbon concentration
via the glycine shuttie is less effective than the C4 cycle, but could
be advantageous under hot and dry growth conditions, when
photorespiration is usually high (Bellasio & Farquhar, 2019; Oono
et al., 2022; Schiiiter et al., 2023; Vogan & Sage, 2012). Since the
C3-C4 related features could represent transitory stages towards
C4 photosynthesis, knowledge of their genetic underpinnings could
also contribute to the understanding of C4 evolution.

The anatomical and physiological differences between C3 and
C3-C4 intermediate species are relatively well studied and char-
acterised in the Brassicaceae genus Moricandia (Schliiter et al., 2017).
Genetic factors responsible for these differences have mostly been
analysed through the lens of transcriptomics (Brautigam et al,, 2011;
Gowik et al,, 2011; Lauterbach et al., 2017; Schliter et al., 2017,
Siadjeu et al, 2021). While transcriptome analysis unravels gene
expression patterns, it alone is not sufficient for understanding gene
regulatory mechanisms (Conant et al., 2014). Therefore, as an extra
layer of information, whole genome assemblies can be used with
comparative and quantitative approaches to investigate the regula-
tory genes and elements, genome duplications and structural
variations (Adwy et al., 2015, 2019; Conant et al., 2014, Schulze
et al, 2013). The existence of genome assemblies also facilitates
other classical and modern methods for genetic inspection and
analysis, genome editing (Jeong et al., 2019), resequencing, gene
expression assessment, as well as genetic mapping of phenotypic
variation.

Most effort has so far been put into understanding C4
photosynthesis in phylogenetically disparate species such as maize
(Denton et al., 2017; Wang et al., 2013), Gynandropsis gynandra
(Kilahoglu et al, 2014; Reeves et al, 2018) or Flaveria sp. (Gowik
et al, 2011; Taniguchi et al., 2021} and implementing the complete
C4 ftrait into quite distantly related but agriculturally relevant C3
species such as rice (von Caemmerer et al, 2012; Ermakova
et al., 2021; Schulze et al., 2016). Understanding how to convert
C3 into C3-C4 photosynthesis is less challenging and could already
produce commercially relevant yield gains (Lundgren, 2020; Schulze
et al, 2016; Weber & Bar-Even, 2019). In this context, the
Brassicaceae family is intriguing as it contains the genetically very
well characterised model species Arabidopsis thaliana and commer-
cially relevant species such as Brassica napus (canola) and B. oleracea
(cabbage). In addition, this family also includes multiple C3-C4
(Apel 1997; Sage
et al., 2011). Hence, Brassicaceae species are ideal for investigating

intermediate evolutionary lineages et al,
C3-C4 evolution in a pan-genomic context to understand the
differences in gene regulation and studying convergent evolution.
In addition, Brassicaceae species are known to produce fertile
progenies in interspecific crosses (Kaneko & Bang, 2014; Ueno
et al, 2003). Such progenies can be helpful for unravelling the
inheritance of C3-C4 intermediacy and for transferring the genes of

interest to relevant crops.
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A GENOMIC PANEL

The main aim of this study is to establish the genomic resources
that enable comparative genetic and genomic research on C3-C4
intermediate photosynthesis. In detail, the objectives of our study

were to:

(1) create draft genome assemblies and annotations of 19 closely
related Brassiceae taxa with different photosynthesis character-
istics (C3 and C3-C4),

(2} quantify orthology levels using synteny maps between all pairs
of taxa,

(3) describe phylogenetic relatedness across all the taxa, and

(4) track the evolution of C3-C4 intermediate photosynthesis in the
Brassicaceae family.

2 | MATERIALS AND METHODS

2.1 | Genetic material

We collected seeds for 18 Brassiceae species (19 taxa) from various
gene banks (Table 51), for which the genome sequences were
unavailable. Thereby we considerably increased the coverage of this
tribe in which C3-C4 intermediacy has been reported previously. A
subset of the above mentioned taxa was selfed one to several times

to reduce heterozygosity and facilitate genome assembly.

2.2 | Linked-read library preparation and
sequencing

For all 19 taxa, linked-read sequencing was performed using either
10x (Zheng et al., 2016) or stLFR (Wang et al., 2019) technologies
(Table S1). Initially, for 15 taxa (Table S1), DNA was extracted with
the DNeasy Plant Mini Kit (QIAGEN) following the manufacturer's
instructions and size-selected for fragments larger than 40 Kb using
BluePippin (SAGE Sciences). Quality control of the size-selected DNA
was performed on Qubit and TapeStation. A 10x linked-read library
(Zheng et al., 2016} was created for each taxa using 1 ng of DNA as
recommended by the manufacturer. Sequencing was performed on
the HiSeq. 3000 sequencer with pair-end mode by Novogene.

For the remaining four taxa (Table 51), stLFR linked-read libraries
(Wang et al., 2019) were prepared by BGI from tissue samples using
MGIEasy stLFR Library Prep Kit (MGI). The libraries were sequenced
on BGISEQ-500 (100 bp and pair-end) by BGI. In addition, we re-
sequenced one species due to unsatisfactory quality of 10x data,
using stLFR link-read technology as mentioned above (Table 52).

2.3 | Long-read library preparation and sequencing
Complementary long-read data was generated for a subset of seven
taxa (Table S1) to improve the de novo genome assemblies. PacBio

SMRTbell libraries were prepared as recommended by Pacific

| E)-wiLey—|2=

Biosciences (SMRTbell Template Prep Kit 1.0 5Pv3), including a size

selection on Blue Pippin to remove fragments lower than 10 Kb.

Sequencing was performed on Sequel with 2.0 Binding Kit and
sequencing chemistry for 10h, or 3.0 Binding Kit and sequencing
chemistry for 20 h, as recommended by Pacific Biosciences. Oxford
Nanopore libraries (Table S1) were prepared from purified high
molecular weight DNA extracted from leaf tissue by precipitation of
DNA-CTAB complexes (Arseneau et al., 2017; Xin & Chen, 2012).Ina
second step, CTAB was removed with ethanol, and the co-purified
RNA was digested by RNAse treatment. Afterwards, the DNA was
again purified by binding it to AMpure PB (Pacific Biosciences) beads,
washing the beads in ethanol and then resolving the DNA.
Sequencing was performed by GridlON and PromethlON flow cells
by GTL Diisseldorf.

24 | Estimation of genome size, heterozygosity
and repeat content

From the linked-read libraries of each taxa, the 21-mers were
extracted using Jellyfish (version 2.1.3) (Margais & Kingsford, 2011).
Genomescope (www.genomescope.com) was then used to estimate
genome size, heterozygosity and repeat content, setting the maximal
k-mer coverage parameter to 10000.

2.5 | Genome assembly
The supemova assembler v2.1.1 (Weisenfeld et al., 2017) was used
to assemble both 10x and stLFR linked-read data to pseudohaploid
assemblies. Long Ranger v2.2.2 (Ott et al., 2018) was used with
default parameter settings to map the linked reads to respective de
novo genome assemblies. Purge Haplotigs v1.1.0 (Roach et al., 2018)
was used to reduce the under-collapsed haplotigs in all de novo
genome assemblies. Deduplication was not possible for Diplotaxis
muralis due to Long Ranger failing to map the linked reads. BUSCO
v3.1.0 (Simio et al, 2015) was used based on the eudicot_db10
database to estimate the completeness of the de novo genome
assemblies before and after reducing the under-collapsed haplotigs.

PacBio long reads for Eruca sativa and D. erucoides were
assembled with Canu v1.8 (Koren et al, 2017) using default
parameters except for corOutcoverage =200 and correctedError-
Rate =0.15 and discarding reads shorter than 1000 bp. To deal with
the higher error frequency of long reads, the Canu assemblies were
polished using Pilon v1.22 (Walker et al., 2014) with the less error-
prone linked reads by mapping in two iterations. The polished and
purged PacBio assemblies were further scaffolded with the LINKS
v1.8.7—ARCS v1.1.1 pipeline (Warren et al., 2015; Yeo et al., 2018)
that performs misassembly correction with Tigmint v1.1.2 using
linked reads (Jackman et al., 2018).

Oxford Nanopore long reads data obtained for D. acris, D. harra,
Hirschfeldia incana HIR3, Moricandida sinaica and M. spinosa were
basecalled with Guppy v5.0.11 (Wick et al., 2019). The resulting reads
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were then trimmed on the first 50 bp and filtered with NanoFilt
v2.6.0 (De Coster et al., 2018) on a minimum length of 1000 bp and
minimum average phred-64 quality score of 10. The high-quality
reads were subsequently used for scaffolding linked-read assemblies
with LINKS v1.8.7 (Warren et al., 2015} as well as gap filling with
NanoFilt v2.6.0. To make sure that sequencing errors were not
incorporated to the assemblies, the resulting sequences were
afterwards polished with Pilon 1.22, using the linked reads.

Assemblies for G. gynandra (Hoang et al., 2023), M. arvensis and
M. moricandioides (Lin et al., 2021) were obtained directly from
collaborators. The Moricandia assemblies were also polished with the
linked reads from our study. Additional assemblies were available
from NCBI (Table 52).

Assembly statistics such as N50-20, L50-90, assembly size and
contig number were calculated with a custom python script for each

finalised genome assembly.

2.6 | Ploidy estimation

We used nQuire (retrieved in December 2022) (Weild et al., 2018) to
estimate the ploidy of our genomes by analyzing the frequency
distribution of biallelic variant sites of reads mapping to BUSCO
genes. We generated a histogram of read mapping depths and
applied nQuire's denoise tool, which uses a Gaussian Mixture Model
(GMM) with uniform noise component approach to remove a uniform
baseline from the histogram. The variations in read mapping depth
were then used with a GMM to generate a log-likelihood under
diploid, triploid, tetraploid and free models. The smallest of the delta-
log-likelihoods between the free model and the fixed models was
taken as the most likely ploidy.

2.7 | Transcriptome assemblies

RMNA-Seq data for E. sativa (SRR6454139), H. incana (SRR11638396),
D. tenuifolia (PRINA904765) and D. viminea (PRINA%04804) were
downloaded from the Sequence Read Archive database at NCBI,
while for M. arvensis and M. moricandioides were obtained from
Schliiter et al. (2017). Trimmomatic v0.39 (Bolger et al., 2014) was
used to trim adapters and low-quality reads. Additionally, reads
shorter than 36 bp were discarded. The high-quality RNA-Seq reads
were then assembled with Trinity v2.11.0 (Haas et al., 2013).

2.8 | Repeat annotation

We performed de novo repeat identification using Marker-P guide-
lines (Campbell et al, 2014). Briefly, Mite-hunter (Han &
Wessler, 2010) with the default parameters were used to identify
Miniature inverted-repeat TEs and LTRharvest v1.5.9 (Ellinghaus
et al., 2008) with the default parameters for de novo predictions
of LTR Repeat) Finally,

(Long Terminal retrotransposons.

RepeatModeller v1.0.11 (Smit & Hubley, 2015} with default parame-
ters was used to build a de novo repeat library and RepeatMasker
v4.0.9 (Smit, Hubley & Green, 2015) was used to mask identified
repeats in respective genome assemblies. In addition, repeat
annotation was also performed for 13 publicly available species

(Table S2).

2.9 | Gene structural annotation

We used protein sequences of all Brassicaceae species available from
the UniProt database (The UniProt Consortium, 2019), excluding
protein sequences with low evidence levels (Uncertain and Pre-
dicted). We searched the UniProt database on 02/10/2020 using the
following parameters: taxonomy: Brassicaceae NOT existence:
“Uncertain [5]" NOT existence: "Predicted [4]" OR reviewed: yes).
We reduced the sequence identity to 95% between any protein
sequences present in the downloaded dataset using CD-HIT v4.8.1
(Fu et al., 2012; Li & Godzik, 2006), and the resulting 114 295 protein
sequences were used in following gene structural annotation.

Gene structural annotation was performed with Maker2 v2.31.8
(Campbell et al., 2014) in two steps. First, potential genes were
annotated based on alignments with the protein sequences in our
protein database and the transcript sequences assembled for
individual species. Second, the annotated genes were fed to SNAP
v2006-07-28 (Korf, 2004} and Augustus v3.3.2 (Hoff & Stanke, 2019)
to predict gene structure across all taxa. The model training was
performed with Nextflow-ablnitio v0.2, made available by National
Bioinformatics Infrastructure Sweden, and the trained models were
provided in the second run of Maker2.

We initially annotated six taxa: D. tenuifolia (C3-C4), D. viminea
(C3), H. incana HIR1 (C3), M. arvensis (C3-C4) and M. moricandioides
(C3) using publicly available RNA transcripts (Mabry et al., 2020;
Schliter et al,, 2017) in addition to the protein database mentioned
above. The resulting predicted proteins were filtered for AED values
smaller than 0.5 and a length >49 amino acids (the minor 1st-
percentile protein lengths in Arabidopsis). The resulting protein
sequences were added to the above-created protein sequence
dataset, followed by reducing the sequence identity to 95% using
CD-HIT v4.8.1 (Fu et al., 2012; Li & Godzik, 2006). This final protein
sequence dataset contained a total of 284 999 proteins. It was used
as the only evidence to systematically annotate all genomes of this
study with Maker2, including species with existing annotations and
the six species we initially annotated. This systematic annotation was
done to avoid bias in the downstream analyses with different
annotation qualities (Trachana et al., 2011).

2.10 | Gene functional annotation

Functional annotation for the predicted proteins was performed
using the Automated Assignment of Human Readable Descriptions
(AHRD) v3.3.3 (https:// github.com/groupschoof/AHRD). The AHRD
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pipeline assigns gene descriptions, Pfam domains (El-Gebali
et al, 2019) and Gene Ontology annotations (Barrell et al, 2009;
Lewis, 2005) for each gene based on InterProScan v5.42-78.0
(Zdobnov & Apweiler, 2001) and BLASTp v2.9.0+ (Altschul
et al., 1990) searches. The BLASTp searches were performed against
the Araportll (Cheng et al., 2017), Swiss-Prot (The UniProt
Consortium, 2019) and trembl_plants (O'Donovan, C. et al, 2002)
databases (downloaded in 02/2019).

Transposable element (TE) related genes were identified and
excluded from the gene annotation (cf. Jayakodi et al, 2020). A
predicted protein was labelled as TE-related and filtered out of the
protein sequences if at least two out of three fields of the AHRD
output, such as AHRD descriptions, the best-blast-hit description or
Pfam annotation, were associated with TEs. A list of the terms used

for filtering is provided in Table S4.

2.11 | Orthology map and species tree

The TE-filtered protein sequences were analysed by Orthofinder
v2.5.1 (Emms & Kelly, 2015, 2019) for orthology identification.
Multiple sequence alignments for identified hierarchical orthogroups
(HOGs) were produced with MAFFT v7.471 and used for creating
gene trees with RAxXML v8.2.10 with the PROTGAMMALG substitu-
tion model. The gene trees of all HOGs were fed to ASTRAL-pro with
default parameters (Zhang et al., 2020) for generating a multi-species

coalescent-approach-based species tree.

2.12 | Phylogenetic analysis of H. incana
accessions based on chloroplast sequences

To ascertain the phylogenetic placement of the two H. incana accessions
HIR1 and HIR3, in relation to other species in the Brassiceae tribe and
also to another accession Nijmegen (NIJ, Garassino et al., 2022), we first
assembled their chloroplast genomes using whole-genome sequencing
data from our study. Raw reads were trimmed for adapter contamina-
tion, quality and length using Trimmomatic v0.39 (Bolger et al., 2014)
with the following parameters: “ILLUMINACLIP: 2:20:10 SLIDINGWIN-
DOW:4:15 LEADING:5 TRAILING:5 MINLEN:50". Trimmed reads were
used to assemble chloroplast genomes employing GetOrganelle package
v1.7.7.0 (Jin et al,, 2020) with default setting and the embplant_ptda-
tabase. For other 12 species, the available chloroplast genomes were
downloaded (Table S3). Because chloroplast genomes are still missing
for many Brassiceae species, to obtain a higher phylogenetic resolution,
we also utilised sequences derived from four rapidly evolving
chloroplast intergenic regions, rpl32-trnl, atpl-atpH, psbD-trnT and
ycfé-psbM (Arias & Pires, 2012).

To construct the maximum likelihood (ML) phylogenetic trees,
sequences were aligned by MAFFT v7.480 (Katoh et al., 2002), then
poorly aligned regions were trimmed by trimAL v1.4 (Capella-
Gutiérrez et al., 2009) with the option “-automated1”. The alignment
files were then subjected to IQ-TREE v1.6.12 (Trifinopoulos

| E)-wiLey—|2=

et al, 2016) with default settings (1000 bootstrap iterations) and
with the best-fit substitution model identified by ModelFinder
(Kalyaanamoorthy et al., 2017). For the phylogenetic tree based on
the whole chloroplast genomes, the large single-copy (LSC)
sequences were used for alignment. For the tree based on four
intergenic regions, alignment was done separately for each region
and then concatenated into one file. The resulting ML trees were
visualised in FigTree v14.3 (http://tree.bio.ed.ac.uk/software/
figtree/) and rooted using A. thaliana, and Vella spinosa, respectively.
Sequence alignments and machine-readable phylogenetic trees are

provided in Supporting Information Dataset S1.

2.13 | Synteny analysis

A pairwise homology search was performed using BLASTp v2.9.0+
(Altschul et al., 1990) followed by predicting synteny of genes across
all taxa using MCScanX v0.8 (Wang et al., 2012). A heatmap was
generated to visualise the percentage of syntenic genes conserved
across all taxa. Finally, we assessed whether the assembly quality has
confounding effects on synteny between a pair of taxa by computing

Pearson correlations (Figures 57 and S8).

3 | RESULTS
3.1 | De novo genome assemblies

This study reported 19 de novo genome assemblies for 19 taxa of 18
Brassiceae species (Table 1). Seven of the 19 assemblies originated
from combining long- and linked-read data, while the other 12 were
pure linked-read-based assemblies (Table S1). The assembly size
ranged from 271.11 Mbp for B. tourneforti to 884.18 Mbp for D. acris.
The number of scaffolds ranged from 839 for D. muralis to 62 651 for
D. harra. The assembly quality measurements, such as L50 values,
ranged from 7247 scaffolds for B. gravinae to 7 for B. tournefortii, while
N50 values ranged from 16.5Kb for B. gravinae to 14.4 Mbp for B.
tourneforti (Table 1). The genome completeness, assessed by BUSCO
against the eudicot_db10 database, ranged from 91% for B. gravinae to
99% for D. mwralis. Except for the allotetraploid D. muralis, all
assemblies had duplication levels between 12% and 28.1% (Figure 1
and Table $6). In addition, for downstream analyses, the 19 assemblies
generated in this study for taxa from the Brassiceae tribe were
complemented with 13 publicly available genome assemblies originat-
ing from the Brassicaceae family (Table S2). Similarly to our de novo
assemblies, the fragmentation level and gene completeness varied
across the 13 literature assemblies (Table S7). The recently released
assemblies of M. arvensis and M. moricandioides were polished with the
novel linked reads of the same accession, sequenced during this study,
resulting, respectively, in 326521 and 231821 single- and multi-
nucleotide changes. The purging and scaffolding of the same
assemblies using the linked reads improved contiguity marginally
without sacrificing BUSCO gene completeness (Table S11).
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TABLE 1

GUERREIRO ET AL

photosynthesis type from Schliiter et al. (2023).

Summary statistics of genome assemblies developed in our study along with CO, compensation point (CPP) and inferred

Species CPP Photosynthesis Scaffolds Assembly size (bp) N50 (bp) L50 (bp) BUSCO complete  Gene models
B. gravinae 37.22 C3-C4 49 186 448 675 291 16 594 7247 91% 33701
B. repanda 55.60 c3 15 286 616 556 673 594 246 231 97% 44116
B. tournefortii 47.46 c3 933 271107 445 14 406 319 7 98% 34193
C. annua st c3 3696 483 163 416 4251916 36 98% 37 608
D. acris 55.57 c3 56 348 884 178 440 93034 2082 97% 84 702
D. erucoides 30.30 C3-C4 4600 359 627 687 1993050 46 98% 44 701
D. harra 53.25 c3 62 651 536054 563 77558 1388 91% 55864
D. muralis 35.04 C3-C4 839 435 802 975 3038157 38 99% 84 301
D. tenuifolia 1241 C3-C4 6128 552030198 1665732 85 97% 44007
D. tenuisiliqua 49.38 c3 16194 510 911 626 328 653 315 97% 40 352
D. viminea 51.08 c3 956 304 993 883 3734896 22 98% 38 868
E. sativa 51.82 Cc3 1371 595848 844 1142 695 120 97% 46211
H. incana HIR1 50.50 Cc3 6478 371040007 885325 73 97% 43237
H. incana HIR3 38.37 C3-C4 3768 347 540 957 662 613 120 97% 42185
M. nitens 21.04 C3-C4 28171 516 121 665 48 092 3575 93% 41068
M. sinaica 23.90 C3-C4 44 586 825 206 170 195836 1041 93% 27 349
M. spinosa 17.80 C3-Cc4 38590 443 735 849 35353 1831 94% 63573
M. suffruticosa 24.87 C3-C4 9798 516 708 898 991320 120 97% 41 892
S. alba 49.96 c3 13204 323376403 605 444 77 97% 36457
B. gravinae 11.4% | 13.9% J . 18% BU Scps
B. repanda 81.0% | 15.8% | IJ.S% ; E‘:Z‘asgsrl:egnted
B. tournefortii 84.5% [ 557% T]19% we puplicated
C. annua 85.1% | 124% |l 18% [1Single
D. acris 68.7% | 28.1% [
D. erucoides 79.0% | 195%  [Josn
D. harra 74.3% [ % | Il
D. muralis|  14.2% 84.5% | [
¥ D. tenuifolia 84.4% [T R
'8 D. tenuisiliqua 81.6% [ sax | I 1.8%
& D viminea 84.4% [ o
E. sativa 78.4% | | EA
H. incana HIR1 81.4% [ 0% [Jas
H. incana HIR3 82.9% | 14.2% | I].S%
M. nitens 78.4% [ wen |
M. sinaica 81.6% [ 122w | e
M. spinosa 75.6% [ use | o
M. suffruticosa 80.6% e [
5. alba 79.9% EET e
0% 20% 40% 60% 80% 100%

FIGURE 1 Assessment of the completeness of the 19 de novo genome assemblies using BUSCO with eudicot_10db database.

