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Summary



Plant species with C3-C4 intermediate photosynthesis can be seen as stable interim
stages on the evolutionary path towards the efficient C4 photosynthesis. These species
show an increased number of plastids in bundle sheath cells that are organized around
the leaf veins in a Kranz-like anatomy. Moreover, Cs-C, intermediate species can utilize
the glycine shuttle between the mesophyll and bundle sheath cells, a carbon
concentrating mechanism that proportionally decreases the oxygenation reaction of
Rubisco and thereby reduces flux through the costly photorespiratory pathway. Like all
complex traits, C3-C4 intermediate photosynthesis relies on the spatially differentiated
expression of genes, especially between mesophyll and bundle sheath cells. With the
goal to unravel the genetic background of Cs-C; intermediate photosynthesis, we
analyzed the cell-specific gene expression and its underlying functional genetics in the
Brassicaceae family that contains model species as well as crop plants. In the bona fide
first single-nuclei transcriptome study for a Cs-Cs intermediate plant, we found a
significant recruitment of gene expression from mesophyll to bundle sheath cells.
Especially the expression of genes involved in photorespiratory glycine
decarboxylation was shifted to bundle sheath cells. Using a pan-genomic association
study, we correlated this expression shift to the insertion of transposable elements in
the upstream region of the GLDP1 gene. This insertion is a large convergent
evolutionary event in a polyphyletic clade of species with Cs-C, intermediacy. We
showed in vivo that the transposon integration contributes mechanistically to the
GLDP1 expression shift to the bundle-sheath cells, presumably in coordination with
other unknown genetic and epigenetic factors. Our results shed light on the
mechanistic of the early steps in the evolution of C;-C4 intermediate photosynthesis in

the Brassicaceae family, especially on the genetics of bundle sheath cell specificity.
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Zusammenfassung



Pflanzenarten mit C3;-C; intermedidrer Photosynthese konnen als stabile
Zwischenstufen auf dem evolutiondren Weg zur effizienten Cs-Photosynthese
betrachtet werden. Diese Arten zeigen eine erhohte Anzahl von Plastiden in
Biindelscheidenzellen, die um die Blattadern in einer Art Kranz-Anatomie angeordnet
sind. Dariiber hinaus konnen Cs-C4 intermediédre Arten einen Glycin-Shuttle zwischen
Mesophyll- und Biindelscheidenzellen nutzen, einen
Kohlenstoffkonzentrationsmechanismus, der die Reaktion von Rubisco mit Sauerstoff
proportional verringert und somit die energieaufwandige Photorespiration reduziert.
Die Cs;-C; intermedidre Photosynthese beruht auf rdumlich differenzierter
Genexpression, insbesondere zwischen Mesophyll- und Biindelscheidenzellen. Mit
dem Ziel, die genetischen Grundlagen der Cs;-C, intermedidren Photosynthese zu
entschliisseln, analysierten wir die zellspezifische Genexpression und deren zugrunde
liegende funktionelle Genetik in der Familie der Brassicaceae, die sowohl Modellarten
als auch Nutzpflanzen umfasst. In der unseres Wissens nach ersten
Einzelzelltranskriptom-Studie einer Cs;-C; intermediidren Pflanze fanden wir eine
signifikante Rekrutierung der Genexpression von Mesophyll- zu Biindelscheidenzellen.
Insbesondere die Expression von Genen, die an der photorespiratorischen
Glycindecarboxylierung beteiligt sind, verlagerte sich in die Biindelscheidenzellen. Mit
Hilfe einer pan-genomischen Assoziationsstudie wurde diese Expressionsverschiebung
mit der Insertion von Transposons in den upstream-Bereich des GLDP1-Gens korelliert.
Diese Insertion stellt ein signifikantes konvergentes evolutiondres Ereignis in einer
polyphyletischen Klade von Arten mit Cs-Cs-intermedidrer Photosynthese dar. Wir
zeigten in vivo, dass die Transposon-Integration mechanistisch zur GLDPI-
Expressionsverschiebung in die Biindelscheidenzellen beitrdgt, vermutlich in
Koordination mit anderen unbekannten genetischen und epigenetischen Faktoren.