21

SUDAIT SOEIIED AN AT S A PR 2T PRI YO 9T 10 9T 10] AT SAUE) A1EAL UG (SEOR PP S mna- A e AP s Suonpuesy pUr sunag 2 s ThTozin ol w AmmrT Ao 491 AL AImme smnpes A zook 1adi 1T 10 Liepamon A A sy o ppromsed 11 TN THIESET



A genomic panel for studying Cs-Cs intermediate photosynthesis in the Brassiceae tribe

A GENOMIC PANEL

3.2 | Genome size estimation

We estimated the genome size for all taxa included in this study using
a k-mer based approach. The genome size estimation failed for D.
acris (Table S5). The highest genome size estimation was observed for
D. muralis and the highest heterozygosity level for M. spinosa. Our
genome size estimates were 50.8% to 85.3% smaller than reported in
the literature, with the largest deviations observed for B. tourneforti
and H. incana HIR3.

3.3 | Ploidy estimation

The ploidy of the 19 new assemblies was estimated with nQuire
based on the frequency distribution of biallelic variant sites of reads
that mapped to BUSCO genes. The resulting estimations were diploid
for all assemblies except for M. spinosa, for which the estimation was
tetraploid, and for D. harra, B. toummefortii, D. muralis and D. viminea,

where the results were unclear (Figure S1).

3.4 | Repeat annotation

Repeat content analysis identified an average of 1937 unique
interspersed repeat families in all genome assemblies, including the
ones publicly available. The number of notable repeat families ranged
from 171 for Raphanus raphanistrum to 2810 for M. arvensis. Further,

an average of 43% of the respective genome assemblies were

E)-wiLey—|2%~

masked for gene annotation. The lowest proportion of genome
assembly was masked for R. raphanistrum (6.35%), while the highest
amount of genome assembly was masked for G. gynandra (65.22%)
(Table 58).

3.5 | Gene annotation

The de novo gene annotation was performed for all 19 genome
assemblies from this study as well as the publicly available genome
assemblies of 13 species using the same method to facilitate
comparisons across taxa. The annotations produced a median of
45408 gene models per assembly, ranging from 22 318 gene models
for A. thaliana to 113 686 gene models for B. napus (Table 59) with an
average annotation edit distance (AED) score of 0.186. The
annotations with the lowest cumulative AED scores were that of D.
acris and M. spinosa (Figure 2). In contrast, the annotations with the
highest cumulative AED score were that of M. moricandioides, M.
sinaica and Sinapis alba (Figure 2). An average of 3648 gene models
per assembly were discarded due to high AED scores (>0.5) or their
small size (<50 amino acids). In addition, an average of 1937 gene
models per assembly were discarded due to their functional
annotations related to TEs. The final gene models for each assembly
retained an average of 90.9% BUSCO genes, except for B. gravinae
(65%) (Figure S2). In addition, gene length distribution analysis
revealed that the mean and median gene lengths were 1880 bp and
1441 bp across taxa, respectively (Figure S3). In contrast, the bigger

difference between the mean and median inter-genic distances

101 I
w
2
‘= 0.8 ]
2 ]
c
o 1
= ;
%5 1 B.gravinae
= 06 : — D. acris
2 1 —— M. moricandioides
(s . .
o 1 —— M.sinaica
= 4
v I ~—— M. spinosa
2 04 1
& i — S.alba
=
E I
=
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0.2
1
1
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00— ’ ; 1 ; : -
0.0 0.2 0.4 0.6 0.8 1.0
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FIGURE 2 Cumulative annotation edit distance (AED) score of gene annotations for the 19 de novo assemblies and 13 publicly available
genome assemblies. Highlighted in colour are the assemblies with the highest and lowest proportion of quality gene annotations (AED < 0.5).

[Color figure can be viewed at wileyonlinelibrary.com]
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(6662 bp vs. 2176 bp) compared to the gene length suggested a more
skewed distribution of the former (Figure S4).

The length of the upstream sequences for all genes were
measured in each assembly by measuring sequence length from the
transcription start site (TSS) until interruption due to contig end or
insertion of Ns. We found that the assemblies of B. gravinae, D. harra
and M. sinaica contained a high percentage of genes with short
upstream sequences {<1Kb). In contrast, all other assemblies were
characterised by availability of wery long (>30Kb) upstream

sequences for the majority of genes (Figure S5).

3.6 | Orthology

Orthofinder clustered about 98% of all protein sequences (1372 043)
from all 32 assemblies into 42928 orthogroups (HOGs) (Table $10).
Each HOG indicates a set of homologous genes descended from all
taxa's last common ancestor gene (Emms & Kelly, 2019). Of the 42 928
HOGs, 22 694 were present in less than 10 assemblies and were filtered
out to avoid potential biases when creating the phylogenetic tree. After
this filtering step, most assemblies had a median of one gene per HOG
(Figure 3a). Exceptions with a higher median of two or three were
observed for the tetraploid species and some diploid species (Figure 3a),

all of which contained a higher number of total genes (Figure 3b). The
percentage of single-copy genes varied from 5.9% in A. thaliana to
60.1% in B. napus (Figure 3b). Most commonly, HOGs existed in (a) all
assemblies; (b) all but one assembly; (c) D. muralis and D. tenuifolia or D.

viminea; (d) B. napus and B. oleracea (Figure S6).

3.7 | Genome-wide phylogenetic tree

We established a genome-wide phylogenetic tree for all species
included in this study by using ASTRAL-pro with 27 793 HOGs. The
phylogenetic tree contained two main clades (Figure 4): one
clade comprising the taxa of the Moricandia genus and most taxa of
the Diplotaxis genus, as well as E. sativa. In contrast, the other clade
contained several Brassica taxa and the Raphanus and Hirschfeldia
genera. As outgroup, we used G. gynandra from the Cleomaceae family,
which diverged from the Brassicaceae approximately 40 million years
ago (Edger et al,, 2018). The Moricandia genus was monophyletic, while
the Diplotaxis and Brassica genera species were dispersed across the
phylogenetic tree (Figure 4). When integrating the information of the
CO. compensation points from Schliiter et al. (2023) in the phylogenetic
tree, the result indicated that the C3-C4 intermediate photosynthesis
might have developed five times independently (Figure 4).
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=M. arvensis — o o o ol [ ]
E. sativa — o o o o ] ]
D. erucoides — s o o o ]
* R. salivils —| s e o o |
D.tenuifolia { —_—%---—+ © © o o o o o0 [
=3 raphanistrum | i o - 2 -] o o o [
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B. é‘oume(orﬁi 4LC_}t--+ o o o o o o o I |
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FIGURE 3

(a) Distribution of gene numbers per hierarchical orthogroup (HOG) per taxa in all 32 assemblies (b) the total number of

unassigned genes, assigned together with other copies or as a single copy to an orthogroup. Species with previously available genome

assemblies are marked with an asterisk (*).
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& Moricandia sinaica
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FIGURE 4 Species tree created using a multi-species coalescent-based approach with G. gynandra (C4 photosynthesis) as an outgroup

species. Node values are quartet scores created by Astral-Pro, indicating branching support on a 0-100 range, representing the percentage of
quartets in the gene trees that agree with the branch in the species tree. The colour code indicates the photosynthesis type inferred from CPP
values (Schlter et al., 2023): Blue colour indicates C3 photosynthesis, while red colour indicates C3-C4 photosynthesis. Species with previously
available genome assemblies are marked with an asterisk (*). Model and crop species are marked with a triangle (A) or sigma (¥), respectively.

[Color figure can be viewed at wileyonlinelibrary.com]

3.8 | Synteny map

We created a synteny map for all 32 assemblies by computing
pairwise collinear genes and observed a high conservation of
syntenic genes between most taxa. Of particular interest was the
high extent of synteny of D. muralis with D. tenuifolia as well as D.
viminea. In contrast, B. gravinae, D. acris, D. harra, M. sinaica and R.
raphanistrum showed a very low synteny against all other taxa
(Figure 5). Therefore, we performed a correlation analysis to
quantify the influence of assembly quality measured as the number
of scaffolds (i.e., assembly fragmentation) on the conservation of
synteny between each pair of taxa (Figure S7). A negative
correlation (-0.503 or -0.739 for the number or percentage of
collinear genes) between assembly quality (fragmentation) and
synteny was observed, indicating that the above reported low
synteny can be explained by differences in assembly quality.
However, a linear regression considering both phylogenetic branch
lengths and the sum of N0 scaffolds between each pair of species
also marked phylogenetic branch length as significant factor in
relation to synteny. That relation is negative, meaning that
distantly related species tend to share less synteny than closely
related ones (Table S12).

3.9 | Phylogenetic analysis of H. incana accessions
based on chloroplast sequences

To resolve the phylogenetic relationships of the two H. incana
accessions HIR1 and HIR3 from our study and another accession, NIJ,
previously reported in Garassino et al. (2022), we constructed
phylogenetic trees. Our phylogenetic tree based on the LSC regions
of 14 Brassiceae chloroplast genomes had high support values for all
nodes (SH-aLRT/bootstrap >70%). The three H. incana accessions
were placed together on the same branch, next to a sister branch
comprising B. nigra and S. alba within the Nigra clade (SH-aLRT/
bootstrap = 100%) (Figure 6a). To further resolve the relationship
amongst these three accessions, we constructed another phyloge-
netic tree based on four chloroplast intergenic regions in which we
included more closely related species Erucastrum virgatum, B.
procubens, S. pubescens, B. tourneforti and another H. incana
accession, BGV UPM, from Arias & Pires, (2012). These analyses
suggest that H. incana HIR3 is genetically distant from HIR1, NIJ, and
BGV UPM accessions (Figure 6b) but is located close to S. pubescens
and B. procubens on one branch, whereas the other three accessions
are located on another branch with E. virgatum (SH-aLRT/bootstrap
>70%). The differences were further supported by plant morphology
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FIGURE 5 Heatmap of the percentage of syntenic genes between each pair of species with species 1 as reference (below the diagonal) and
species 2 as reference (above the diagonal). The species were sorted according to their position in the phylogenetic tree. Species with previously

available genome assemblies are marked with an asterisk (*). [Color figure can be viewed at wileyonlinelibrary.com]

of the three H. incana accessions NIJ, HIR1 and HIR3 (Figures éc
and 59).

4 | DISCUSSION

The main aim of this study was to establish resources that enable
genomic comparisons and investigations of the evolution of C3-C4
intermediate photosynthesis within the Brassicaceae family and
especially the Brassiceae tribe. For such analyses, not only dense
sampling of C3-C4 intermediate species but also of closely related C3
species is required, to be able to separate signal from noise.
Therefore, we have included in this study all species of the Brassiceae
tribe whose genome was not yet sequenced and for which we were
able to obtain seeds.

4.1 | High-quality draft de novo genome
assemblies and annotations

Overall, the genome assemblies generated in this study were
fragmented, with varying levels of contiguity and quality. Nevertheless,
with at least 91% complete genes identified by BUSCO, our assemblies

captured most of the gene space (Figure 1), which indicates suitability
for comparative genomic analysis. The duplication rates are relatively
low, except for D. muralis at 84% (discussed below) and D. acris at 28%
(Figure 1). No k-mer estimation of heterozygosity was possible for D.
acris (Table S5). Furthermore, all presented assemblies meet the
minimum requirement of an N50 larger than average gene length
(Yandell & Ence, 2012). Even the N?0 values of all assemblies were
higher than the average gene length of around 2000 bp (Figures S3
and S4). Therefore, the quality of the genome assemblies in this study is
comparable or higher than the assemblies available for other
Brassicaceae species with similar genome sizes (e.g., Haudry et al., 2013;
Lin et al, 2021; Moghe et al., 2014).

The most contiguous assembly was realised in our study for D.
tenuisiliqua (Tables S1 and S4). This is presumably due to the two
generations of selfing performed before sequencing (cf. Li &
Harkess, 2018). In addition, the assembly of D. muralis reached
satisfactory contiguity after two generations of selfing. Coinciden-
tally, an assembly for H. incana (Nijmegen) with six generations of
selfing has just been released (Garassino et al., 2022) with an N50
value of 5.1Mb, which is considerably longer compared to our
assemblies with N50s of 885 and 663 Kb for H. incana HIR1 and H.
incana HIR3 accessions, respectively, that were sequenced without

prior selfing.
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FIGURE 6 Phylogenetic trees of three H. incana accessions in relation to other species in Brassiceae. (a) ML phylogeny reconstruction was
done using |Q-TREE based on the LSC regions of the chloroplast genomes from 14 species, and (b) four rapidly evolving chloroplast intergenic
regions, rpl32-trnl, atpl-atpH, psbD-trnT and ycfé-psbM. Supporting values are SH-aLRT (Shimodaira-Hasegawa-like approximate likelihood

ratio) support (%)/ultrafast bootstrap support (%), respectively, and are given next to the branch. An asterisk (*) denotes a supporting value of
100%. Branch length denotes substitutions per site. Trees were rooted (a) using A. thaliana, and (b) Vella spinosa, respectively. (c) Phenotypes of
three H. incana accessions, NIJ, HIR1 and HIR3. Photos taken at 35 days after planting. LSC, large single-copy; ML, maximum likelihood. [Color

figure can be viewed at wileyonlinelibrary.com]

The assemblies developed in our study result mostly from single
linked-read libraries. Contiguity and completeness can be further
improved by scaffolding and gap-filling using low-coverage long-read
sequencing data, as we illustrated with H. incana HIR1, D. acris, D.
harra and M. sinaica. In contrast, we improved the long-read

assemblies by scaffolding and polishing with linked-read data for E.

sativa and D. erucoides.

Although the assemblies created in this study are scaffold-level,
the assessment of the lengths of the upstream sequences of the TSSs
of annotated genes showed that for a high proportion of annotated
genes upstream sequences are available in most of the assemblies
(Figure S5). Hence, the dataset generated in this study enables
analyses downstream from transcriptomics studies, such as the deep

analysis of cis-regulatory motifs. Such an analysis could prove crucial
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in advancing the knowledge about differences underlying gene
regulation mechanisms between C3 and C3-C4 intermediate species.

Despite the lack of transcriptional data for all 19 taxa, our de
novo gene annotation strategy resulted in an average of 46 546 gene
models with high quality (AED <0.5) across taxa (Figure 2 and
Table $9). The number of gene models for each taxa was comparable
to the number of gene models in the gene annotation of the publicly

available 13 species that complemented our study.

4.2 | Conservation of genes across Brassiceae
species

Resolving the orthologous relationships between species is fundamental
to comparative genomics. We grouped around 98% of annotated genes
into orthogroups (Figure 3 and Table 510), where 65.18% were grouped
into 11072 orthogroups present in at least 31 of the used 32 taxa
(Figure S6). Notably, some orthogroups were absent in species due to
low-quality assembly, as evident with B. gravinge (Figure S6 and
Table Sé), or large phylogenetic distances, as evident from G. gynandra
and potentially with Aethionema arabicum (Figure 4). In contrast, some
orthogroups were present exclusively in a specific taxa (Figure S6 and
Table 510). Moreover, these species-specific orthogroups often
contained TE-related genes (Jayakodi et al., 2020).

To illustrate the possibility of comparing gene regions between
pairs of species, we generated a synteny map. As previously
mentioned, we consider the particularly high synteny values for D.
muralis, D. tenuifolia and D. viminea (Figure 5) as evidence of its hybrid
origin. Additional high conservation of synteny is visible across many
taxa, with exceptions for B. gravinae, D. acris, D. harra, M. sinaica and
R. raphanistrum (Figure 5). These species had lower assembly
contiguity, which correlated strongly with synteny of genes between
species (Figure 57). When disconsidering these species, the Pearson
correlation coefficient between synteny colinear gene number
decreased from -0.503 values to -0.069 (Figure S8), which indicates
that the quality of all other annotations is at a more comparable
standard and, thus, can be used for comparative genomics projects

that focus on the Brassicaceae family.

4.3 | Interspecific hybridisation in Diplotaxis and
Moricandida

It is thought that D. muralis and M. spinosa are derived from past
hybridisation events between D. tenuifolia and D. viminea (Ueno
et al, 2006) and between M. suffruticosa and M. nitens (Perfectti
et al., 2017), respectively. The placement of both species close to the
respective parental species in the phylogenetic tree (Figure 5) and the
support for tetraploidy by nQuire in M. spinosa (Figure S1) support
these ideas. Further support for tetraploidy in D. muralis was found in
its large estimated genome size (Table 55), high synteny with both
parental species (Figure 5) and by the large number of HOGs

containing only D. muralis and either of the parent species (Figure 56).

Therewith, our work constitutes the first genomic support for the
hybrid hypothesis in D. muralis, whereas previous support came from
isoenzyme pattern and random amplified polymorphic DNA
(Eschmann-Grupe et al., 2004). However, the same conclusions
cannot be clearly applied to M. spinosa. Namely, the smaller genome
size estimation and the very high heterozygosity (Table 55} lead us to
speculate that it could be an autopolyploid closely related but not
derived from M. nitens and M. suffruticosa hybridisation. It is worth
considering that sequence divergence between M. suffruticosa and M.
nitens might be much smaller than between D. tenuifolia and D.
viminea, in which case a hybrid would look more like an auto-
polyploid. However, M. spinosa shared only a moderate amount of
HOGs in exclusivity with M. nitens, and a small amount with M.
suffruticosa (Figure S6). Therefore, we recommend the estimation of
sequence identity between the genomes and divergence time with

molecular clocks.

4.4 | Evolution of C3-C4 intermediate
photosynthesis in the Brassiceae species

Resolving phylogenetic relationships between species is fundamental
to evolutionary analysis, which provides a framework to explore the
evolution of traits across species. Therefore, we estimated a
phylogenetic tree using a multi-species coalescent-based approach
(Flouri et al., 2018) to understand how the C3-C4 intermediate
photosynthetic trait evolved in the Brassiceae tribe (Figure 5). The
relative placement of H. incana, R. sativus, and S. alba observed in our
study agrees with the literature (Huang et al., 2016), whereas the
placement of B. tournefortii within this clade has not been described
earlier. More interestingly, the phylogenetic tree indicates that the
C3-C4 intermediate photosynthesis may have evolved independently
up to five times in the Brassiceae tribe. Since the Brassiceae does not
contain bona fide C4 species (Sage et al., 2011), we consider it
unlikely that the C3-C4 intermediate trait in this tribe has evolved
through the hybridisation of a C3 and a C4 species (Kadereit
et al., 2017). However, we cannot exclude that Brassiceae at some

point in time contained C4 species that went extinct.

4.5 | Phylogenetic analysis of H. incana accessions
based on genome and chloroplast sequences

The HIR3 and HIR1 accessions of H. incana were placed as sister species
in the phylogenetic tree derived from genome-wide seguences
(Figure 5). As these differ considerably in their photosynthetic properties
(e, C3 vs. C3-C4) additional phylogenetic analyses were performed.
Our phylogenetic tree based on the LSC regions of 14 Brassiceae
chloroplast genomes was consistent with the topology reported in
previous studies (Arias & Pires, 2012; Koch & Lemmel, 2019). In this
tree, the two H. incana accessions were placed together with the NIJ
accession (Garassino et al., 2022) on the same branch. However, our
result suggests that HIR3 is genetically different from the HIR1 and NIJ
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accessions (Figure éa). The relationships of these accessions were
further resolved by a phylogenetic tree based on four chloroplast
intergenic regions of species that clustered closely to H. incana in Arias
& Pires, (2012). This tree revealed that HIR3 is located close to S.
pubescens and B. procubens on one branch, whereas all previously
identified H. incana accessions including HIR1 and NIJ are located on
another branch with E. virgatum (Figures 6b and 59). Together with the
observed morphological differences among the three H. incana
accessions (Figures 6c and S9), our results suggested that HIR3 belongs

to a different species than H. incana.

4.6 | Further directions in researching C3-C4
photosynthesis in the Brassiceae tribe

Most earlier literature comparing C3-C4 photosynthesis within the
Brassiceae has focused on the Moricandia and Diplotaxis genera (Adwy
etal,2015; Razmjoo et al,, 1996 Schliiter et al., 2017; Ueno et al., 2006).
Both belong to a separate subclade where the species with highest
commercial value is rocket salad E. sativa (Figure 5). However, the
phylogenetic tree of our study indicates the existence of two C3-C4
intermediate species and taxa, namely D. erucoides and HIR3, in the
same subclade where the commerdially important species of the
Brassica and Raphanus genera reside (Figure 4). Therefore, D. erucoides
and HIR3 might be appropriate sources to transfer photosynthetic
properties of C3-C4 species to the Brassica and Raphanus crops by
establishing interspecific crosses. Furthermore, such approaches will be
facilitated by now possible detailed comparative genomic studies
between the C3-C4 species D. erucoides and HIR3 with the Brassica
and Raphanus crops but as well as with the currently known closest C3
relatives H. incana HIR1 or B. toumnefortii. Finally, while pairwise
comparisons between close C3 and C3-C4 relatives can yield first
insights into the genomic and, thus, physiological differences between
those species, a more holistic approach comparing multiple taxa and
considering their evolutionary distance is required for a genetic
dissection of the interspecific differences with a high statistical power
(Nagy et al., 2020). Such analyses could be performed with our panel of
species using the phylogenetic association mapping framework
described and used earlier (Hiller et al, 2012; Kiefer et al, 2019;
Prudent et al., 2016; Smith et al., 2020). This framework tests eg. in a
mixed-model for the significance of associations between any genomic
variant and phenotypic differences, such as in our context CO,
compensation point while controlling for phylogenetic distances. This
has the potential to identify common genetic factors in our species
panel that are responsible for differences in the CO, compensation

point that are not just coincident to one lineage.

5 | CONCLUSION

We generated draft de novo genome assemblies using linked- and
long-read sequencing data for 19 taxa of the Brassiceae tribe,
doubling the sampling depth of genomes within this tribe. Our gene

E)-wiLey—|2=

annotation generated high guality models as well as potential to
explore variants in genes and regulatory sequences, while our
phylogenetic tree indicates that intermediate C3-C4 photosynthesis
evolved five times independently across these taxa. This work
constitutes the first genomic evidence that D. muralis is a hybrid of D.
tenuifolia and D. viminea, and that the HIR3 accession of H. incana is a
separate species from other studied accessions, having C3-C4
characteristics. Altogether, the high-quality de novo genome assem-
blies and the gene annotation will be helpful to the scientific
community in exploring further the evolution of C3-C4 intermediate
photosynthesis in the Brassiceae tribe.
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Viriatoll/C4Evol/blob/ master/annotate_ogroups_vs_ref.py). The final
assemblies and annotation as well as the Supplementary dataset 1
have been uploaded to Figshare: (https://figshare.com/articles/
dataset/C4Evol_Brassicaceae_genomes/21671201).
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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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Abstract

Carbon-concentrating mechanisms enhance the carboxylase efficiency of Rubisco by providing supra-atmospheric
concentrations of CO; in its surroundings. Beside the C, photosynthesis pathway, carbon concentration can also
be achieved by the photorespiratory glycine shuttle which requires fewer and less complex modifications. Plants
displaying CO, compensation points between 10 ppm and 40 ppm are often considered to utilize such a photorespi-
ratory shuttle and are termed ‘CsC, intermediates’. In the present study, we perform a physiological, biochemical,
and anatomical survey of a large number of Brassicaceae species to better understand the C;-C, intermediate phe-
notype, including its basic components and its plasticity. Our phylogenetic analysis suggested that C;-C, metabolism
evolved up to five times independently in the Brassicaceae. The efficiency of the pathway showed considerable var-
iation. Centripetal accumulation of organelles in the bundle sheath was consistently observed in all C;-C,-classified
taxa, indicating a crucial role for anatomical features in CO,-concentrating pathways. Leaf metabolite patterns were
strongly influenced by the individual species, but accumulation of photorespiratory shuttle metabolites glycine and
serine was generally observed. Analysis of phosphoenolpyruvate carboxylase activities suggested that C,-like shut-
tles have not evolved in the investigated Brassicaceae. Convergent evolution of the photorespiratory shuttle indicates
that it represents a distinct photosynthesis type that is beneficial in some environments.

Keywords: Brassicaceae, carbon-concentrating mechanisms, C+~C, intermediates, C, photosynthesis, photorespiration,
photorespiratory glycine shuttle.
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Introduction

The majority of plant species on Earth, including many crops,
employ C; photosynthesis. In these plants, under the pre-
sent environmental conditions, the central photosynthetic
enzyme Rubisco fixes approximately one molecule of oxy-
gen for every three molecules of CO, (Sharkey, 1988). Here,
whilst the carboxylase reaction of Rubisco produces two mol-
ecules of 3-phosphglycerate (3PGA) which feeds mto the
Calvin—Benson—Bassham cycle (CBB), the oxygenase reac-
tion produces 2-phosphoglycolate (2PG). 2PG is a competi-
tive inhibitor of some CBB enzymes (Fliigel ef al., 2017) and
hence must be rapidly removed. Further, carbon contained
in 2PG must be recycled into 3PGA to prevent depletion of
CBB intermediates. These functions are fulfilled by the pho-
torespiratory pathway. Photorespiration consists of coordinated
enzyme activities that are located in different cellular compart-
ments. In the plastids, 2PG is converted into glycolate followed
by oxidation and transamination in the peroxisome, produc-
mg glycine. Glycine 1s transported mto the mitochondria and
metabolized into serine by glycine decarboxylation. Serine 1s
finally converted into glycerate in the peroxisome and into
3PGA m the plastid. During glycne decarboxylaton, previ-
ously fixed carbon and nitrogen are converted into CO, and
NH,, respectively. The re-fixation of carbon and nitrogen into
organic forms, however, requires energy. Therefore, photorespi-
ration is often considered a wasteful process in terms of energy,
carbon, and nitrogen balance. Further, the affinity of Rubisco
for O, increases with rising temperatures; in addition, stom-
atal closure during water shortages can lead to a drop in CO,
concentrations inside the leaf. Thus, climate change could con-
tribute to increased activity of the Rubisco oxygenase reaction.

Given the negative impact of photorespiration on plant
productivity, there has been considerable interest in reducing
flux through this pathway. For instance, various avenues to re-
duce photorespiratory losses which are being explored include
mcreasing the capacity of the plant to recapture photorespira-
tory CO,, modifying Rubisco kinetic properties, and introduc-
ing carbon-concentrating mechanisims to limit the oxygenase
reaction of Rubisco by creating an CO,-rich environment
around the enzyme (Busch er al.,2013). A better understanding
of naturally occurring carbon-concentrating mechanisms will
help in the design of these biotechnological approaches.

In C; species, photosynthesis and photorespiration mainly
take place in the mesophyll (M) of the leaves. Recapture of
photorespiratory CO, can be facilitated by arrangement of a
continuous layer of plastids at the cell periphery next to the
intercellular space. This arrangement acts to block diffusion
of CO; out of the cell because the CO, would need to pass
through the plastids where it can be reassimilated by Rubisco
(Sage and Sage, 2009; Busch et al., 2013). In rice, Rubisco-
containing extensions (stromules) can increase the area of the
plastidial barriers, preventing the efflux of CO, produced in
the mitochondria (Sage and Sage, 2009). C, species such as

wheat and rice achieve photorespiratory reassimilation rates of
24-38% (Busch et al., 2013).

The number of chloroplasts in the C; bundle sheath (BS)
varies between species (Leegood, 2008), but they tend to be
smaller and fewer in number compared with the M. The con-
tribution of BS chloroplasts to leaf photosynthesis is consid-
ered to be small (Kinsman and Pyke, 1998; Janacek et al., 2009;
Aubry et al., 2014). Nevertheless, BS cells possess important
roles in leaf hydraulics, phloem loading, intra-leaf signalling,
and transport processes (Leegood, 2008; Aubry ef al., 2014;
Lundgren et al., 2014). Increases in BS organelle numbers in-
dicate enhanced photosynthetic and photorespiratory activity.
The centripetal arrangement of BS organelles helps to reduce
loss of photorespiratory CO, (Muhaidat e al., 2011; Sage et al.,
2014). Such BS cells have also been labelled as ‘activated’ or
‘proto-Kranz’ anatomy (Gowik and Westhoff, 2011; Sage et al.,
2014).

Further increases i BS CO, concentration are possible
by shifting the glycine decarboxylation step from the M to
the BS (Monson et al., 1984; Rawsthorne et al., 1988a; Sage
et al., 2014). This rearrangement forces photorespiratory gly-
cine produced in the M to diffuse to the BS, where the tissue-
specific increase in glycine decarboxylation activity promotes
an elevated concentration of CQO, around the BS Rubisco and
thus supresses its oxygenase reaction. BS-localized activity of
glycine decarboxylation is mainly associated with cell speci-
ficity of the glycine decarboxylase (GDC) P-protein (GLDP)
(Rawsthorne er al., 1988a; Schulze et al., 2013). The installation
of a glycine shuttle is accompanied by a further increase in
organelle numbers in the BS. The majority of mitochondria
are therefore located between the centripetally arranged plas-
tids and the vein-orientated cell wall (Sage et al., 2014). Such
a combination of carbon supply by the glycine shuttle and
efficient CO, scavenging by an adequate organelle arrange-
ment improves the leaf carbon conservation and can be meas-
ured as reduction in the carbon compensation point (CCP or
1. Plants employing the photorespiratory glycine shuttle are
often classified as C, species or C—C, intermediates of type I
(Edwards and Ku, 1987; Sage et al., 2014). Their CO, reassimi-
lation capacity was estimated to be ~73% in Moricandia arvensis
(Hunt et al., 1987).

GDC activity 1s thought to be absent or considerably reduced
in the M cells of well-developed C, species, perhaps as a result
of a loss-of-function mutation or inserton of a transposable
element early in C, evolution (Rawsthorne, 1992; Sage et al.,
2012; Adwy et al., 2015). Consistently, preferential BS localiza-
tion of GLDP has been observed in many well-developed C,
species (Lundgren, 2020; Schliiter and Weber, 2020). The as-
similatory power of the BS can generally be further enhanced
by decarboxylation of additional metabolites. Organelle accu-
mulation and enhancement of organellar metabolism in the BS
could increase the availability of such compounds. The glycine
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shuttle not only transports carbon between the M and BS, but
also creates a nitrogen imbalance between these cells where
adjustment of leaf nitrogen metabolism in C;—C, intermedi-
ates was proposed to occur by additional metabolite shuttling
between M and BS cells (Mallmann et al., 2014). Shuttling of
malate, aspartate, pyruvate, tt-alanine, a-ketoglutarate, and glu-
tamate could contribute to rebalancing of nitrogen and energy
balances between the two cell types (Mallmann et al., 2014;
Johnson et al., 2021).

In the M cells, a rise in phosphoenolpyruvate carboxylase
(PEPC) activity can contribute to the provision of these shuttle
metabolites. PEPC fixes carbon by catalysing the addition of
bicarbonate to phosphoenolpyruvate (PEP), forming the C,
acid oxaloacetate that 1s usually quickly converted into malate
or aspartate. In contrast to Rubisco, PEPC possesses higher
substrate specificity and affinity. Combined with decarboxyl-
atdon reactions in the BS, high PEPC activity in the M cells
can implement a carbon shuttle mechanism transporting C,
metabolites into the BS where CO, is released. Plants using
the glycine shuttle in combination with such a C, shutte have
been identified mainly in the Asteraceae genus Flaveria. They are
also termed C,+C; or C3—C, type II species (Edwards and Ku,
1987; Sage et al., 2014; Bellasio, 2017).

Additional anatomic rearrangements and consequent sep-
aration of the PEPC and Rubisco reactions into the M and
BS cells finally support an efficient C, cycle (Taniguchi et al.,
2021). In the M cells, CO; is converted into bicarbonate by
carbonic anhydrase and is then fixed by PEPC. The bound
carbon diffuses into the BS mainly in the form of malate or as-
partate. Decarboxylation is then mediated by the NADP-malic
enzyme 1n plastids, NAD-malic enzyme in the mitochondria,
or phosphoenolpyruvate carboxykinase in the cytosol. The
cycle is completed by diffusion of a C; metabolite back to the
M cells where ATP 15 needed for PEP regeneration by pyru-
vate phosphate dikinase. Plants with a strong C; shuttle, but
which still exhibit Rubisco in the M, are classified as C,-like
(Moore et al., 1989). In bona fide C, species, all CO, 1s first
assimilated by PEPC, with subsequent shuttling of the resulting
C, acid to the BS where CO, is then delivered to Rubisco by
a decarboxylase reaction. High CO, partial pressure in the BS
strongly represses the oxygenase reaction, the following pho-
torespiratory pathway, and the concomitant loss of CO, and
NH,.

The efficiency of the C, shuttle also depends on anatom-
ical features, especially the close connection between M
and BS cells. In the majority of C, species, the BS forms
a tight cell layer around the veins without direct exposure
to the intercellular space (Sage et al., 2014). The proportion
of M tissue is reduced to a second cell layer around the BS
cells, and C, species usually have high vein densities. Since
CO, fixation in C, species can continue at lower internal
CO, concentration (Ci) and stomatal conductance, water
use efficiency (WUE) is improved compared with C; spe-
cies. Operation of Rubisco under high CO, partial pressure

The photorespiratory shuttle in Brassicaceae | 6633

allows high efficiency for the carboxvlase reaction with
lower amounts of protein, thus also improving the nitrogen
use efficiency of C, photosynthesis.

The continuous fitness gain in the intermediate forms seems
to have been an important prerequisite for the evolution of
the complex C, biochemistry and anatomy (Heckmann ef al.,
2013; Williams et al., 2013; Mallmann et al., 2014; Blitke and
Brautigam, 2019; Dunning et al., 2019a). Species using the
photorespiratory glycine shuttle have been identified in var-
ious monocot and dicot plant lineages, often but not always
in phylogenetic proximity to C, species (Sage et al., 2011).
Convergent evolution of the C;—C, pathway indicates sub-
stantial improvement of leaf carbon economy at least under
certain environmental conditions (Bellasio and Farquhar, 2019;
Lundgren, 2020}. Reduction in the CCP and centripetal ac-
cumulation of BS organelles seem to be general features of
C,—C, plants, but knowledge about the anatomical and bio-
chemical plasticity of the pathway and their influence on leaf
physiological is still limited (Schliiter and Weber, 2016).

In our study, we concentrated on the Brassiceae tribe that
evolved ~23 million years ago in the circum-Mediterranean
region (Arias and Pires, 2012). It includes multiple lineages of
Cy—C, intermediates, but no known C, species (Apel et al.,
1997). Aiming at large sample sizes from the group of C,
and well as C; C species, we selected taxa from all currently
known C,—C, intermediates and related C, species from the
genera Moricandia, Diplotaxis, and Brassica. Among the Brassiceae
are also numerous crops species such as canola or rapeseed
(Brassica napus), cabbage (Btassica oleraced), radish (Raphanus sati-
vais), mustard (Sinapis alba), and the salad vegetable rocket or
arugula (Enwa sativa, Diplotaxis tenuifolia). With the exception
of D. tenuifolia, these are all C; crops.

In the present study, we analysed 34 taxa representing 28
Brassicaceae species. Our investigation of taxa from diverse pho-
tosynthesis types allowed us to assess the variation in 75 photo-
synthetic-related parameters across C; and Cy—C, species. The
Cleomaccae Gynandropsis gynadra was included for comparison
with the anatomy, biochemistry, and physiology of C, species.
We use the CCP to rank the species and accessions according
to their carbon-concentrating capacity. By parallel analysis of
leaf structural features, we investigate the correlation between
carbon-concentrating capacity and vein density, leaf thick-
ness, and organelle arrangement in the BS. As the installation
of the glycine shuttle requires further metabolic adjustments
in the leaf such as the nitrogen balancing between M and BS
cells, the primary metabolite pattern of the leaf sections was
also analysed. Consequences of the anatomical and biochem-
ical changes for the leaf physiology including assimilation and
WUE were assessed. The large number of plant taxa will allow
us also to learn about lineage-specific developments of the C4—
C, pathways and potential variation within the trait. Detailed
knowledge about the carbon-concentrating mechanisms ex-
isting in Brassiceae can help to identify interesting traits for en-
gineering or breeding approaches.
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Materials and methods

Plant cultivation

All seeds used in this study were obtained from either Botanical gardens,
seed stock centres, or seed companies. Since physiology can vary between
populations from the same species (Lundgren ef al., 2016;Yorimitsu ef al.,
2019; Gomez et al., 2020), multiple accessions were used from some spe-
cles. The complete list of plant taxa comprised: Arabidopsis thaliana (L.)
Heynh. (At), Brassica gravinae Ten. four accessions, Bgl, B2, B3, and Bgd),
Bragsica juncea (L.) Czern. (Bj), Brassica napus L. (Bn), Brassica niga (L.)
WD]. Koch subsp. nigra var nigra (Bni), Brassica oleraceae L. (Bo), Brassica
mpa L. (Br), Brassica repanda (Willd.) (Be), Brassica tournefortii Gouan.
(two accessions, Btl and Bt2), Carrichtera annua (L) DC. (Ca), Diplotaxis
acris Boiss. (Da), Diplotaxis emcoides (L.) DC. (De), Diplotaxis frarra Boiss.
(Dh), Diplotaxis muralis (L.) DC. (Dm), Diplotaxis tenuifolia (L.) DC. (Dt),
Diplotaxis tenisiligua Delile (Ds), Diplotaxis viminea (L.) DC. (Dv), Enica
sativa Mill. (Es), Hirschfeldia incana (L.) Lagr-Foss (two accessions HIR 1
and HIR3), Moricandia arvensis (L.) DC. (Ma), Moricandia moricandioides
(Boiss.) Heywood (Mm), Moricandia nitens E.Durand & Barratte (Mn),
Moricandia sinaica Boiss. (Msi), Moricandia spinosa Pomel (Mp), Moricandia
stiffruticosa (Dest) Coss. & Durieu (Ms), Raphanus raphanistrum L. (Rrx),
Raphanus sativus subsp. sativns (L.) (Rs), and Sinapis alba L. (Sa). From the
Cleomaceae, the C, species Gynandwopsis gynandma (L.) brig. (Gg) was also
included in the present study. A complete list of origins for these seeds
can be found in Supplementary Table $1.

All seeds were vapour sterilized by incubation in an exicator with a
fresh mixture of 100 ml of 13% Na-hypochloride with 3 ml of 37%
HCI for 2 h. The sterilized seeds were then germinated on plates con-
taining (.22% (w/v) Murashige and Skoog medium, 50 mM MES pH
5.7, and 0.8% (w/v) agar. After 7-10 d, the seedlings were transferred
to pots containing a mixture of sand and soil (Floraton 1 soil mixture,
Floraguard, Germany) at a ratio of 1:2. All plants were firstly cultivated in
climate chambers (CLF Mobilux Growbanks, Germany) under 12 h day
conditions with 23 "C/20 °C day/night temperatures and ~200 pmol
s m™? light, After establishment in soil, 2-week-old plants were trans-
ferred to the greenhouse of the Heinrich Heine University with a 16 h
day/8 h night cycle. Natural light conditions in the greenhouse were
supplemented with metal halide lamps (400 W, DH Licht, Germany) so
that the plants received between 250 pmol m™= s and 400 pmel m™
s ', Minimum temperatures of the greenhouse were controlled to 21 °C
during the night and 24 °C during the day.

The initial main experiment was conducted between October 2018
and March 2019, A small number of additional accessions were also
studied between July and October 2020 following the same protocol. As
controls, G. gynandra, D. tenuifolia, and H. incana (HIR3) were included
in both experiments. Gas exchange parameters obtained for these three
species, especially CCPs, were stable across the experiments. Thus, results
from both experiments were considered comparable. Gas exchange was
measured on the youngest fully expanded rosette leaves before onset of
flowering. After gas exchange measurements were performed, plants were
taken back to the greenhouse for 2 d. Following that, leaf material was
harvested for metabolite analysis (only experiment in 2018/2019), el-
emental analyser isotope ratio mass spectrometry (EA-IRMS) analysis,
leaf vein determination, and embedding for light microscopy. A third
experiment was conducted on plant accessions selected from the initial
experiments in September to November 2021 in the new greenhouses of
the Heinrich-Heine University equipped with natural light LED lamps
using the same experimental design. Leaves were snap-frozen in liquid
nitrogen directly in the greenhouse in the late morning Samples for pro-
tein and PEPC assay were snap-frozen in liquid nitrogen at midday. An
additional leaf was used for determination of specific leaf area (SLA). For
the majority of taxa, 46 plants were analysed as replicates in the different
experiments; for a few taxa, only two plants were available for analysis. In
the graphs, each data point represents a measurement from a single plant.