Unsere Ergebnisse werfen Licht auf die Mechanismen der frithen Schritte in der



Evolution der C;-C4 intermedidren Photosynthese in der Familie der Brassicaceae,

insbesondere auf die Genetik der Biindelscheidenzellspezifitat.
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Preface



Natural variation is a gift in any endeavor to optimize plant traits. In breeding, natural
variation has been used for centuries to increase the efficiency and resilience of crops.
In fundamental science, the occurrence of variation in certain traits can help to unravel
their genetic foundations. A promising route to enhance plant photosynthesis is to
utilize natural variation in carbon assimilation pathways. A major bottleneck in
photosynthetic carbon assimilation is caused by the affinity of the enzyme ribulose-
1,5-bisphoshate carboxylase/oxygenase (Rubisco) to molecular oxygen, leading to the
formation of a toxic metabolite that needs to be converted during photorespiration, an
energy-expensive pathway. Mechanisms that decrease the need for photorespiration by
minimizing the Rubisco oxygenation reactions occur naturally in carbon concentrating
mechanisms such as CAM and C, plants. Cs photosynthesis is a highly complex trait
and efforts to implement C; photosynthesis into major crops have so far only led to
limited success. In this work, we make use of plants exhibiting C;-C4 intermediate
photosynthesis to learn the genetic principles behind the evolution of complex carbon
concentrating traits. Specifically, we focus on the Brassicaceae, a family containing

closely related crop and model species.

This thesis begins with an introduction, where I give a brief overview over the research
motivation and highlight the role of cis-regulatory elements in the evolution of complex
traits. The introduction is followed by three manuscripts that form the main body of
the thesis. These span a holistic view on the single-cell transcriptome of a Cs-Cs4
intermediate plant to the functional analysis of causal loci. My contribution is indicated

on the first page of each manuscript.

In Manuscript I, we analyze the differential gene expression between the C; model
plant Arabidopsis thaliana and the Cs-C, intermediate plant Moricandia arvensis at

single-cell resolution. We find a significant recruitment of gene expression to bundle-

15



sheath cells and report the shift of multiple components involved in photorespiratory
glycine decarboxylation to this cell type. Furthermore, we shed light on the gene
regulatory framework of cell-specific expression using the integration of experimental

data and predictions from machine learning approaches.

In Manuscript II, published in Plant Biology, we use a panel of 15 Brassicaceae species,
consisting of Cs species and a polyphyletic clade of Cs-C4 intermediate species. Within
this panel, we perform a genome wide association study to correlate the presence of
upstream transposable elements to Cs-C4 intermediate traits. Among others, we find a
highly correlating transposable element insertion in the upstream region of the GLDP1
gene that is known to be differentially expressed between C; and Cs-C, intermediate

species.

As a follow-up, Manuscript III focuses on the functional validation of a proposed
mechanism by which the transposable element in the GLDPI upstream region mediates
bundle-sheath cell specific expression. Using sequence comparisons, DNA methylation
sequencing and promoter truncation we try to identify functional elements in the
GLDP1 promoter and hypothesize that natural structural and epigenetic variation led
to a shift in the GLDP1 expression domain, which is a key event in the evolution of Cs-
C, intermediate traits in the Brassicaceae. Finally, the thesis closes with an outlook on
new research prospects to study the genetic framework of C;-C4 intermediacy in closer

detail.

16



>

Table of Contents



(03 3 F: 1 0 <5 N
Summary

Chapter 2.......ccovuieiiiiiiiiiiiiiiiiirnir e
Zusammenfassung

Chapter 3.....couiuieiiiiiiiiiiiiiiiirrr e
Acknowledgements

Chapter 4......ccvuieiiiiiiiiiiiiiiiiiiiiriir e
Preface

Chapter 5.....ccouvuieiiiiiiiiiiiiiiirrr e
Table of Contents

Chapter 6......ccvvveiiiiiiniiiiiiiiiiiiiiiiirrrrrr e
Introduction

(08 3 F: 0 <5
Manuscript I

Single-nuclei sequencing of Moricandia arvensis reveals bundle-
sheath cell functionalization in Cs-C, intermediate Brassicaceae

Chapter 8......ccvuieiiiiiiiiiiiiiiiiiiiiirirr e
Manuscript II

Transposable elements contribute to the establishment of the
glycine shuttle in Brassicaceae species

Chapter 9.....ccouvuiiiiiiiiiiiiiiiiiiiirrrr e
Manuscript III

Genetic and epigenetic regulation of GLDPI expression in C;-Cs4
intermediate Brassicaceae

Chapter 10......ccvuieiiiiiiiniiiiiiiiiiiiieiierrrere e eraeens
Outlook

L0 1 F: 10 (<5 ol 1
Original Manuscript III — Journal Version

83

119

149

157

19



Introduction



Photosynthesis in the light of global challenges

In the 21* century, humanity faces pressing global concerns such as anthropogenic
climate change and a growing population projected to exceed 10 billion individuals by
the 2080s (United Nations World Population Prospects). Global food demand is
expected to increase by up to 56% between 2010 and 2050 (van Dijk et al., 2021),
which collides with the availability of cultivable land. Concurrently, disparities in land
use efficiency, notably pronounced in economically disadvantaged regions, compound
this challenge significantly (Duro et al., 2020). Achieving sustainable solutions under
these circumstances is highly complex. As many economically important crops have
already reached their theoretical yield maxima, a so-far underestimated but much-
discussed attempt to increase crop yield is the optimization of photosynthesis
(reviewed in Ort et al. (2015)). Improving photosynthesis has the potential to enhance
plant resilience to fluctuating environmental influences, potentially assuring a path
towards sustainable food production. The term “improving” may have different
connotations from varying fields of research. In the context discussed here, it can be
defined as enhancing the crop plants’ capabilities to utilize captured light energy and

CO; more efficiently (Theeuwen et al., 2022).

Terrestrial life depends fundamentally upon oxygenic photosynthesis, serving as the
entry point for atmospheric CO; into biomass. Oxygenic photosynthesis comprises two
sets of reactions. The first set, known as the light-dependent reactions, occurs within
the chloroplast thylakoid membranes of plants. Here, light energy harvested by
photosystem II facilitates the separation of electrons from water molecules, resulting
in the release of O, and H*. These molecules are then used to produce energy-rich
nicotinamide adenine dinucleotide phosphate (NADPH) and adenosine triphosphate
(ATP). The second set of reactions, referred to as the Calvin-Benson-Bassham (CBB)

Cycle, is light-independent. These reactions utilize the NADPH and ATP generated
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during the light-dependent reactions to fix CO, into energy-rich compounds, notably
glucose and other essential metabolites. Through this process, terrestrial plants
assimilate over 100 billion tons of CO, annually, playing a crucial role in the global
carbon cycle (Baslam et al., 2020).

The initial fixation of inorganic CO, into organic biomolecules is catalyzed by the
enzyme Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). In the reaction,
CO; is bound to the five-carbon compound ribulose-1,5-bisphosphate, forming two
molecules of 3-phosphoglycerate (3-PGA). Within the CBB, five out of six molecules of
3-PGA undergo recycling to ribulose-1,5-bisphosphate, while one molecule of 3-PGA
can be utilized to synthesize starch, sucrose or cellulose or can be directed towards
glycolysis. Rubisco also catalyzes a reaction between ribulose-1,5-bisphosphate and O,
instead of CO,, which leads to the formation of 2-phosphoglycolate (2-PG), a potent
inhibitor of core enzymes in plant metabolism. To counteract this, 2-PG is constantly
and swiftly detoxified by the plant in a process called photorespiration, expending
significant energy, nitrogen and carbon resources to recycle 2-PG into 3-PGA (reviewed

in Bauwe et al. (2010)).