Phylogenetic inference

Plants for genome sequencing were grown in a climate-controlled
chamber from the same seed stock used for physiological analysis. Linked
read sequencing was performed by 10X Genomics and BGI, comple-
mented by PacBio and Nanopore long read sequencing for some species
{Guerreiro et al., 2023). Most assemblies are linked read assemblies, some
being scaffolded and gap-filled with the long read data, while two assem-
blies are long read assemblies polished and scaffolded by linked reads.

The assemblies are pseudohaploid, with alternative haplotype contigs
having been removed with Purge Haplotigs (v1.1.0) (Roach ef al., 2018).
The novel genome assemblies were complemented with literature assem-
Blies (Guerreiro et al., 2023). Repeat regions were identified for each as-
sembly with Mite-hunter (Han and Wessler, 2010), genometools (v1.5.9),
LTRharvest (Ellinghaus et al., 2008), and RepeatModeller (v1.0.11) (Smit
et al., 2015). Those repeat regions were masked out of the assembly prior
to gene annotation using RepeatMasker (v4.0.9) (Smit et al., 2015). Gene
annotation was performed using Maker2 (Campbell e al., 2014) and the
same protein database for every genome (Guerreiro et al.,, 2023). The
predicted proteomes of every species were filtered for annotation edit
distance (AED; Eilbeck et al., 2009) values <0.5. Functional annotation
was performed with AHRD in order to remove transposon-related genes
(Guerreiro et al., 2023).

Finally, the filtered proteomes were fed into Orthofinder v2.5.1
{(Emms and Kelly, 2015, 2019} for orthology identification based on all
versus all sequence BLASTp searches and MCL clustering (Emms and
Kelly, 2015). Multiple sequence alignments for identified orthogroups
{HOGs) were produced with MAFFT and used for creating gene trees
with RaxML with the PROTGAMMALG substitution model. The gene
trees of HOGs with single-copy genes for at least 80% of species (102
HOGs) were fed to ASTRAL-pro (Zhang et al., 2020) for the creation of
a species phylogeny with quartet-based local posterior probability values
(Sayyari and Mirarab, 2016) for each node.

Photosynthetic gas exchange

Gas exchange was measured on the youngest fully expanded rosette leaf
~f—10 weeks after sowing and before the onset of flowering. The settings
of the LI-6800 (LI-COR, Linceln, NE, USA) were as follows: flow of
300 pmol s, fan speed of 10 0000 rpm, light intensity of 1500 pmol m >
7! leaf temperature of 25 °C, and vapour pressure deficit of 1.5 kPa. After
adjustment of leaves to the conditions in the leaf chamber, A-Ci curves
were measured at reference atmospheric CO, concentrations of 400, 200,
100,75, 50, 40, 30, 20, 10,0, 400, 400, 600, 800, 1200, and 1600 ppm. For
the experiment in 2018/2019, the LI-6800 was equipped with a fluo-
rescence head measuring F/F,” and electron transport rate (ETR) at
each CO; level.

For calculation of the CCP and the carboxylation efficiency (CE=initial
slope of A-Ci), a minimum of four data points in the linear range close
to the interception with the Ci axis were used. Maximal assimilation was
determined at CO; concentrations between 1200 ppm and 1600 ppm.
Assimilation (A), stomatal conductance (g, ), Ci, WUE=A/g,,, and the
ratio between internal and external CO, concentrations (Ci/Ca) from
the measurements at 400 (ambient CO,), 200, 100, and 50 ppm CO;
were used for more detailed physiological analysis of the investgated
plant accessions.

Metabolite and element analysis

After the gas exchange measurements, plants were allowed to read-
just to greenhouse conditions before sampling for metabolite patterns.
Leaves were snap-frozen in liquid nitrogen directly in the greenhouse
in the late morning and stored at —80 °C. The leaf samples then were

37

bZ0Z ABNUBR ZZ W0 158N6 AQ GGLGLZL/LE0G/L T/t 812 1IB/aX]/LI02 GNO ISP BIR [/:SRY LUOY PEPED|UMOg



Brassicaceae display variation in efficiency of photorespiratory carbon-recapturing
mechanisms

homogenized into a fine powder by grinding in liquid nitrogen. Soluble
metabolites were extracted in 1.5 ml of extraction solution consisting of
water:methanol:chloroform in a 1:2.5:1 mixture following the method
of Fiehn et al. (2000). A 30 pl aliquot of the supernatant was dried com-
pletely in a vacuum concentrator and derivatized for GC-MS measure-
ments (Gu,2012). GC-MS measurements were performed as described by
Shim et al. (2020) using a 39778 GC-MSD (both Agilent Technologies).
Metabolites were identified via MassHunter Qualitative (v b08.00,
Agilent Technologies) by comparison of spectra with the NIST14 Mass
Spectral  Library  (hetps:/ /wwwnist.gov/srd/nist-standard-reference-
database-la-v14). A standard mixture containing all target compounds
at a concentration of 5 pM was processed in parallel to the samples as
a response check and retention time reference. Peaks were integrated
using MassHunter Quantitative (v bi)8.00, Agilent Technologies). For rel-
ative quantification, all metabolite peak areas were normalized to the
corresponding fresh weight used for extraction and to the peak area of
the internal standard ribitol or dimethylphenylalanine (Sigma-Aldrich).
The same homogenized leaf material was used for determination of 8°C
and CN ratios. After lyophilization, the material was analysed using an
Isoprime 100 isotope ratio mass spectrometer coupled to an ISOTOPE
cube elemental analyser (both from Elementar, Hanau, Germany) ac-
cording to Gowik et al. (2011).

Vein density measurements

The top third of mature rosette leaves were used for vein density mea-
surements. The leaf material was cleared in an acetic acid:ethanol mix
(1:3) overnight followed by staining of cell walls in 5% safranin O in eth-
anol, and de-staining in 70% ethanol. Pictures were taken using a Nikon
eclipse Ti-U microscope equipped with a ProgRes MF camera from
Jenoptik, Germany, at x4 magnification. The vein density was analysed
with Image] software determining the total vein length per total micro-
graph area. In most cases, six leaves were analysed for vein density per line
with a minimum of three pictures measured and averaged per leaf.

Specific leaf area

Whole mature rosette leaves were cut and their outlines were copied on
checked paper. The FW was measured immediately after and DW was
subsequendy determined after 48 h at 60 °C.The leaf area was deter—
mined using Image] software. For caleulation of SLA, the area was divided
by the dry weight.

Analysis of leaf cross-section

For light microscopy, sections of ~1 X 2 mm were cut from the top
third of mature rosette leaves and immediately fixed in 2% paraformalde-
hyde, 2% glutaraldehyde, 0. 1% Triton X-100 in phosphate-buffered saline
(PBS; 137 mM NaCl, 2.7 mM KCI, 12 mM H.POy MHP(‘L2 .pH 7.4).
A vacuum was applied to the reaction tubes until all leaf sections sank to
the bottom. The sections were incubated in the primary fixation solu-
tion overnight followed by washing once with PBS solution, pH 7.4, and
twice with distilled H,O. For post-fixation, the sections were incubated
in 1% OsOy for 45 min followed by washing again three times with
distilled H/O. A dehydration series was performed ranging from 30%
to 100% acetone, followed by incubation in increasing proportions of
Araldite resin until 100% Araldite was reached. The sections were finally
positioned into flat embedding moulds and polymerized at 65 °C for at
48 h.

After cutting, the leaf sections were stained with toluidine blue so-
lution (0.5% toluidine blue, 0.5% methylene blue, 6% Na,B,O-, 1%
H;BO;) and studied under a light microscope (Zeiss Axio Observer,
Carl Zeiss, Germany). For quantitative analysis, pictures of at least
three BSs per biological replicate were taken and analysed with Image]
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software. The following parameters were determined per BS for quan-
titative analysis: crosssection area of the BS cell (BS_cell_area), area
of organelles orientated towards the vein (V_organelle_area), area of
organelles orientated towards the intercellular space (ICS), and M (M_
organelle_area). The following parameter were calculated: percentage
of vein-orientated organelle area per BS cell area (percent_V_organ-
elle), percentage of organelle area orientated towards the 1CS and M
(percent_M_organelles), the total organelle area per cell (V_organ-

elle_area + M_organelle_area = total_organelle_area), and the ratio
between percentage values for vein and ICS/M-orientated organelles.
Furthermore, the leaf thickness was measured at the site of the selected
BS. Three representative cells were analysed per BS, and three BSs were
analysed per plant.

PEPC activity

Total soluble proteins were extracted from the homogenized leaf mate-
rial in 50 mM HEPES-KOH pH 7.5,5 mM MgCl,, 2 mM DTT, 1 mM
EDTA, 0.5% Triton X-100. For the PEPC assay, 10 pl of the extract were
mixed with assay buffer consisting of 100 mM Tricine-KOH pH 8.0,
5 mM MgCl, 2 mM DTT, 1 mM KHCO;, 0.2 mM NADH, 5 mM
glucose-6-phosphate, and 2 U ml ™" malate dehydrogenase in a microtitre
plate. The reaction was started after addition of PEP to a final concen-
tration of 3 mM in the assay. Protein content of the solutions was deter-
mined with the BCA assay (Thermo Fischer Scientific).

Stalistical analysis

Data analysis was performed using R (www. R-project.org). Statistical dif-
ferences between the measured parameters in the accessions were caleu-
lated by one-way ANOVA followed by Tukey's post-hoc test. Differences
between parameters in C; and C5—C, photosynthesis types were deter-
mined by a two-tailed t-test.

Resulis

Assessment of CO,-concenirating efficiency by
measuring CO, compensation points

The CCP is a measure of the internal leaf CO, level at
which photosynthetic CO, fixation is equal to the CO, re-
lease by photorespiration, day respiration, and other catalytic
processes (i.e. the concentration at which net CO, assimila-
tion is zero). In the present study, the CCP was determined
from A-C1 curves across a diverse range of 33 Brassicaceae
taxa representing 28 species to assess their carbon usage ef-
ficiency (Fig. 1).

When sorting all sampled taxa in the Brassicaceae according to
their CCP a range of CCP values from 60 ppm to 12 ppm was
detected. The Cleamaceae C, species G. gynandra with highly
efficient CO, concentration showed CCP values <10 ppm.
Plants with CCP values between 10 ppm and 40 ppm are pre-
dicted to utilize less efficient CO,-concentrating mechanisms,
such as the photorespiratory shuttle, and were hereby classi-
fied as Cy—C, intermediates. In contrast, all accessions and spe-
cies with a CCP >40 ppm were classified as C, species. This
grouping was supported by ANOVA with post-hoc Tukey’s
HSD test (=0.05; Fig. 1). The same threshold values were also
used in the survey by Krenzer ef al. (1975).
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Fig. 1. CO, compensation points in selected Brassicaceae. CO, compensation points were measured In young, fully expanded leaves of greenhouse-
grown plants. The letters above each box indicate the statistical grouping determined by ANOVA followed by HSD post-hoc test with «=0.05. The tested

taxa are coloured according to photosynthesis type as C, (grey), C.—C, (blue),

provided in full in the Materials and methods.

In our study, A. thaliana exhibited the highest CCP of
60.1 ppm. Slightly lower CCPs between 45 ppm and 60 ppm
were observed for the Cj species of the Brassiceae clade, in-
cluding B. repanda, D. acris, C. annua, R. raphanistrum, D, harra, E.
sativa, M. moricandioides, D). viminea, B. oleraceae, H. incana HIR 1,
8. alba, B. rapa, D. tenuisiliqua, B. tournefortii, B. nigra, B. juncea,
B. napus, and R. sativus. In comparison with these Cy plants,
a significant reduction in the CCPs was observed in 14 taxa
classified in the present study as C;—C, intermediates, these
included H. incana HIR3, four taxa of B. gravinae, D. muralis,
D. erucoides, M. suffruticosa, M. arvensis, M. sinaica, M. nitens, M.
spinosa, and D tenuifolia.

Among the C—C, intermediates, the lowest CCP value of
12 ppm was measured in D. fenuifolia. In contrast, the highest
CCP value recorded among the C,-C, intermediates at
~40 ppm was measured in H. incana HIR3. Importantly, the
dentification of this taxon as a C;—C, intermediate species
which presumably operates a COs-concentrating mechanism
is described here for the first time. Interestingly, another taxon
assigned to the same species (H. incana HIR 1) exhibited a CCP
value within the range of C; species (Fig. 1). In all other spe-
cies, different taxa were assigned to the same photosynthetic
type. Altogether, a wide range of CCPs was observed among
Brassicaceae and espedially the C;—C, intermediates.

Phylogeny suggests multiple origins of C+Cy
photosynthesis in the Brassiceae

The phylogenetic relationship among the plant species selected
for this study was imvestigated using sequence data from 102
orthogroups (Fig. 2). When investigating the distribution
of species classified as C,-C; intermediates based on CCP
data, the tree reveals muluple origins of COs-concentrating

and C, {red). Plant names have been abbreviated for legibility and are

mechanisms in the Brassiceae. We are aware that the presented
tree includes only a small subset of species from the Brassiceae
group. However, a more densely sampled phylogenetic tree by
Koch and Lemmel (2019) suggests the same number of origins
because our predicted C;—C, lineages all have common ances-
tors with C; species.

The phylogenetic positions of B. gravinae, H. incana HIR3,
and D. crucoides on the tree suggest independent origins of
C3—C, features. In the Moricandia group, Cs—C, features are
observed among the close relatives M. arvensis, M. suffruticosa,
M. nitens, M. sinaica, and M. spinosa, but not the sister species M.
moricandioides which 1s Cy. Thus, C,—C, most probably evolved
once in this group, in a common ancestor preceding the speci-
ation of M. arvensis, M. suffruticosa, M. nitens, M. sinaica, and M.
spinosa but after diversification from M. moricandioides. Finally,
C;—C,-like CCPs were observed in D. tenuifolia and D. muralis.
Both of these respective species are closely related to the C,
species D. viminea. Diplotaxis muralis 1s a natural hybrid between
the C; parent D. viminea and the C—C, parent D. tenuifolia.
Therefore, the C,—C, features in D. muralis are assumed to be
inherited from D. tenuifolia (Ueno et al., 2006). In summary, our
phylogenetic data indicate that C—C, features have independ-
ently evolved up to five times in the Brassicaceae, in B. gravinae,
in D erucoides, in H. incana HIR3, in the Moricandia group, and
in D tenuifolia.

Physiology of C,, C4~C,, and C, leaves under different
CO, concentrations

Efficiency of photosynthetic gas exchange in the different
Cy and C4—C, Brassicaceae was assessed under ambient CO,
(400 ppm) and saturating light (1500 pmol m™ 7). Here,
under these conditions, no association between photosynthesis
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Gynandropsis gynandra
Aethionema arabicum
Arabis alpina
Arabidopsis thaliana
Carrichteria annua
Diplotaxis tenuisiliqua
Diplotaxis harra
Brassica gravinae
Eruca sativa

Diplotaxis acris

Brassica repanda
Diplotaxis tenuifolia
Diplotaxis viminea
Diplotaxis muralis
Moricandia moricandioides

Moricandia arvensis
Moricandia sinaica
Moricandia suffruticosa
Moricandia spinosa
Moricandia nitens
Sinapis alba

Brassica nigra
Brassica oleraceae

Brassica juncea
Brassica rapa

Brassica napus
Diplotaxis erucoides
Brassica tournefortii
Hirschfeldia incana HIR3
Hirschfeldia incana HIR1

— Raphanus raphanistrum
L Raphanus sativus

Fig. 2. Phylogeny and photosynthesis types. The numbers on the nodes represents quartet-based local posterior probability values. Specles names are
coloured according to the photosynthesis type as C, (grey), C4—C; (blug), and C, (red).

type and net assimilation could be observed (Fig. 3). For in-
stance, in C, plants, assimilation rates under ambient CO,
varied between 12.3 umol m ™ 5™ (A. thaliand) and 28.1 umol
m™ ¢ (D. tenuisiliqua) (Fig. 3; Supplementary Table $2), whilst
among C,—C, intermediates, assimilation rates varied between
17.3 pmol m™ §7' (B. gravinae accession 2) and 26.1 pmol m™
s (D. erucoides). Moreover, assimilation rates achieved in the C,
species G. gynandra of 23.7 pmol m™ 57" were similar to rates
in non-C, plants. Thus, assimilatory capacity under ambient
CO, conditions appears to be species specific, rather than de-
termined by the activity of a metabolite shuttle mechanism.
In contrast to the above, enhanced rates of assimilation were
discovered in plants operating a CO,-concentrating mech-
anism under lower atmospheric CO, concentrations (Fig. 3;
Supplementary Table 52). For instance, at pre-industrial levels
of 200 ppm CO,, the C, G. gynandra showed higher assimila-
tory capacity compared with any other C; or C;—C, species
(Fig. 3; Supplementary Table 52). Further, this elevated assim-
ilation rate observed in G. gynandra became even more pro-
nounced under 100 ppm CO, (Fig. 3; Supplementary Table

S2). Interestingly, C,—C, intermediate species tended to per-
form better than C; plants under subambient CO, conditions
(Fig. 3: Supplementary Table S2). On average, across all plants of
each photosynthesis type, assimilation was significantly higher
in the C,—C, group compared with the C; group under CO,
conditions of <200 ppm (t-test, P<0.05; Supplementary Fig.
S1). Thus, although COs-concentrating mechanisms do not
improve net assimilation under present atmospheric CO,, they
appear to be advantageous under former pre-industrial levels
of CO,.

In addition to the above, operating a CO,-concentrating
mechanism also yielded benefits in terms of improved WUE
(ratio between CO, assimilation and water stomatal conduct-
ance). For example, under ambient 400 ppm CO,, the WUE
was significantly higher in the C, species G. gynandra as com-
pared with all other C; and C,—C, species (Fig. 4). On av-
erage, WUE did not differ between C; and C—C, accessions at
400 ppm CO,. However, C3—C, plants were found to exhibit
a significantly improved WUE at both 200 ppm and 100 ppm
CO, compared with C; species (t-test, P>0.05; Supplementary
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Fig. 3. Net assimilations under different CO, concentrations. Assimilation was measured under conditions of ambient CO, (400 ppm) or reduced CO,
concentrations of 200 ppm and 100 ppm. The tested taxa were sorted according to thelr CO, compensation points and coloured according to the
photosynthesis type as C., (grey), Ci—C. blug), and C, (red). Taxa names have been abbreviated for legibllity and are provided in Fig. 2 and the Materials

and methods.

Fig. S1), recapitulating the trend observed for the assimla-
tion rate. In addition, a strong negative correlation between
WUE and Ci was found across species at all atmospheric CO,
concentrations (Supplementary Fig. S2). Given that changes
in stomatal conductance exhibited no photosynthesis type-
specific pattern (Supplementary Fig. S1), this result suggests
that higher WUE 1s achieved across species in the Brassicaceae
by CO, assimilation at lower internal Ci, Thus, C3—C, species
are able to operate at lower internal CO, concentrations than
species from the C; group.

Next, to determine the effect of Cy, C+C,, and C; me-
tabolism on the light reactions of photosynthesis, chlorophyll
fluorescence parameters were also measured. In general, a pos-
itive correlation was found between net assimilation and ETR,,
as well as between assimilation rate and effective quantum
efficiency F,/F, (Supplementary Fig. S2). However, fluo-
rescence parameters were less affected under reduced atmos-
pheric CO, concentrations as compared with the assimilation
rate (Supplementary Fig. §2).

To further assess how different photosynthesis types are
characterized by differences in leaf physiological parameters,
a principal component analysis (PCA) was performed. Since
the importance of carbon-concentrating mechanisms becomes

more obvious when CO, 1s mited, gas exchange measure-
ments at CO, concentrations of 200, 100, and 50 ppm were
included in this analysis in addition to those measured under
ambient 400 ppm CO, (Fig. 5A, B). In this PCA, the first prin-
cipal component was found to explain 65.5% of the variation,
and separates the C, species G. gynandra from all other C; and
C;—C, plants. To a lesser extent, the same component also sepa-
rates C; and C4~C, plants, though these groups do overlap on
this axis (Fig. 5A, B). As expected from the above results, the
first principal component is driven by WUE, Ci, Ci/ Ca ratio,
CCP, and CE. In contrast, the second principal component,
driven by stomatal conductance and assimilation at higher
CO, concentrations, has no effect on separating plants across
different photosynthesis types and is driven by species-specific
variation.

As CCP was used above to classify different photosynthesis
types, correlations were investigated between CCP values
across species and all other measured leaf physiological param-
eters. A strong positive correlation was observed between CCP
and both Ci and the Ci/Ca ratio at low CO, concentrations,
respectively (Fig. 5C, D). In contrast, a negative correlation
was found between CCP and both WUE and assimilation at
low CO, (Fig. 5C, D). These relationships were independently
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Fig. 4. Water use efficiency (WUE) under different CO, concentrations. WUE was calculated as the ratio between assimilation (4) and stomatal

conductance (g..). The gas exchange parameters were measured under condi

tions of ambilent CO; (400 ppm) or reduced CO, concentrations of

200 ppm and 100 ppm. The tested taxa were sorted according to their CO, compensation points and coloured according to the photosynthesis type as
C, (grey), Ga—C, (blug), and C, {red). Taxa names have been abbreviated for legibility and are provided in Fig. 2 and the Materials and methods.

observed irrespective of whether the C, species G. gynandra
was included in the analysis or not. Conversely, CE (=initial
slope of the A—Ci curve) was negatively correlated with CCP
only when the C; G. gynandra was included in the analysis (Fig.
5C, D). This indicates that CE was not influenced considerably
during the transition from C, to C3—C,, but only during tran-
sidon from C,—C, to C,.

Metabolite profiles of leaves with different
photosynthesis pathways

To assess the identity of potential transport metabolites used in
C,—C, intermediates, leaf primary metabolites of sampled spe-
cies were also quantified and analysed by PCA (Fig. 6A, B). In
this analysis, the first principal component explained 28.25%
of variation and distinguishes C;/C3—C, and C, leaf biochem-
istry. Mainly responsible for this separation are high levels of
a-alanine, a-ketoglutarate, aspartate, glycine, glutamate, pyru-
vate, phenylalanine, and y-aminobutyric acid (GABA) in the
C, G. gynandra compared with the C; and C,—C, background
(Fig. 6B; Supplementary Table S3). In contrast, the second
principal component sorts the majority of C, species (clustered

to the top of this axis) from C,—C, species (clustered to the
bottom of this axis) (Fig. 6A, B). Here, on this axis, the C4—C,
plants tend to have higher levels of serine, branched amino
acids, and proline, whilst the C, species are characterized by
higher levels of glucose, sucrose, and myo-inositol.
Correlation analyses of CCP values with primary metab-
olite levels were also performed across species (Fig. 6C, D;
Supplementary Fig. S3). A negative correlation was observed
between CCP and the C,-related metabolites -alanine,
a-ketoglutarate, aspartate, glutamate, and pyruvate (Figs 6, 7;
Supplementary Table S3). However, this relationship seems to
be driven by the stong accumulation of these metabolites in
the C, species alone (Fig. 6C). To identify metabolites that are
potentially specific to Cy—C, photosynthesis, the correlation
analysis was repeated without the C, outgroup species. This
resulted in the reduction of the strength of all statistical associa-
tions. Specifically, only serine and glycine showed significant
negative correlations with CCP (Fig. 6D; Supplementary Table
S3). Thus, this suggests that serine and glycine have a ubiqui-
tous role in the glycine shuttle across all C—C, intermediates
in the Brassiceae. Interestingly, however, glycine was the only
metabolite that increased between C, and C—C, species which
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Fig. 5. Principal component analysis (PCA) and correlations of the CO, compensation point (CCP) with selected gas exchange parameters. Average
values for the selected photosynthetic parameters determined under 50-400 ppm of CO, were used for the analysis. (A) Localization of the plant lines
in the PCA, (B) PCA including parameter loadings, (C) Pearson correlation coefficients demonstrated as heatmaps using all taxa, and (D) Pearson
correlation coefficients demonstrated as heatmaps using only C; and C4—C,, lines. The tested taxa were coloured according to photosynthesis types
as C4 (grey), Co—C, (blug), and C, (red). Taxa names have been abbreviated for legibility and are provided in Fig. 2 and the Materials and methods. The
dataset included CO, compensation paint (CCP), carboxylation efficlency (CE), assimilation (&), internal CO, concentration (Ci), stomatal conductance
(gsw), water use efficiency (WUE), ratio of internal to external CO, concentrations (CiCa), electron transport rate (ETR), and quanturn efficiency F,/F,"
(FvFm). The numbers after the parameter abbreviation indicate the CO, concentration in the outside the leaf in the measuring cuvette.

was also high in the C, species (Fig. 7A; Supplementary Figs
S3, 84). In contrast, serine was enhanced among C,—C, species
compared with C; species, but was detected at a C, level in
the C, G. gynandra (Fig. 7B; Supplementary Figs 83, S4). In the
present study, glutamate, c-alanine, aspartate, pyruvate, malate,
and a-ketoglutarate formerly predicted to be involved in ni-
trogen shuttling of C—C, leaves (Mallmann et al., 2014) were
not associated with CCP (Figs 6D, 7). Instead, levels of these
metabolites were high in only some, but not all, C,—C, taxa.
For instance, glutamate and aspartate levels were relatively high
in M. arvensis, D. muralis, and D. tenuifolia, but not in the other
Cy—C, Moricandia species M. nitens and M. suffruticosa (Fig. 7).
In contrast, D. erucoides separated from the majority of other
C43—C, species in the PCA (Fig. 6A, B), showing relatively high
levels of glycerate, glycolate, and malate (Fig. 7; Supplementary
Table $3). In summary, the present results describe a general
role for only glycine and serine as predicted shuttle metabolites
in Cy—C, biochemistry across all species.

Association of CCP with structural features of the
bundle sheath

Given that leaf and BS cell architecture play an important role
in underpinning CO,-concentrating mechanisms by enabling

adequate metabolite transport between M and BS tissue, we
also sought to characterize the leaf anatomy of our Brassicaceae
species. In the present study, it was observed that vein density
was highest in the C,; G. gynandra compared with all other spe-
cies. However, no difference in vein density was observed be-
tween Cy and Cy—C, plant accessions (Fig. 8A; Supplementary
Fig. 85). To determine whether differences i BS structure were
present between photosynthetic types, a representative subset
of plant accessions were studied in more detail by light mi-
croscopy (Supplementary Fig. S6). In this analysis, although BS
cross-section area was high in the C, species as well as in sev-
eral C;—C, species, it was not found to be significantly different
between Cy and C—C, plants (Fig. 8B; Supplementary Fig. 7).
Moreover, within the BS cells, the areas occupied by plastids
and other organelles with either vein (inner half) or ICS/M
orientation (outer half) were determined. Areas with [CS/M-
oriented organelles did not differ between C; and C4—C, leaf’
cross-sections (Fig. 8E). In the C, leaf, none of the BS organ-
elles faced the outer ICS/M side. On the other hand, all plant
accessions with a CCP <40 ppm featured enhanced organ-
elle accumulation around the vein (Fig. 8H). This resulted in
higher total organelle area in the C;—C, BS cells. Thus, organ-
elle abundance and orientation probably played a decisive role
for the functioning of weak CO,-concentrating mechanisms.
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Fig. 6. Principal component analysis (PCA) and correlations of the CO. compensation point (CCP) with specific metabolites. Average values for the
selected metabolites per taxon were used for the analysis. (A) Localization of the plant lines in the PCA, [B) PCA including metabalite loadings, (C)
Pearson correlation coefficients demonstrated as heatmaps using all plant lines, and (D) Pearson correlation coefficients demonstrated as heatmaps
using only C, and C4—C, lines. The tested taxa were coloured according to photosynthesis type as C;, (grey), Co—C, (blue), and C, (red). Taxa names have
been abbreviated for legibility and are provided in Fig. 2 and the Materials and methods.

C, anatomy consists of just one layer of BS and M cells
around the veins, which limits the total number of cell layers.
In our study, the C, leaves of G. gynandma were comparably
thin. However, leaf thickness within the C; and C3—C, groups
showed species-specific variation. For instance, independent of
photosynthesis type, all Moricandia species possessed thick suc-
culent leaves. Values of SLA are usually greater for C, than for
C; leaves (Atkinson et al., 2016), but no pronounced photo-
synthesis type-related differences in SLA could be observed in
our study (Fig. 8I).

The C, pathway allows plants to fix CO, with lower
nitrogen input. This means that typically, C; plants have
lower leaf nitrogen concentrations compared with C; spe-
cies (Long, 1999; Craine et al., 2005; Gowik et al., 2011).
Interestingly, however, C; G. gynandra in our analysis had
surprisingly high leaf nitrogen concentrations and low leaf
CN ratios (Fig. 8D). This result could be influenced by the
slow growth rate of this species in comparison with the ma-
jority of Brassicaceae species in this study. However, leaf pro-
tein concentrations in this C,; G. gynandra were low relative
to the background of other species, indicating C,-specific
differences in nitrogen allocation (Fig. 8F). Interestingly, no
difference in CN ratios or leaf protein concentrations could
be observed between the C; and C,—C, species (Fig. 8D;
Supplementary Fig. §7).

Operation of the C, pathway required increased activity
of PEPC, but allows reduction in concentrations of Rubisco
and CBB cycle enzymes (Brautigam et al., 2011; Gowik et al.,
2011). In our study, PEPC activity was 8- to 20-fold higher
in the C; G. gynandra leaves as compared with the leaves of
the C; and C3—C, species (Fig. 8C; Supplementary Table S4).
PEPC activities varied in the mdividual plant taxa, but were
not significantly different between the C; and C+C; groups
(Supplementary Fig. S7). Enica sativa and M. moricandioides, in
particular, showed PEPC activities similar to the C,—C, taxa M.
arvensis, M. suffruticosa, and D. tenuifolia (Fig. 8; Supplementary
Fig. §7).These results emphasize the power of our multispecies
analysis that allows distinction between species- and photosyn-
thesis type-related variation.

Summarizing the above-mentioned structural and leaf com-
position-related parameters in a PCA, the C; G. gynandra can
be separated from the rest of the Brassicaceae plants (Fig. 9A,
B). This was mainly driven by high values for 6"°C, vein den-
sity, and vein-orientated organelles in the BS as well as low
values for CCP and ICS/M-orientated organelles in the BS
(Fig. 9A, B). C; and C,—C, accessions separated along the same
line in a combination of PC1 and PC2, but an overlap between
the two groups was nevertheless observed. Correlation of the
CCP to the selected components supported the importance
of organelle accumulation and orientation in the BS for the
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Fig. 7. Metabolites in mature leaves of selected Brassicaceae. Relative amounts of glycine (A), serine (B), glycerate (C), malate (D), aspartate (E),
glutamate (F), a-ketoglutarate (G),and pyruvate and a-alaning in selected plant accessions. The tested taxa were sorted according to their CO,
compensation points and coloured according to photosynthesis type as G; (grey), C+—C, (blue), and C, (red). Taxa names have been abbreviated for

legibility and are provided in Fig. 2 and the Materials and methods.

activity of the C, as well as the Cy—C, pathway (Fig. 9C, D;
Supplementary Fig. S8).

Discussion

Physiological and phylogenetic analysis indicate
evolution of multiple independent C4+C, fineages in the
Brassiceae

Our survey revealed multiple origins of C—C, photosynthesis in
the Brassiceae tribe (Figs 1, 2), ranging from very efficient photo-
respiratory shuttles in D. fenuifolia and the Moricandia genus (M.
suffruticosa, M. arvensis, M. sinaica, M. nitens, and M. spinosa), to rela-
tvely weaker carbon-concentrating mechanisms in B. gravinae, D,
erticoides, and H. incana HIR3. The carbon-concentrating mech-
anism in D. muralis is assumed to be inherited from the C4—C,
parent D. tenuifolia during natural hybridization with the C; spe-
cies D. viminea (Eschmann-Grupe et al., 2003; Ueno et al., 2006).

Interestingly, from the two taxa assigned as H. incana, only
one (HIR3) showed C4—C,-like features such as a CCP below
40 ppm and the typical organelle arrangement in the BS cells.
Comparison of chloroplast sequences from both accessions re-
vealed that only HIR1 clustered together with other accessions
of this species while HIR3 sequences clustered closer to Sinapis
pubescencs and Brassica procumbens (Guerreiro et al., 2023). This
suggests that HIR3 and H. incana belong to different species,
and the former represents a new C,—C, lineage in the Brassiceae.

Brassicaceae display large variation in efficiency of
the carbon conservation mechanism but no Cy-like
shuttles

Our survey of CO,-concentrating mechanisms in  the
Brassicaceae confirmed that measurements of the CCP rep-
resent a valuable tool for the identification of Cy—C, inter-
mediate plant accessions. In agreement with the large CCP
screening study by Krenzer et al. (1975) and our own statistical
analysis, taxa with CCPs between 10 ppm and 40 ppm were
classified as C;—C, intermediates. In this group, we observed
gradual changes in the CO,-concentrating capacity. Our study
therefore supports models claiming that after establishment
of the basic photorespiratory shuttle, mulaple metabolic and
anatomic adjustments can contribute to the efficiency of the
pathway, resulting in additive small fitness gains (Heckmann
et al.,2013).

The lowest CCPs in the present investigation were measured
in D. tenuifolia and the C;—C, Moriandia species. Although var-
1ous accessions of these species were used m different studies
(Hylton et al., 1988; Rawsthorne et al., 1988a; Apel et al., 1997,
Ueno et al., 2003, 2006; Schliiter et al., 2017), low CCPs seem
to be a ubiquitous trait of these respective species. Moreover,
low CCPs in these species were supported by BS-specific local-
ization of the GLDP protein (Hylton et al., 1988; Rawsthorne
et al., 1988a; Ueno et al., 2003). Further, especially in D. tenui-
folia, CCP values were observed as very low and close to those
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Fig. 8. Leaf structure- and composition-related parameters and PEPC activity. Mature leaves were used for determination of vein density (A), bundle
sheath cell area in micrographs (B), PEPC activity (C), carbon to nitrogen ratio (D), area of bundle sheath organelles with vein orientation in micrographs
{E), protein content (F), ™C signature (G), area of bundle sheath organelles with orlentation to intercellular space or mesophyll in micrographs H), and
specific leaf area (). The tested taxa were sorted according to their CO, compensation point and coloured according to photosynthesis type as C (grey),
Ca—-C, (blue), and G, (red). Taxa names have been abbreviated for legibility and are provided in Fig. 2 and the Materials and methods.

typical of C; species. However, the strict separation of the C,
G. gynandra in all PCAs and especially the PEPC and “C mea-
surements support previous observations claiming absence of
C,-like shuttles in the Brassicaceae (Holaday and Chollet, 1984;
Hunt et al., 1987; Sage et al., 2011).

Reduction in CCP correlates negatively with organelle
accumulation and arrangement in the BS

Despite the differences in efficiency of the photorespiratory
shuttle, changes in organelle arrangement were observed in all
taxa classified as C;—C,. For instance, all C3—C; taxa possessed
an enhanced BS area occupied by organelles in the centripetal
position and a higher total organelle area per BS cell compared
with C; species (Figs 8, 9). This underlines the importance
of anatomical features for carbon-recapturing mechanisms. A
strong correlation between reduction in CCP and increased
organelle accumulation facing the vein in the BS was also pre-
viously observed in interspecific hybrids between D. renuifo-
lia (C3;—C,) and R. sativus (C;) (Ueno et al., 2003). The BS
structural features appeared to be genetically encoded and are
inherited independently from the GLDP localization (Ueno
et al., 2003). Residual expression of GLDP was also observed
m M cells of C;—C, intermediate Flaveria species (Schulze et al.,

2013). This shows that structural modifications can underpin
an effective CCP without complete suppression of GLDP in
the M cells.

C,-C, intermediates in our study contained several layers
of M cells such that many do not directly border BS cells. So
complete absence of GDC activity in the M cells would require
transport of photorespiratory glycine through other M cell
layers prior to entering the BS for metabolization. However,
accumulation of mitochondria in the BS might create a gly-
cine sink supporting glycine diffusion to the BS, and partial
reduction of M GLDP expression would enforce the shuttle.
TEM studies of centripetally localized organelles from C,—C,
Brassiceae (Ueno et al., 2006; Schliiter et al., 2017), Asteraceae
(McKown and Dengler, 2007), Boraginaceae (Muhaidat et al.,
2011), Scrophulariaceae (Khoshravesh et al.,2012), Arthropogoninae
(Khoshravesh et al., 2016), and Chenopodiaceae (Yorimitsu et al.,
2019) have shown a close arrangement of mitochondria and
chloroplasts. Thus, BS ultrastructure seems to play a major role
in prevention of photorespiratory CO, and NH; loss and in im-
provement of leaf carbon and possibly also nitrogen economy.

In contrast to the C; species in our study, BS cells in Cy-C,
Biassicaceae exhibited organelles facing the ICS and M cells (Fig. 8;
Supplementary Fig. $6). This amount of ICS/M cell-facing organ-
elles decreased in C4—C species with higher carbon-concentrating
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Fig. 9. Principal component analysis (PCA) and correlation of the CO, compensation point (CCP) with leaf structural and compositional components.
Average values for the selected parameters measured by EA-IRMS analysis of leaf cross-sections by light microscopy. (A) Localization of the taxa in the
PCA, (B) PCA including parameter loadings, (C) Pearson correlation coefficients demonstrated as heatmaps using all plant lines, (D) Pearson correlation
coefficients demonstrated as heatmaps using only C, and C,—C, lines. The tested taxa were coloured according to photosynthesis type as C,, (grey), Gy
C, (blug), and C, (red). Taxa names have been abbreviated for legibility and are provided in Fig. 2 and the Materials and methods.

efhiciency. Our results suggest that accumulation of centripetal
organelles and reduction of peripheral organelles are not neces-
sarily regulated by the same process. Additional structural features
of C, species such as enlarged BS cell area and ligher vein density
did not differ between the tested Cy and Cy—C, Brassicaceae taxa.
Further, leaf thickness, SLA, and FW/DW ratios were also not
different between the leaves of the C,, C—C,, and C, taxa (Fig.
8: Supplementary Fig. S8). Thus, despite leaf anatomy and BS ar-
chitecture being important requirements for evolution of carbon-
concentrating mechanisms (Christin ef al., 2013), modifications in
leaf succulence parameters do not appear to be essential for an ef-
ficient photorespiratory carbon-concentrating pathway. Plasticity
n some morphological parameters could also play a role in fur-
ther evolution towards the C, leaf] and it could be speculated that
limited genetic potential for the adjustment of vein density and
mesophyll structure could be connected to the absence of C-like
shuttles in the Brssicaceae.

Brassicaceae C5;—C, metabolism had only a minor
influence on leaf steady-state metabolite patterns

Beside organelle arrangement in the BS, the shift of GDC ac-
avity to this tissue influences leaf biochemistry (Rawsthorne,

1992; Schliiter et al, 2017). Relocation of the GLDP protein
to the BS has been observed in all investigated C;—C, classi-
fied species to date (Schliiter and Weber, 2016) and is therefore
seen as the decisive step for the evolution of a photorespiratory
carbon concentration shuttle. In the Brassicaceae, BS specificity of
GLDP was shown for different Moricandia species (Rawsthorne
et al., 1988a), Diplotaxis tenuifolia (Ueno et al., 2003), and Brassica
gravinae (Ueno, 2011). Lack or reduction of GDC activity in
the M causes accumulation of photorespiratory glycine and its
transport along the concentration gradient to the BS. The GDC
reaction converts two molecules of glycine into one molecule
of serine, but also utilizes NADH and releases NH; alongside
CO,. This imbalance requires further metabolic readjustment
between the two cell types. Nevertheless, beyond GLDP locali-
zation,not much 1s known about the cell-specific metabolism or
the nature of additional metabolite shuttles in Cs—C, Brassicaceae.

If metabolite exchange between M and BS cells is realized
by a concentration gradient, high concentrations of these trans-
ported metabolites would be expected in the leaves (Leegood
and von Caemmerer, 1989). However, it should be noted that
high metabolic flux and cell-specific metabolite accumulation
might mask these gradients in total leaf extracts. Our metab-
olite analysis did not identify preferential metabolite shuttles
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operating across all Cy—C, Brassicaceae species. Steady-state gly-
cine concentrations were generally enhanced in the C;-C,
species compared with C, species, supporting the hypothesis
that glycine is transported from the M cells to the BS for decar-
boxylation. High glycine was, however, also found in leaves of
the Cy D. fenuisiligua and the C, species G. gynandra, indicating
that glycine accumulation is not a distinct C,—C, feature (Fig.
7A). Further uncertainty exists around the metabolites trans-
ported back from the BS to the M for rebalancing of carbon,
nitrogen, and energy metabolism (Borghi er al., 2022). Beside
glycine, serine accumulation also exhibited a negative correla-
tion with CCP values (Fig. 6D). This strongly supports the in-
volvement of serine as a metabolite transported back from the
BS to the M cells (Rawsthorne, 1992; Mallmann et al., 2014),
although variation in serine levels suggests that the conwibu-
tion of serine transport could vary between the different taxa.

High varation between the mdividual taxa also existed for
other shuttle metabolite candidates. Modelling approaches
have previously predicted the involvement of glutamate,
a-ketoglutarate, alanine, pyruvate, aspartate, and malate in shut-
tling processes for rebalancing of nitrogen metabolism between
the M and BS (Mallmann et al., 2014). Malate and aspartate
could also be involved in rebalancing of reducing power be-
tween the two cell types (Johnson ef al., 2021). Contributions
of glutamine /glutamate and asparagine/aspartate to intercel-
lular shuttles were suggested for the C,—C, species Flaveria
anomala (Borghi et al., 2022). Here, enhanced levels of these
various metabolites could be observed in same, but not all, C4—
C, taxa (Fig. 7). For example, high concentrations of malate,
aspartate, and glutamate were found in species displaying very
low CCPs such as M. arvensis and D. tenuifolia. Interestingly,
the C;—C, Moricandia species which supposedly share a single
C,—C, evolutionary origin also showed strong variation in the
metabolite pattern. A similar absence of main shuttle metabo-
lites has also been described for Cy—C, Flaveria species (Borghi
et al., 2022). Our data generally support the hypothesis that
multiple metabolites are transported between the M and BS
(Schliiter et al., 2017; Borghi et al., 2022). The contribution
of the different metabolites could differ in the individual taxa
depending on genetic as well as environmental nfluences.
Such a multitude of solutions indicates that metabolite and
energy balancing does not represent a limiting step during ev-
olution of carbon-concentrating pathways.

To date, enzyme localization studies have mostly focused on
the GLDP protein, and much less is known about whether
other reactions are shifted to the BS in Cy—C; species. In M.
arvensis, other tested photorespiratory enzymes such as glyco-
late oxidase, serine hydroxymethyl transferase, and other sub-
units of the GDC complex were present in both cell types
(Morgan et al., 1993). Enzyme activities in M. arvensis in M-
and BS-enriched fractions were also equally distributed for
glyoxylate aminotransferases, glycolate oxidase, and hydroxypy-
ruvate reductase (Rawsthorne et al., 1988b), supporting the
crucial role of GLDP for uneven distribution for glycine shuttle

The photorespiratory shuttle in Brassicaceae | 6645

operation in M. arvensis. On the other hand, all GDC subunits
were preferentially expressed in the BS in C3—C, Flaveria and
Panicum species (Morgan et al., 1993). Shifting of additional
photorespiratory steps could considerably influence the metab-
olite shuttles. In our study, some species, especially D. enicoides
and D. tenuifolia, showed high levels of glycolate and glycerate.
Interestingly, intercellular transport of glycerate and glycolate
was predicted in a constraint-based modelling approach for
weak carbon-concentrating mechanisms on the evolutionary
path to C, photosynthesis (Blitke and DBriutigam, 2019).
Exchange of these metabolites between M and BS would re-
duce the need for intercellular nitrogen recycling (Borghi et al.,
2022). Part of the photorespiratory metabolites could also feed
into addigonal pathways in the BS. It has been estimated that
1-5% of the photorespiratory glycine and ~30% of serine can
be metabolized outside the photorespiratory cycle in processes
such as protein biosynthesis (Busch er al., 2018). The high or-
ganelle accumulation would increase the demand for protein
synthesis in the C4—C, BS. Furthermore, the BS is also respon-
sible for loading of assimilation products into the phloem, and
part of the carbon and nitrogen transported into the BS by the
glycine shuttle could support metabolite export to the sink
tissue of the plants.

C4+C4 photosynthesis is associated with reduced Ci
and enhanced WUE especially under limiting CO.

In the Brassicaceae, the presence of C4—C, metabolism did not
translate into improved photosynthetic assimilation under am-
bient environmental conditions (Figs 3, 4). For instance, across
the Brassicaceae species anmalysed in the current study, assimila-
tion rates appeared to be genotype specific rather than related
to photosynthesis type under ambient CO,. This lack of cor-
relation between assimilation and photosynthesis type has also
been previously described in the Chenopodiaceae (Yorimitsu
et al., 2019).

Interestngly, however, C,—C, taxa in the Brassicaceae adjusted
leaf’ Ci to lower levels compared with C; taxa in this clade.
The difference between these photosynthesis types was mar-
ginal under ambient conditions, but became more pronounced
under CO, conditions of <200 ppm (Fig. 3). The ability to
assimilate CO, at lower Ci translated into higher WUE in the
Cy—C, taxa compared with the C; species. This increase in
WUE observed was underpinned by enhanced assimilation, as
stomatal conductance was similar among the C; and Cy—C,
taxa under all tested conditions (Fig. 4). It should be noted,
however, that the differences observed for Ci and WUE be-
tween C; and C;—C, taxa were small in comparison with the
difference between all C; and C4~C, taxa and C; G. gynan-
dra, thus underlining the superiority of the C, pathway as a
COs-concentrating mechamsm compared with C—C; me-
tabolism. Similar observations have been previously made in
Heliotropium and Flaveria, in which C,—C, species achieved
WUE values between those of the C; and C, species. This was
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also due to higher assimilation rather than modified conduct-
ance (Huxman and Monson, 2003; Vogan et al., 2007). These
results support an advantage of the C;—C, pathway in high
photorespiratory conditions which cause CO, restriction due
to stomatal closure.

Evolution of the glycine shuttle often appears to be connected
to an enlargement of the growth habitat (Lundgren and Christin,
2017). The C, species M. moricandioides for instance seems to
be geographically restricted to the Iberian Peninsula, while the
closely related C,—C, species M. arvensis has spread into north-
west Africa, Southern Europe,and other parts of the planet where
it 15 mostly associated with cultivated areas and disturbed sites
(Perfectti et al., 2017). Diplotaxis tenuifolia also often grows as an
mvasive species occupying sunny, harsh, and arid areas (Nicolett
et al.,2007) in which water, nutrient, and temperature conditions
can change rapidly. It is therefore possible that C—C, species
profit from high environmental plasticity of the trait.

Ecological studies which have investigated the adaptation of
C4—C, species to specific environmental conditions are unfor-
tunately still rare (Oono et al., 2022). In contrast to C; and C,
species, the CyC, compensation points are strongly influenced
by environmental conditions, especially light, temperature, and
nitrogen (Brown and Morgan, 1980; Holaday and Chollet,
1983; Hunt et al., 1987; Schuster and Monson, 1990; Gomez
etal.,2020; Oono et al., 2022). In Chenopodium album, the CCP
was lowest under high temperature and low nitrogen condi-
tions, which was connected to accumulation of the GLDP
protein preferentially in the BS (Qono et al., 2022). Moricandia
arvensis leaves also had lower CCPs and higher WUE under
hotter and more arid summer conditions than in milder spring
chimates (Gomez ¢t al., 2020). Plasticity of photosynthetic traits
under stress conditions was recently also reported for the C,
species Sasola divaricate (Tefarikis ef al., 2022). Our results in-
dicate that gradual and even facultative implementation of
carbon shuttles between the M and BS are possible and should
be considered in future experiments.

Knowledge about the distribution of species with glycine
shuttle metabolism is generally still limited to studies among
relatives of C, species. This is mainly due to the dependence on
gas exchange equipment and ime-consuming measurements. [t
is therefore assumed that the frequency of species with weaker
carbon-concentrating mechanisms is greatly underestimated
(Sage et al, 2011; Lundgren, 2020). Identification of C3—C,
features in a H. incana HIR3 and recently also in some C. album
accessions (Yorimitsu et al., 2019) supports this hypothesis. As
such, faster methods for identfication of C, C, intermediates
could help to close this knowledge gap. Here, our correlation
analysis showed that measurements of assimilation at low CO,
are sufficient for detection of C,—C, phenotype and would
save considerable time as opposed to having to calculate CCP
by measuring assimilation across a range of CO, concentra-
tons (Fig. 5D). For example, a very strong positive correlation
in the present results was found to exist between CCP and
assimilation rate at 50 ppm CO,, which 1s close to the CCP of

C, species. High and significant negative correlation to CCP
also existed for WUE under CO, conditions of <200 ppm. As
in our experiments assimilation generally correlated positively
with photosynthesis efficiency F,”/F,", fluorescence combined
with stomatal conductance measurements could possibly also
be used in a fast initial screening experiments for identification
of C,—C, intermediates in the future.

Conclusions

Our survey revealed that photorespiratory shuttles evolved up
to five times in the Brassiceae tribe in different genetic back-
grounds. Measurements of the CCP indicated considerable
variation in the pathway in the different tested taxa. Reduction
in CCP was generally associated with organelle arrangement
in the BS. Thus, elucidation of regulatory mechanisms under-
lying organelle multiplication and arrangement in the BS ap-
pear to be crucial for engineering an efficient glycine shuttle
pathway into the leaf.

Although CCPs as low as 12 ppm were observed in D.
tenuifolia, there was no evidence for the operation of C,-like
shuttles in the tested taxa, supporting its classification as a dis-
tinct pathway. All C—C, classified taxa belong to the Brassiceae
tribe which appears to have lost one GLDP gene copy, suggest-
ing that this event facilitated evolution of the glycine shuttle
(Schliiter et al., 2017). Additional loss-of-function mutations
or insertion of a transposable element are thought to be in-
volved in loss or reduction of GDC activity in the M cells
(Rawsthorne, 1992; Sage et al., 2012; Adwy et al., 2015; Triesch
et al., 2023, Prepring). In D. muralis, transfer of weak carbon-
concentrating mechanisms seem to have been inherited during
hybridization from a Cy—C, parent (Ueno et al., 2003). The
contribution of hybridization to distribution of carbon-con-
centrating pathways has been discussed for several plant groups
including Sasola and Flaveria (Kadereit et al., 2017; Tefarikis
et al., 2022; Morales-Briones and Kadereit, 2023, Preprint).
In some grasses, lateral gene transfer has been shown to sup-
port the rapid and successful establishment of the C, pathway
(Dunning et al., 2019b). Such scenarios would nevertheless re-
quire donor species that are able to successfully transfer essen-
tial features into the receiving genetic background.

Our results reveal that photorespiratory carbon-concen-
trating mechanisms in the Brassiceae show large variation in
their biochemical and physiological features. C—C, Brassiceae
species are often associated with fast changing temperature,
water, and nutrient conditions. Metabolic plasticity could also
be advantageous in crop species challenged by dynamic cli-
matic variability. Brassica napus or B. oleaceae are closely re-
lated to the described C—C, species and would be prime
targets for transfer of this trait. Recent progress in sequenc-
ing the genomes of these species and related species in the
Brassicaceae (Guerreiro et al., 2023) can help to identify the
molecular mechanisms behind BS-specific C4—~C architecture
and biochemistry.
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The following supplementary data are available at JXB online.

Table S1. Origin of the seed material.

Table S2. Physiological data measured with the Li-COR
6800 (average per accession, standard deviation, HSD group).

Table S3. Metabolite data from GC-MS measurements (av-
erage per accession, standard deviation, HSD group).

Table S4. Data from light microscopy, EA-IRMS, and PEPC
enzyme assay (average per accession, standard deviation, HSD
group).

Fig. S1. Box and whisker plot for gas exchange and fluores-
cence data summarized per photosynthesis type.

Fig. 82. Heatmap of Pearson correlation matrix for physio-
logical gas exchange and fluorescence data.

Fig. §3. Heatmap of Pearson correlation matrix for CO,
compensation points and metabolite data from GC-MS
analysis.

Fig. S4. Box and whisker plot for metabolite data summa-
rized per photosynthesis type.

Fig. S5.Vein pattern in de-stained leaves,

Fig. S6. Micrographs of bundle sheath cross-sections.

Fig. 87. Box and whisker plot for structural and leaf compo-
sition data summarized per photosynthesis type.

Fig. S8. Heatmap of Pearson correlation matrix for CO,
compensation point, structural parameters from light micros-
copy analysis, leaf’ composition data from EA-IRMS analysis.
and PEPC enzyme activity.
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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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ABSTRACT

e C;-C, intermediate photosynthesis has evolved at least five times convergently in the

Brassicaceae, despite this family lacking bona fide C, species. The establishment of this
carbon concentrating mechanism is known to require a complex suite of ultrastruc-
tural modifications, as well as changes in spatial expression patterns, which are both
thought to be underpinned by a reconfiguration of existing gene-regulatory networks.
However, to date, the mechanisms which underpin the reconfiguration of these gene
networks are largely unknown.

In this study, we used a pan-genomic association approach to identify genomic fea-
tures that could confer differential gene expression towards the C;-C, intermediate
state by analysing eight C, species and seven C;-C, species from five independent ori-
gins in the Brassicaceae.

We found a strong correlation between transposable element (TE) insertions in cis-
regulatory regions and Cs-C, intermediacy. Specifically, our study revealed 113 gene models
in which the presence of a TE within a gene correlates with C;-C, intermediate photosyn-
thesis. In this set, genes involved in the photorespiratory glycine shuttle are enriched,
including the glycine decarboxylase P-protein whose expression domain undergoes a spatial
shift during the transition to C;-C, photosynthesis. When further interrogating this gene,
we discovered independent TE insertions in its upstream region which we conclude to be
responsible for causing the spatial shift in GLDPI gene expression.

Our findings hint at a pivotal role of TEs in the evolution of C;-C, intermediacy, espe-

doiz10.1111/plb. 13601

cially in mediating differential spatial gene expression.

INTRODUCTION

C, photosynthesis has convergently evolved more than 60
times in flowering land plants (Sage et al. 2012). C, photosyn-
thesis functions as a biochemical carbon concentrating mecha-
nism that reduces the rate of photorespiration and thereby
increases photosynthetic efficiency. Species that perform C,
photosynthesis are mainly found in warm, dry and high-light
environments in which leaf internal CO, levels are frequently
low and, by extension, the oxygenation to carboxylation ratio
of Rubisco is elevated (Sage er al. 2012; Betti et al. 2016).
Although C, photosynthesis has evolved independently in mul-
tiple disparate plant lineages, the complexity of the required
anatomical, biochemical, and developmental adaptations
makes engineering C, photosynthesis a difficult undertaking.
Plants that exhibit C;-C, intermediate phenotypes are promis-
ing research subjects to study the early steps towards
C, photosynthesis (Kennedy & Laetsch 1974; Schliiter &
Weber 2016; Bellasio & Farquhar 2019; Lundgren 2020). C5-Cy
intermediate species exhibit specialized anatomical traits and
they differ from C, species as they do not possess a fully

integrated C, cyce. C3-C, intermediate traits are characterized
by a lowered CO, compensation point (CCP), chloroplast and
mitochondria-rich bundle-sheath cells (BSC) and, in some cases,
an increased vein density (Dengler et al 1994; Christin
et al. 2011; Schliiter et al. 2017). A further trait that is commonly
shared between Cs-C, intermediate species from independent
origins is the photorespiratory glycine shuttle, sometimes
referred to as C, photosynthesis (reviewed in Schliter &
Weber (2016)). This shuttle relies on the BSC-specific decarbox-
ylation of photorespiratory glycine, leading to an elevated CO»
concentration around Rubisco. By extension, this increased par-
tial pressure of CO, around the site of its fixation leads to a
higher frequency of the Rubisco carboxylation reaction com-
pared to oxygenation reactions, thereby suppressing photorespi-
ration and resulting in decreased CCP (Kennedy & Laetsch 1974;
Monson & Edwards 1984; Schliiter et al. 2017).

Changes in the spatial and temporal pattems of gene
expression are crucial for the evolution of C;-C, intermediate
photosynthesis (Hibberd & Covshoff 2010; Reeves et al
2017). Previously, it has been shown that the BSC-specific
decarboxylation of glycine is caused by the differential
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localization of the glycine decarboxylase complex (GDC). In
C;-C, intermediate species from the genera Moricandia, Fla-
veria and Panicum, the P-protein of the GDC is only
observed in BSC mitochondria, but not in mesophyll cell
(MC) mitochondria (reviewed in Schulze et al. (2016}). This
is a notable example of convergent evolution, as these species
belong to the distant families Brassicaceae, Asteraceae
and Poaceae. In these plants, loss of the GDC P-protein
from the MC restricts glycine decarboxylation to the BSC in
C5-Cy intermediate species (Rawsthorne er al. 1988; Morgan
et al. 1993; Schulze et al. 2016). However, the exact mecha-
nism by which this is achieved differs between different spe-
cies. For instance, in C; Flaveria, the gene encoding the GDC
P-protein (GLDP) is present in two differentially regulated
copies, GLDPA and GLDPB. In C;-C, intermediate Flaveria
species, the ubiquitously expressed GLDPB is downregulated
compared to C; Flaveria species, whereas the BSC-specific
GLDPA is highly expressed (Schulze et al. 2013). In contrast,
in C3-C, intermediate Moricandia, the differential expression
of GLDP is thought to be mediated by the loss of one gene
copy and a change in regulation of the other copy. Specifi-
cally, in Cs-C, intermediate Brassiceae species, GLDP2 is
absent and GLDPI was reported to be differentially expressed
by loss of a potential cis-element called M-Box. The M-Box
element in the Arabidopsis thaliana GLDP1 promoter confers
a low-level expression in both MC and BSC and is absent
from the upstream region of GLDPI in C;-C, intermediate
Moricandia species. A second cis-element, the V-Box, was
shown to confer high levels of expression in the BSC and is
present in all analysed Brassicaceae GLDPI promoter
sequences to date (Adwy ef al. 2015, 2019). Thus, there are

multiple mechanisms through which GLDPI expression can
be changed, from being ubiquitously expressed in the leaf, to
being BSC-specific in C;-C, plants.

Structural variation can originate from the activity of mobile
genetic elements. In plants, transposable elements (TEs) com-
prise a large fraction of mobile genetic elements and contribute
substantially to genome size variation (Lee & Kim 2014) and
have substantial effects on the expression of genes (Hirsch &
Springer 2017). TEs can be divided into two classes (Wicker
et al. 2007) based on their transposition mechanisms: Class |
transposons proliferate via a “copy-and-paste” mechanism
involving an RNA intermediate, whereas Class II transposons
transpose directly via a “cut-and-paste” mechanism. Due to
their impact on structural variation, it has been frequently pro-
posed that TEs can play a part in genome evolution and the
evolution of novel genetic and phenotypic features (Wicker
et al. 2007; Feschotte 2008; Buchmann er al. 2012; Qiu &
Kohler 2020). Decades ago, Britten & Davidson (1971) put for-
ward the idea that co-option of mobile sequences containing
gene regulatory elements can connect genes to the same gene
regulatory networks. The co-option of TEs for regulatory pur-
poses is called “exaptation” (Brosius & Gould 1992). In the
present day, with the vast amount of genomic data available, a
deeper understanding of the role of transposable elements in
genetic regulation allows linking genomic mechanisms with the
evolution of complex traits.

TEs can rewire gene regulatory networks using different
modes of action and influence the interplay of regulatory pro-
teins (trans-elements) and the DNA sequences they are binding
to (cis-elements). One such mode of action is the exaptation of
a cis-regulatory element (CRE) from a separate gene (Fig. 1). If

gene
@ © @ ciselements
= TE

Fig. 1. Schematic illustration of gene regulation rewiring by TE exaptation. A: The hypothetical gene G1 is controlled by a cis-regulatory element (CRE, green
dot}. B: Gene G2 is requlated by a different CRE (orange dot) located within a TE (blue box}. Upon transposition of the TE to the upstream region of G1, G1
might co-opt the function of the orange CRE, thus connecting G1 and G2 to the same gene regulatory network. C: TE transposition can also lead to destruc-
tion or suppression of the CRE. D: During TE decay, new CREs (blue dot) might occur through accumulation of point mutations.
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the CRE inside a TE is copied from one gene and retained by
the other gene, both genes become controlled by a mutual CRE
and are thus connected by a shared gene regulatory network
(Fig. 1B). In contrast to this scenario, it is also possible that TE
integration into a CRE can suppress its function, either by
interrupting the CRE sequence or altering the chromatin state
of the respective CRE locus (Fig. 1C) (Feschotte 2008). A fur-
ther possibility is the de nove generation of new CRE by point
mutations in TEs (Fig. 1D). New CREs, e.g,, a 10-mer pro-
moter element, can arise by random point mutations between
700,000 and 4.8 million years (Behrens & Vingron 2010).

Several examples for the role of TEs in rewiring gene regula-
tory networks in plants have been reported. In rice, the mPing
DNA transposon was found preferentially in the 5' region and
was associated with the upregulation of stress response genes
(Naito et al. 2009). In Brassicaceae, the evolution of heat toler-
ance was linked to the activity of Copia retrotransposons con-
taining heat-shock factor binding elements (Pietzenuk
et al. 2016). Furthermore, TEs were also found to be associated
with endosperm development, e.g. the distribution of the
PHEREs] MADS-box transcription factor binding motifs by
Helitron transposons in A. thaliana (Batista et al. 2019). The
Youren miniature inverted-repeat TE (MITE } was shown to be
transcribed in rice endosperm, putatively mediated by a
NUCLEAR FACTOR Y binding motif in the vicinity of the 5’
terminal inverted repeat (TIR) of Youren (Nagata et al. 2022).

Previously, it has been shown that TEs play a significant role in
the evolution of C, photosynthesis in maize. For instance, by ana-
lysing 40 C, gene orthologs between rice and maize for the pres-
ence of BSC-specific promoter motifs, Cao et al. (2016) identified
over 1,000 promoter motifs that were differentia]ly distributed
between C; and C, orthologs, of which more than 60% were
found to be associated with TEs and potentially co-opted by TE
integration. These motifs may originate from non-photosynthetic
genes and transposed to Cj genes, which connected gene regula-
tory networks. The authors showed that TEs play a significant
role in the evolution of C, photosynthesis in maize. However, the
study of Cao et al. (2016) focused on evolutionary distant grasses,
which makes it difficult to draw conclusions about the early evo-
lutionary events towards C, photosynthesis.

In the present study, we test whether TE insertions are
involved in decisive steps of the evolutionary establishment of
C;-Cy intermediate photosynthesis. To do this, we focused
on the Brassicaceae family which exhibits at least five indepen-
dent origins of C;-C, intermediate photosynthesis (Schliiter
et al. 2022; Guerreiro et al. 2023) and contains multiple impor-
tant and well-studied model plant species such as A. thaliana,
Arabis alpina as well as relevant crop and vegetable plants such
as Brassica oleracea (cabbage) and Diplotaxis tenuifolia (arugula).

We performed a pan-genomic association study to analyse
the TE landscape of 15 Brassicaceae species. We tested for cor-
relations between TE positions and the presence of C,-C, inter-
mediate traits. Specifically, we tested for correlations between
the presence or absence of upstream co-occurring TEs with the
CO; compensation point. In this unbiased approach, we aimed
at finding genes that retained upstream TEs selectively only in
C;-C, intermediate plants. Based on the results of this analysis,
we examined the upstream regions of relevant photorespiratory
genes in closer detail to assess the potential role that TE inser-
tions have played during establishment of C;-C, photosynthe-
sis traits. In doing so, we present evidence that the insertion of

TEs in ds-regulatory regions of key genes is associated with the
evolution of C;-C, photosynthesis in the Brassicaceae.

MATERIAL AND METHODS
Genomes and carbon compensation points

The genomes of Brassica gravinae (Bg), B. tournefortii (Bt),
Carrichtera annua (Ca), Diplotaxis erucoides (De), D. tenuifolia
(Dt), D. viminea (Dv), Hirschfeldia incana (accessions HIR1
and HIR3), Moricandia nitens (Mn) and M. suffruticosa (Ms)
were obtained from Guerreiro et al. (2023). The genome of
Arabis alpina (Aa) was obtained from Jiao et al. (2017). The
genome of A. thaliana (At) was obtained from Lamesch
et al. (2012). The genome of Moricandia arvensis (Ma) and M.
moricandioides (Mm) were obtained from Lin et al. (2021). The
genome assembly for Brassica oleracea (Bo) was obtained from
Parkin et al (2014). The genome for Gynandropsis gynandra
(Gg) was obtained from Hoang et al. (2022). A full list of spe-
cies names and accession number and sources can be found in
Table S1. Gas exchange data were obtained from Schliiter
et al. (2022). The phylogenetic tree of all studied species was
obtained from Guerreiro et al. (2023).

Gene annotation

Consistent structural gene annotations were generated for each
species using Helixer (Holst et al. 2023) with the hybrid convo-
lutional and bidirectional long-short term memory model,
HybridModel, specifically the trained instance of land_-
plant_v0.3_m_0100 with default parameters.

Annotation of transposable elements

The TEs were de nove annotated using EDTA 19.9 (Ou
et al. 2019) using the -anno 1 and -sensitive 1 flags. For the cal-
culation of genomic composition (Figs 2 and 3), intact and
fragmented TEs were used. To reduce the influence of false-
positive hits, the pan-genomic gene-TE association study was
performed for intact TEs only. The long terminal repeats
(LTR) insertion time was calculated using

1—LTRidentity
2xp

Tinsertion =

assuming a neutral mutation rate of p=1.4x 107" substitu-
tions per site per year (Cai et al. 2018). The LTR identity was
calculated as fraction of conserved base pairs of the aligned
LTRs from the identified LTR elements:

Number of conserved bp
Number of total bp

LTR identity =

Analysis of differential transposable element insertion

All downstream analyses were performed using Python 3.6
incduding pandas 1.2.4, numpy 1.20.1, matplotlib 3.4.1, scikit-
learn 0.24.1, scipy 1.6.2 and statsmodels 0.12.2. All raw data and
analyses are available in an Annotated Research Context (ARC)
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Fig. 2. Phylogeny and genomic composition of 15 selected Brassicaceae species and the Cleomaceae cutgroup. C3-C, intermediate species are highlighted in
green, the C4 outgroup Gynandropsis gynandra is highlighted in red. TE-related nuclectides are defined as spanning intact and fragmented transposon.
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hAT TIR transposond & °
Mutator TIR transposon A '_:;_ *
PIF Harhinger TIR transposon { i,
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Copia LTR retrotransposon 4 e — :
Gypsy LTR retrotransposon A & e
0 5 10 15 20

percentage of genome spanned by TEs

Fig. 3. Boxplot indicating the percentage of the genome comprised by each class of intact and fragmented TEs in eight C5 and six C3-C, intermediate species.
The y-axis shows the TE classes, the x-axis indicates the fraction of the genome made up by the respective TE class. Black boxes depict C5 species and green

boxes depict C3-C, intermediate species.

format under https://git.nfdidplants.org/setril00/triesch2023_
brassicaceae_transposons. A schematic workflow can be found
in Supplementary Figure S1. The annotation files for genes and
intact TEs were compared for each spedes. TEs were considered
co-occurring with genes if their position matched one of the five
cases described in Fig. 5. CoGe SynMap (https://genomevolution.
org/ coge/SynMap.pl) was used to identify orthologs and paralogs
between the set of species. Each syntenic gene model was func-
tionally annotated using Mercator 4.0 (Schwacke et al. 2019).

For each obtained syntelog, the effect of the presence or
absence of an upstream TE on CCP was assessed using a phylo-
genetic implementation of the one-way anova which accounts
for the non-independence between species on the phylogenetic
tree. For this purpose, phylogenetic ANOVAs were performed
in the R environment using the phylANOVA function in the

phytools 1.0.3 package (Revell 2012) using 1000 simulations
and integrated post-hoc comparisons to evaluate differences
between means.

Enrichment of Mercator bins for genes with correlating
upstream TEs was calculated using Fisher’s exact test. The iden-
tities of TEs in the GLDPI promoter were validated using the
CENSOR webtool (Kohany et al. 2006).

RESULTS
The TE landscape of C; and C3-C4 Brassicaceae species

To screen for genomic features of potential relevance to the
evolution of the C;-C; photosynthesis trait, we conducted a
pan-genomic association study of eight C; Brassicaceae species,
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seven C;-C, intermediate Brassicaceae species from five inde-
pendent origins, and one C, Cleomaceae as an outgroup spe-
cies for tree building. The five independent origins of C5-C,
intermediate photosynthesis can be found in the Moricandia
arvensis, M. nitens, and M. suﬁ?uricasa. monophylum, as well as
in Diplotaxis erucoides, D. renuiﬁ:lia, Brassica gravinae, and
Hirschfeldia incana HIR3 (Fig. 2) (Schliiter & Weber 2016;
Schltiter ef al. 2022; Guerreiro et al. 2023).

The species panel exhibits genome sizes ranging from 120
Mbp in A. thaliana to 677 Mbp in M. arvensis. We found no
significant difference in genome size between species exhibiting
either the C; or C5-C, intermediate photosynthesis phenotype
(Fig. 2; one-way anova P> 0.05). We next de nove annotated
TEs using the EDTA pipeline (Ou et al 2019). Overall, the
annotated fragmented and intact transposons made up
between 18% of the genome in A. thaliana and 75% in M.
arvensis. We observed differences in genome size and TE con-
tent also in closely related species, between M. arvensis and M.
moricandioides and between B. gravinae and D. viminea. Fur-
thermore, we observed that differences in genome size are
mainly due to the different TE content.

Class I type retrotransposons represented the majority of
identified TEs across both C; and Cs5-C, species (Fig. 3). For
instance, across all analysed genomes, between 60% and 68%
of all annotated TEs were Class [ retrotransposons. [n contrast,
the proportion of TE classes in the genomes varied greatly
across species (Fig. 3, Table 52).

The TE Class II was dominated by TEs from the Helitron
group, making up between 5% and 20% of the genome
(Fig. 3). The percentage of the genome made up of TEs from
the different classes varied between the photosynthesis types,
with a significantly higher amount of TEs in C;-C, genomes
(two-way anova, P=0.013).

To analyse recent increases of TE activity and their potential
roles in the evolution of C5-C, intermediate photosynthesis, we
determined the insertion times of long terminal repeat (LTR)

transposons (Fig. 4, Table 53). LTR retriever, which is the LTR
annotation tool of the EDTA pipeline, detected LTR transpo-
sons to a threshold for repeat identity of 91%. Assuming a neu-
tral mutation rate of p= 1.4 x 107" substitutions per site per
year (Cai et al. 2018), LTR insertion times could thus be dated
to a maximum of 4 million years ago. In general, both C; and
C;-C, intermediate species revealed the same broad pattern of
LTR bursts. Specifically, in both groups, there was an increased
frequency for LTR-TEs younger than 2 million years. However,
the increase was more pronounced for C3-Cy intermediate spe-
cies, largely on account of the high number of young LTR-TEs
in M. arvensis. Statistical analysis revealed a significant correla-
tion between the age distribution of LTR-transposons and the
photosynthesis phenotype (two-way anova, P =0.033).

Upstream TEs are prevalent in C; and C;-C; intermediate
genomes

To better understand whether the high abundance of TEs in
C;5-C, species was global or associated with specific genes, we
next analysed the differential co-occurrence of TEs with pro-
tein coding genes. Co-occurrent TEs were defined as follows
(Fig. 5): (I) the TE starts or ends in a 3,000bp window
upstream of the gene (upstream), (1I) the TE starts or ends in a
3,000 bp window downstream of the gene (downstream), (III)
the TE is residing within an exon or intron of the gene (inside),
(IV) the TE starts but only partially resides in the gene (start),
or (V) the TE ends but only partially resides in the gene (end).
Genes with TEs within the gene model (I1I) and overlapping
TEs (IV and V) might have broken coding sequences and may
result from imprecise annotations. Across the selected 11
species, 55,148 TEs were identified to be co-occurring with a
protein coding gene in at least one species, whereas 21,643 co-
occurring TEs belonged to C; and 28,379 co-occurring TEs
belonged to C5-C, species. In both C; and C5-C, intermediate
species, over 50% of the TEs co-occurring with genes were

e . C
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=
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Fig. 4. Boxplot of LTR-TE insertion times for eight C5 and six C5-C,4 intermediate species. The x-axis shows the insertion time in bins of 1 million years before
today (Mya). The y-axis depicts the number of identified LTR-TEs calculated to be inserted within this time frame. Calculation was performed using the LTR sim-
ilarity of each LTR-TE and a neutral mutation rate of 1.4 x 10~ substitutions per site per year. Black boxes represent C3 species, green boxes represent C3-Caq

species.
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Fig. 5. Left panel: Different contexts of TEs co-occurring with genes. Right panel: Bar charts indicating the fractions of TE co-occurring with genes within five
contexts: starting or ending in a gene (start/end), residing within a gene (inside) or residing within a 3000 bp window upstream or downstream the gene.

located up- or downstream of the gene (Fig. 5). Analysing
potentially exaptated CREs, we focused on the up to 3000 bp 5
region of the gene. To compare differential TE insertions
between the analysed species, we obtained syntenic gene infor-
mation for CoGe SynMap. For each of these syntenic gene
models, one-way anova was employed, correlating the presence
or absence of a co-occurring upstream TE with the CCP of the
respective species. After correcting the P-values for the phylo-
genetic bias, we identified 113 genes where the co-occurrence
of one of the gene with an upstream TE correlated with the
CCP (P<0.05; Table 1, Table S4). Among the top ten genes
(ranked by statistical confidence) were genes involved in pho-
torespiration, such as the genes encoding the T- and P-
subprotein of the glycine decarboxylase complex (Fig. 6A).
Strikingly, the C;-C, intermediate orthologs of these genes
exhibited upstream TEs, whereas the C; orthologs lacked
upstream TEs. Thus, during the evolution of C5-C,, there was a
“gain” in upstream TEs in genes that function in photorespira-
tion (Fig. 6A). In the subset of genes which exhibit an associa-
tion between the presence of an upstream TE and the plant
CCP, two photorespiratory genes occurred (GLDP, GLDT). To
quantify putative enrichment of certain gene ontologies, each
gene was functionally annotated with a Mercator bin. Statistical
enrichment analysis using Fisher’s exact test revealed that the
Mercator bin “Photosynthesis.Photorespiration” (P = 0.002907)

Table 1. Selected subset of ten genes with upstream TEs with the lowest
P-values for their assodiation with the CCP.

was enriched in the set of genes that co-occur with upstream
transposons (Table 2). The occurrence of this Mercator bin was
increased 38-fold over the background, which is higher than for
any other analysed Mercator bin (Table 2).

The GLDP1 upstream region shows independent TE
insertions in C;-C, intermediate genomes

As GLDP was the gene model with the strongest association
between the presence of upstream TEs and CCP, and it is
known that the differential expression of GLDP contributes to
the establishment of the photorespiratory glycine shuttle
(Monson & Edwards 1984; Rawsthorne et al. 1988; Schulze
et al. 2013), we selected this gene for further analysis. Several
studies about the underlying regulatory genetics of GLDP
expression have been conducted before (Adwy ef al. 2015,
2019; Schulze er al. 2016; Dickinson et al. 2020). Only one
GLDP gene copy is present in species from the Brassiceae tribe
that contains all known C;-C, intermediate species of the Bras-
sicaceae (Schliiter ef al. 2017). In contrast, the other two photo-
respiratory genes with correlating upstream TEs (Table 1,
Fig. 6A) are found in higher copy numbers, which complicates
a detailed genetic analysis.

We found three independent TE insertions in the promoter
of C5-C, intermediate GLDPI orthologs. In Diplotaxis tenuifo-
lia a Mutator TE starts at 1970 bp upstream of the GLDPI start
codon. In Hirschfeldia incana HIR3 a TE of the Helitron class is
located around 2240 bp upstream. In orthologs from the
monophyletic dade Moricandia arvensis, M. nitens and M. suf-
fruticosa a MITE DNA transposon was detected, starting

AGI locus
gene name code Povalue 1950 bp upstream of the GLDPI start codon. We calculated the
: : minimum timespan since the MITE insertion by pairwise mul-
Glycine dehydrogenase component P-protein of ATAG33010  0.001 tiple sequence alignments of the MITE in the three Moricandia
glycine cleavage system GLDP1 promoters using the neutral mutation rate formula
Negative on TATA-less (NOT2) ATSGH0710  0.004 that was also employed for the calculation of LTR ages. We
Regulatory protein ALZ of SnRK1 complex AT3GA9120 0004 found that the GLDPI promoter MITE was at least 6.5 million
Pectate lyase AT5G63180 0.005 years old
MATE efflux family protein AT2G38510 - 0.005 All three independent TE insertions are located around
CYCLUN D-type regulatory protein ATAG34160 0.005 iperais :
: 100 bp downstream of the M-Box promoter motif. This motif
Regulatory protein ALZ of SnRK1 complex ATS5G47060 0.005 A for MC . (Ad
Phosphochaline phosphatase (PS2/FECP1) ATIG17710  0.007 was Ip‘;"}‘;’“s Jypothesic °f ‘E“ Ll er e"p‘f}is"i';" GLD‘E
PLATZ transcription factor family protein AT3G50808 0.007 et ar. ) .smce truncau.or} of the motif Irom the A
U-box domain-containing E3 ubiquitin ligase ATaG25160 0007 ~ Promoter shifted GUS activity from the whole leaf apex to the
veins. Furthermore, the M-Box was reported to be lost in
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Fig. 6. A: Scatter plot for two photorespiratory genes with significant co-associated upstream TEs. The y-axis indicates the presence of an upstream TE (yes/
no), the x-axis shows the carbon compensation point. Abbreviations: GLDOP/GLDT: P/T-protein of the GLYCINE DECARBOXY LASE COMPLEX B: Scatter plot for
the different architectures of the GLDPT promoter. The y-axis indicates the distance between the conserved M-Box sequence and the GLOPT start site. Each
dot represents a species. C; species are shown in green, C3-C, intermediate species are shown in black. Species name abbreviations: At: Arabidopsis thafiana,
Bg: Brassica gravinae, Bo: Brassica oleracea, Bt Brassica tournefortii, Ca: Carrichtera annua, De: Diplotaxis erucoides, Dt: Diplotaxis tenuifolia, Dv: Diplotaxis
viminea, HIR1: Hirschfeldia incana HIR1, HIR3: Hirschfeldia incana HIR3, Ma: Moricandia arvensis, Mm: Moricandia moricandioides, Mn: Moricandia nitens, Ms:

Moricandia suffruticosa.

Table 2. Results from two-sided Fisher's exact test for the enrichment of
Mercator bins within the set of genes with significant upstream
transposons.

genes genes
with with odds
Mercator bin F=005 P<005 Pvalue ratio
Photosynthesis.Photorespiration 3 2 0.002907 382
Multi-process 9 2 0.014932 127
regulation.SnRK1-kinase
regulation
Cell wall organization.cell wall 32 3 0.022505 54
proteins
Solute transport.channels 45 3 0.050587 3.8

C;-C, intermediate Moricandia species (Adwy et al. 2019).
However, upon closer inspection, we found a highly conserved
M-Box motif in all Brassicaceae genomes analysed here. Nota-
bly, the M-Box was shifted upstream due to the TE insertion in
C;5-C, species, with the exception of D. erucoides (Figs 6B and
7, Table S5). In Brassica gravinae, the EDTA pipeline did not
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annotate an upstream transposon. However, we found a large
insertion of unknown origin in the B. gravinae GLDPI pro-
moter. This insertion is larger than the three reported TE cases
but could be found in a similar position compared to the other
GLDPI promoter insertions of TE origin (Fig. 7). In the
GLDP1 promoter of C;-C, intermediate species D. erucoides no
insertion could be found.

From five analysed C5-C, GLDP1 promoters, we found a
large insertion behind the conserved M-Box in four cases
(monophyletic C;-C, intermediate Moricandia clade, Diplotaxis
tenuifolia, Brassica gravinae and Hirschfeldia incana HIR3;
Fig. 6B). Out of these four cases where the insertions occurred,
we found evidence for the sequence being a TE in three cases
(Fig. 7).

DISCUSSION

Individual TE insertions, not global TE patterns, are
associated with C3-C, intermediate photosynthesis

Evolution of new complex traits such as C3-Cy
photosynthesis and C, photosynthesis requires the differential
regulation of multiple genes. This includes differential gene

Pant Biology 26 {2024) 270-281 © 2024 The Authors. Aant Biology published by John Wiley & Sons Ltd on behalf of German Society for Flant Sciences,
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Fig. 7. Schematic representation of the GLDP! promoter region. “ATG..." depics the start site of the GLDPI gene. Dark grey boxes represent characteristic
TE sites such as target site duplications or the Helitron insertion sites. Grey arrows depict terminal inverted repeat motifs. The M-Box motif is highlighted as a
green circle. In Cs species such as Arabidopsis thaliana no TE is annotated in the promoter sequence, leading to a low spacing between the M-Box and the
GLDP1 start site (A). In the C5-C, intermediate Moricandia species, a MITE TE begins around 1950 bp upstream of the GLDP1 start codon (B). In Diplotaxis
tenuifolia, a Mutator TE begins 1970 bp upstream (C). In Hirschfeldia incana HIR3 a Hefitron with a highly conserved hairpin loop structure is inserted around
2240 bp upstream (D). Although being a C5-C, intermediate species, the Diplotaxis erucoides GLDP1 promoter did not have an insertion behind the M-Box.
(E). In Brassica gravinae a large insertion of unknown origin could be found behind the M-Box region (F).

expression across both MSC and BSC tissue as well as the
installation of light-responsiveness for genes of the core metab-
olism (reviewed in Hibberd & Covshoff (2010)). In many cases,
the evolution of differential gene regulation takes place in pro-
moter sequences, either by introduction or suppression of
cis-elements.

A few cis-elements for MC specificity have been previously
found, including the MEM1 motif from the Flaveria trinervia
phosphoenolpyruvate carboxylase gene (Gowik et al. 2017) as
well as the M-Box sequence in Brassicaceae (Adwy et al. 2015;
Dickinson et al. 2020).

TEs have the potential to deliver or suppress cis-elements
upon their insertion in a target promoter. TEs can generate
antisense transcription, interrupt or generate heterochromatic

Pant Biology 26 (2024) 270-281 @ 2024 The Authors. Aant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences,
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regions, or serve as raw material for the de novo evolution of
new cis-elements (reviewed in Feschotte (2008)). The role
of TEs in the evolution of C, photosynthesis is only just start-
ing to being uncovered. The present study comprises the first
pan-genomic association analysis to assess the importance of
TEs in the evolution of C;-C, intermediacy. Specifically, to do
this, we analysed the role of differential TE landscapes in 15
Brassicaceae species. First, we investigated whether genome size
and TE content correlate with the presence of the C;-C, photo-
synthesis phenotype. Across our species panel a varety of
genome sizes is present (Fig. 2}, but we could detect no correla-
tion between genome size and the presence of the photosynthe-
sis trait. However, it is possible that different levels of
heterozygosity in the sequenced species may confound these
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results and genome size estimations have to be handled
with care.

Within the Brassicaceae family species exhibiting C;-C,
intermediate traits can only be found in the Brassiceae tribe.
Notably, species from this tribe seem to have undergone recent
polyploidization events (Walden et al. 2020) and exhibit larger
genome sizes than species from neighbouring tribes (Lysak
et al. 2009).

Next, we analysed the proportion of TEs across individual
genomes. Our estimation of TE proportions is consistent with
previously analysed Brassicaceae genomes (Mirouze &
Vitte 2014; Liu et al. 2020) and the Gynandropsis gynandra
genome (Hoang ef al. 2022). While genome size and TE con-
tent vary between species, we found a significant correlation
between the photosynthesis phenotype and the proportion of
the genome occupied by TEs in the respective species. More-
over, we found a recent burst in LTR-TE activity that is consis-
tent with other studies (e.g., Cai et al. 2018). The recent sharp
increase in LTR-TE bursts in C5-C, species comes mainly from
Moricandia arvensis and might rather be due to high heterozy-
gosity of LTR-containing genomic regions (Fig. 4). Although
we found a significant correlation between LTR content and
age with the Cs-C, intermediate phenotype, we cannot ulti-
mately conclude that LTR transposon bursts contributed to the
evolution of the C5-C, intermediacy. OQur LTR age analysis is
limited to an LTR age of 4 million years. Given the estimated
divergence time of 2—11 million years for C; and C;-C, inter-
mediate Moricandia species (Arias et al. 2014), our analysis of
LTR insertion times will miss the contribution of older LTRs to
the evolution of C;-C, intermediate traits. Furthermore, based
on sequence identity between the C3-Cy intermediate Morican-
dia GLDPI promoters, we estimate the age of the MITE in the
Moricandia GLDPI promoter to be at least 6.5 million years.
This also falls within the proposed divergence time C; and C;-
C, intermediate Moricandia species of 2-11 million years (Arias
et al. 2014). Thus, changes in TE content occurred concomitant
with the evolution of Cs5-C, intermediate photosynthesis and
occurred in genes whose expression is required to change for
operation of a C;-C, cycle.

In the descriptive whole-genome view, we observed correla-
tions between TE content and age and the C;-C; intermediate
phenotype. Yet, however, there is an individual TE pattern even
in closely related lines (Fig. 2). We therefore conclude that the
role of TE activity may have an influence on C;-C, evolution,
but not necessarily via means of general TE activity (TE out-
bursts or TE purging) but rather via selective TE insertions to
relevant genes or upstream regions. To analyse this, we
employed a pan-genomic de novo transposon—gene association
study, where we correlated the co-occurrence of TEs with genes
to the presence of a C;-C, intermediate phenotype.

In both C; and C;-C, intermediate species, more than 50%
of the analysed co-occurring TEs were upstream or down-
stream of the respective co-occurring gene or spanning the
gene. This is biologically plausible, as TEs crossing gene borders
may disturb gene function and intergenic regions can harbour
transposable elements (Buchmann et al. 2012). Nevertheless,
we found over 30% of the transposons crossing the borders of
annotated genes. We assume that this was due to imprecise
annotations by the TE identification pipeline.

Differential gene regulation mediated by variaton in
upstream regions was shown to be a driver of C, trait evolution

in multiple, well documented cases (Wiludda et al. 2012; Adwy
et al. 2015; Williams ef al. 2015; Gowik et al. 2017). Our analy-
sis revealed 113 genes with an upstream TE that correlates with
the presence of a C;-C, intermediate phenotype (Fig. 7;
P < 0.05). Enrichment analysis of Mercator bins for this set of
genes revealed an enrichment of the codes “Multi-process regu-
lation.sucrose non-fermenting-related kinase (SnRK1) regula-
tion” and “Photosynthesis.Photorespiration”. SnRK1 was
shown to act as a central regulator of starvation metabolism
that mediates energy homeostasis between organelles (Wurzin-
ger et al. 2018). During nutrient starvation, SnRK1 subcom-
plexes were found to regulate the differential expression of over
600 target genes (Baena-Gonzdlez et al. 2007). Strikingly, ultra-
structural adjustments and re-localization of the GDC P-
protein to the BSC were demonstrated as a result of nitrogen
starvation in the C;-C, intermediate species Chenopodium
album (Oono et al. 2022).

There is a clear bias of TE retention upstream of photore-
spiratory and SnRKI-regulatory genes in Cs-C, intermediate
species, although with a small effect size (two out of five genes
with P < 0.05 for “Photosynthesis. Photorespiration”; two out
of 11 genes with P < 0.05 for “Multi-process regulation.SnRK1
regulation”; see Table 2).

We suggest that TE retention upstream of these genes has
functional consequences, such as differential gene expression,
putatively due to the co-option of new, or suppression of exist-
ing, cis-elements. Strikingly, the set of genes that are signifi-
cantly enriched for the presence of TEs in the upstream region
contains multiple genes involved in photorespiration, such as
those encoding the T- and P- proteins of the glycine decarbox-
ylase complex (GLDT/GLDP). The modification of photorespi-
ration is an important step towards the establishment of the
glycine shuttle. The enrichment of TE insertions upstream of
photorespiratory genes in C;-C, intermediates is a potential
hint that TEs play a significant role in the introduction of the
glycine shuttle.

The TE insertions in the GLDPI upstream region are highly
convergent drivers of bundle-sheath cell specificity

The GLDP gene is a well-characterized example for differential
gene expression at the early stages of C;-C, evolution across
multiple plant lineages (Schulze et al. 2013; Schliiter &
Weber 2016). In the Brassiceae tribe, the GLDP2 copy was lost
(Schliiter et al. 2017). Additionally, GLDPI was reported to be
differentially expressed between C; and C;-C; intermediate
Moricandia species (Hylton et al. 1988). In A, thaliana, GUS
activity was restricted to the BSC by truncating the GLDPI pro-
moter in the position of the M-Box, a promaoter element ca.
800 bp upstream of the AtGLDPI gene start site. It was hypoth-
esized that the M-Box confers MC expression, whereas expres-
sion in BSC is controlled by a MYC-MYB transcription factor
binding module (Dickinson et al 2023). Promoter-GUS
fusions showed that the GLDPI promoter of the C; species M.
moricandioides conferred GUS expression to both MC and
BSC, whereas the GLDPI promoter of the C;-C, intermediate
species M. arvensis restricted GUS expression to the BSC (Adwy
etal. 2019).

Adwy et al. (2019) explain the establishment of the glycine
shuttle in Moricandia by the loss of the M-Box in C;-C, inter-
mediate Moricandia species. However, in contrast to this, we
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found the M-Box sequence in all our analysed GLDPI pro-
moter variants, although this motif was shifted by over 1000 bp
further upstream by the insertion of three independent TEs
in the promoters in three independent evolutionary origins of
C5-Cy intermediate photosynthesis, and by an insertion
of unknown provenance in a fourth independent origin. This
shift may have led to the M-Box being overlooked in previous
studies.

Based on the findings of Adwy et al. (2019), we conclude
that not the loss of the M-Box, but rather the upstream shift of
the element by insertion of a TE has led to the differential
tissue-specific expression of the GLDPI gene. The upstream
shift of the M-Box was mediated by three independent
TE insertions in lines with independent evolutionary origins of
C5-C, photosynthesis. This hints at a remarkable convergent
evolutionary genetic mechanism in C;-C; evolution. We sug-
gest that the loss of GLDP2 paved the way for neofunctionaliza-
tion of the GLDPI copy in the Brassiceae tribe, the omnly
Brassicaceae tribe containing Cs-C, intermediate species. This
was mediated by the insertion of a TE in the promoter, sup-
pressing the M-Box element and shifting GLDP! expression. It
is questionable whether the TE insertion took place before or
after the preconditioning of C5-C, photosynthesis by anatomi-
cal adaptations, such as higher vein density and the distinct leaf
anatomy. Hypothetically, limited expression of GLDPI in the
MC may have been deleterious without further adaptations,
which could have prevented the TE retention in the promoter.
In D. erucoides we do not find a transposon in the GLDP! pro-
moter region. The spacing of the M-Box to the GLDPI
start codon is in the range of C5 plants (Fig. 6B). However,
D. erucoides shows Cs-C, intermediate phenotypes (Schliiter
et al. 2017; Lundgren 2020). We assume that, being an inde-
pendent evolutionary origin of C;-C, intermediate photosyn-
thesis, D. erucoides either shifted GLDPI expression to the BSC
by different means or, alternatively, that there must be other
additional regulators in the GLDPI promoter beyond our
transposon-M-Box model. Contrasting the well-studied GDC
activity and localization in Moricandia species, there are
no data on the D. erucoides GDC biochemistry and
genetics. Therefore, we cannot rule out that the glycine shuttle
in D. erucoides is mediated by a different GDC regulation com-
pared to the other C;-C, intermediate species, such as the dif-
ferential activity of the GDC T-, L-, or H- proteins.

By adopting a whole-genome view of TE density and gene—
TE associations, our study highlights the potential importance
of TE insertions in contributing to the convergent evolution of
C5-C, intermediacy. Differential GLDP expression is one of the
most important innovations that occurs and facilitates
the establishment of the glycine shuttle. The novel genetic
mechanism of differential GLDPI regulation by a TE-mediated
insertion causing an upstream shift of the M-Box must be veri-
fied in experimental work. The lack of efficient transformation
protocols represents a significant impediment to functional
genetics studies in non-model plants. Thus far, the successful
transformation of any plant within our Brassicaceae species
panel, apart from A. thaliana, has proven elusive, thereby pre-
cluding genomic engineering in C;-C, intermediate Brassica-
ceae. The validation of the impact of TEs, for example on
GLDPI expression in planta, hinges on the future accessibility
of these spedes to genetic transformation. These experiments
may necessitate the alteration of TE types or manipulating

the positioning of CREs in upstream regions. For example,
using a CRISPR-associated genomic engineering technique, TE
insertions in upstream regions could be changed to different
TE types, elongated, shortened or even relocated to down-
stream or intronic positions. Studying the influence of TEs on
regulatory upstream regions via promoter—reporter studies can
be conducted using transgenic A. thaliana lines. Nonetheless, it
is imperative to consider that, due to their involvement in epi-
genetic regulation, particularly as hotspots for cytosine methyl-
ation, transgenic TEs may behave distinctly in transgenic A.
thaliana when compared to their behaviour in their native host
plant. Studying those genetic mechanisms of gene regulation in
C;-C, intermediate species will pave the way for a better under-
standing of the C, trait and facilitate genetic engineering
efforts.
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Figure S1. Flow chart depicting the computational workflow
for the pan-genomic transposon-gene association study. File
names highlighted in blue refer to scripts under https://git.
nfdidplants.org/hhu-plant-biochemistry/triesch2023 brassicaceae
transposons/-/tree/main/workflows. A: The extensive de-novo TE
annotator (EDTA) software was used to annotate transposons in
the selected genome sequences. EDTA distinguishes between
intact and fragmented transposable elements (TEs). For the corre-
lation of TEs and genes, only the intact TEs were used. Hlustrated
is one example TE (blue box) on a hypothetical contig at position
10002000 on the contig. Helixer was used to generate structural
gene annotations. Depicted is one example gene (brown boxes)
on a hypothetical contig at position 2500-5000 on the contig. B:
Using a custom python script, the.gff3 files, containing the TE and
gene annotations were compared and TE-gene associations as
depicted in Fig. 5 were searched. In the example, the TE (blue
box) resides up to 500 bp upstream of the example gene (brown

box) and would thus be considered an upstream TE. C: For each
genome, lists containing genes with TEs from the categories pre-
sented in Fig. 5 were created. The example from B would thus be
appended to a list with genes that are associated with upstream
TEs. Mercator was used to assign a functional annotation (Merca-
tor bin) to all genes. Steps A—C were repeated for each genome. D:
From the lists of genes with assodiated TEs per genome, a matrix
was created where for each gene and species, the association of a
gene with a TE was correlated with the carbon compensation
point (CCP) of the species. These associations were tested using
one-way aNova and resulting P-values were corrected for phyloge-
netic bias. Thus, a corrected P-value was assigned to each gene
that indicated, whether there was a correlation of an associated TE
with the CCP. E: From the P-values per gene, an arbitrary thresh-
old of P < 0.05 was applied to divide the dataset. Fisher’s test was
used to quantify enrichment of Mercator bins within genes with
P < 0.05.
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Discussion

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 Cs3-Cs4 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 Cs;-Cy4 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 (Simao 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-Cs4
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 HIR 1
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 (Gabaldén & 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 Araportl1.

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 C; and Cs 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 Cs3-Cs
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-Csevolution within the Brassiceae tribe, suggesting that the transition towards
C3-Cs4 intermediacy has occurred independently five times. This revelation, identifying an
additional origin than previously recognized, paints a more complex picture of C3-Cy4
photosynthesis in the tribe. It does not yet confirm or disprove the hypothesis that the C, 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-Cs is merely the result of hybridization with Cs4 species, as there are
no known Cs 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 Cs exist (Schliiter & Weber, 2016), and
some lineages would rather benefit from genetic mechanisms extracted from closely related Cs-
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 Schliiter et al. (2023) provide a robust

framework to underline the nuances of C3—Cs intermediate photosynthesis in Brassicaceae. The
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clinal variation of CCP values (Schliiter et al., 2023, Fig. 1) confirms that not all C3—Cs4 species
are the same, and they probably have varying degrees of derivations from the primitive Cj state.
Despite variation, evidence points to no Brassicaceae species as having more advanced Cs-like
characteristics, as shown by the low abundance of phosphoenolpyruvate carboxylase (PEPC)
and typical Cs metabolites a-ketoglutarate, pyruvate and a-alanin (Schliiter et al., 2023, Fig.
7G-I and Fig. 8C). Additionally, all C3-C4 plants here are more similar to C3 than Cs4 in vein
density, BS cross-section area, as well as in having significant portions of BS cells with
organelles oriented towards the mesophyll (Schliiter 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; Schliiter et al., 2016), it seems like all these
Brassicacaeae lineages have developed a C; 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-Cy4

The one defining feature common across all C3-Cj plants in this study was enhanced organelle
accumulation in BS cells on the side adjacent to the central vein (Schliiter et al., 2023, Fig. 8E).
This is called centripetal accumulation and is here corroborated as a basal C3;-Cy 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-Cs (Rawsthorne et al., 1988a, b; Rylott et al., 1998; Schulze et al., 2016). Furthermore,
chloroplasts are where RuBisCO is located, which captures CO; 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 CO; back to the mesophyll through dispersion, increasing the efficiency of the carbon capture
mechanism (Khoshravesh et al., 2016; Schliiter et al., 2023). This pattern of organelle
accumulation had previously been reported for interspecific hybrids of C; and C3-Ca, being
estimated to be genetically encoded (Ueno et al., 2003). However, Schliiter 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 CHUPI, 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 Cs-
C4, it may not be essential in all plant families, as it does not seem to affect CCP values in Cs-
C4 Amaranthaceae (Oono et al., 2022). Other quantified anatomical features in Schliiter 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

Schliiter et al. (2023) reports carbon assimilation rate and water use efficiency of C3-Cy
Brassicaceae to be at the same level as in C; 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 C, carbon shuttle (Sage et
al., 2014). Though it seems here like C3-C4 has little water use advantage over C; 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 Cs-Ca.

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 Cs4
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-Cs photosynthesis is
potentially fitter than Cs or C4 photosynthesis is relatively small. Despite this, C3-Cs
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-Cs species due to a lower efficiency of nitrogen
use than Cs species (Ghannoum et al., 2009, 2011). But environments where chilling can
happen drastically reduce the advantages of Cs (Pignon et al., 2019). Additionally, low light
intensity or light variability via shading from other plants has been reported to undercut Cy4
efficiency (Sage & McKown, 2006; Pignon et al., 2017; Bellasio & Farquhar, 2019). The idea
that the C» 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

Schliiter 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; Schliiter et al., 2017; Pinheiro et al., 2023), the work of this thesis only confirmed
glycine and serine as universal C3—C4 metabolites in Brassicaceae (Schliiter et al., 2023, Fig.
6D). High glycine concentrations are evidence of the established C> 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—Cs species, not being present in
C4G. gynandra (Schliiter 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 (Schliiter 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 (Schliiter et al., 2023, Fig.
7). M. arvensis utilizes a combination of glutamate and aspartate (Schliiter et al., 2023, Fig. 7).

Of note, previous research had pointed M. arvensis as not having significant levels of aspartate
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(Schliiter 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 (Schliiter 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-Cs 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 a-alanine, predicted by
Mallmann et al. (2014) to form a Cs-like shuttle were not highly present in any of surveyed Cs-
C4 species (Schliiter et al., 2023, Fig. 7), reinforcing the idea that evolution did not go further
than the C; shuttle in this family, multiple times. Walsh et al. (2023) argues against the nitrogen
imbalance hypothesis, proposing advantages of C; in fluctuating environments due to stress
resilience through a secondary open flux carbon cycle and photorespiration pathways. Because
most of photorespiratory cycle in Cs 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 (Schliiter et al., 2023, Fig. 7) which could potentially be specific

adaptations to different environmental conditions.

Having primary metabolite candidates for Cs-Ca 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 Cs—Cs leaf tissue to recycle
ammonia released during carbon transport to bundle sheath cells (Mallmann et al., 2014).
Research on Cy4 plants has even shown that high aminotransferases expression happens on the
BS cells and not mesophyll (Doring et al., 2016; Schliiter et al., 2018), but enzyme localization
research on C3—C4 has mostly been limited to GLC protein complex (Schliiter & Weber, 2020;

Oono et al., 2022). Recently, a study identified more transcript expression for aspartate
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aminotransferase (4spAT), as well as dicarboxylate transporter 2 (Di72) and
phosphoenolpyruvate/phosphate translocator (PPT) in M. suffruticosa than in Cs; 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 (Schliiter 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 (Schliiter
& 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 Cs rice and Cs 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-Cy
evolution, namely the institution of the glycine carbon (C>) 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-Cy
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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-Cs4 species (Triesch et al., 2023). Thus, all studied Cs-
C4 species, except for D. erucoides, have an M-box promoter which exists at a higher distance
to the GLDP gene than the Cs 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-Cs
evolution, as they are significantly more pronounced in C3-Cs species than in Cs 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 C; crops (Triesch et al., 2023).
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Future avenues for C3-Cy4 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
(Schliiter & 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 Cs parent and using genomic markers to distinguish whether offspring inherited the
Cs or Cs-Cs 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 Cs-Ca intermediate species (Schliiter 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 Cs-Cs4 status (Taylor et al., 2023; Hoang et al.,
2024). Based on its’ CCP values (Schliiter 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 C: 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 N1J 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-Csresearch 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 (Schliiter et
al., 2023, Fig. 1). Allele specific expression analysis on inter-specific hybrids from C; and Cs-
C4 parents had already identified cis-regulatory differences in Moricandia in GLDPI 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 Cs or C3-Cs4 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 (Schliiter & Weber, 2016). Those regions can then be further scrutinized for key
genomic determinants of the Cs-Cs 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 Cs4
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 Cs: 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 (¢):

y=a+ (XiB,+Zb;) + €

Where o is a fixed intercept, and f; and b; 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, PC/ and

PC2, multiplied by corresponding coefficient vectors U; and u; :

y=o+Xpi+ PCiU;+ PCou; + Zb; + €

Scripts for achieving this were developed in the course of this thesis and are published in a
public github repository (https://github.com/Viriatoll/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
GLDP] 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 Cs trait, but also did not have any impact on plant growth,
photosynthetic rate or CO; assimilation. Both these transformations implemented C4 sub-
components onto a Cz 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 Cs-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 C; types (Pignon et al., 2019). Due to the stepwise nature of C4 evolution
many of the more popular Cy-like traits compound on earlier steps (Heckmann et al., 2013). It
is essential to build a foundational structure before any Cj traits are to be tested, and that may
pass by the engineering of a mature C; shuttle first, along with other basal C3-C4 characteristics.
As far as literature search could tell, the only attempts to establish the C> 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 Cs-Ca genomic changes while preserving the identity of the crop species (Zhang et al.,
2018). To my knowledge, all further attempts at transformation of a C; plant aim directly

towards Cs4 characteristics (Lundgren, 2020).

All these efforts would benefit from a solid groundwork of a successful transformation of 4.
thaliana into Co, 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 Cs4 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 C: 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-Cs4 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-Cy4

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-Cs intermediate, falls inside a sub-clade that
was not known to possess Cs3-Cs 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-Cy4 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 C: 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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