Utilizing natural variation of photosynthesis

Although plants occupy a wide spectrum of dynamic environments and ecological
niches, their core photosynthetic machinery, encompassing around 100 genes, remains
remarkably conserved (Theeuwen et al., 2022). Variation in photosynthesis manifests
mainly in the form of carbon concentrating mechanisms (CCMs) such as C; and
crassulacean acid metabolism (CAM) photosynthesis. CCMs increase the partial
pressure of CO, around the Rubisco active center and, in doing so, reduce the ratio of
oxygenation to carboxylation reactions. By this, energy-expensive photorespiration is
reduced, allowing plants to close their stomata under hot and dry climate conditions,

making both C, and CAM photosynthesis highly water-use efficient. C, and CAM
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photosynthesis rely on a separation between the initial CO, fixation and the Rubisco
reaction. In CAM photosynthesis, CO, uptake through stomata is performed at night
and the carbon is stored as malate. Malate is degraded during the day and the released
CO; is used in the Rubisco reaction. Contrasting to this temporal separation, C.
photosynthesis works using a spatial separation between the initial CO, fixation in the
mesophyll cells (MC) and the Rubisco reaction in bundle-sheath cells (BSC). In C4
photosynthesis, CO, is initially fixed in the MC by phosphoenolpyruvate carboxylase
and an aspartate aminotransferase or a malate dehydrogenase, depending on the C,
photosynthesis subtype. The resulting aspartate or malate then diffuses to the BSC,
where it is decarboxylated and the resulting CO, is used in an oxygen-depleted

environment by the BSC Rubisco.

Exploiting the high water- and nitrogen-use efficiency of C4 crops such as sugarcane,
sorghum and maize has been proposed for a transformative “second green revolution”
(von Caemmerer et al., 2012). However, the anatomical and biochemical traits that
shape C; photosynthesis are highly complex and no functioning C, cycle was so far
introduced in C; crops (reviewed in Schuler et al. (2016)). Engineering a C4 cycle into
important crop plants such as rice would require a functionalization of BSC with a
distinct Kranz anatomy, a reduction of vein spacing, over 100-fold increase in
expression strength of core photosynthesis genes and differential partitioning of gene
expression between MC and BSC tissue (Furbank et al., 2023). To date, some progress
has been made in BSC activation, meaning increasing photosynthetic activity in the
BSC by increasing organelle number and size (Sage et al., 2014). Moreover, by
overexpressing GOLDEN2 and GOLDENZ2-LIKE transcription factors, some traits of
proto-Kranz BSC anatomy were recreated in rice (Wang et al., 2017; Ermakova et al.,

2020).
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Recent advances in synthetic biology methodologies have shown promise by increasing
the overall expression strength of individual genes. On the other side, only few genetic
elements responsible for spatially differential expression of genes between MC and
BSC were so far detected and their role in gene-regulatory networks remains elusive
(Wiludda et al., 2012; Gowik et al., 2017; Dickinson et al., 2023). Finding the DNA
motifs that play roles in the cell-specific expression of photorespiratory and C4 genes
is of pivotal interest since the differential partitioning of photorespiratory genes seems
to be one of the early steps in the evolution of C4 photosynthesis (Sage et al., 2012;

Heckmann et al., 2013; Sage et al., 2014).

It was hypothesized that the evolution of C, photosynthesis followed a step-wise (Sage
et al.,, 2012; Sage et al., 2014) or smooth (Heckmann et al., 2013) landscape of
sequential biochemical and anatomical adjustments. More than 50 species in 11
families from eudicot and monocot lineages were discovered that represent stable
intermediate species on the evolutionary track towards C, photosynthesis (Sage et al.,
2018; Lundgren, 2020). These so-called Cs-C4 intermediate or C, species prevail on all
continents except Antarctica in diverse environments and climate conditions with a
tendency towards growth in warm habitats, a trend that may have facilitated the
evolution of a complete C4 syndrome. This is reinforced by the observation that clades
containing Cs-C, intermediates but lacking C, species tend to expand into rather wet,
less hot environments with richer soils (Lundgren et al.,, 2017). The repeated
convergent evolution of a Cs;-C; intermediate photosynthesis trait provides an

opportunity to dissect the fundamental genomics of the trait (Edwards, 2019).

Cs-C, intermediate photosynthesis is a collection of physiological, anatomical and
genetic traits that evolved independently but show remarkable convergence. Despite

this convergence, not all traits are uniformly shared among Cs-C, intermediate species,
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leading to a diverse range of "Cs-ness" within this category. One of the characteristic
traits of Cs-C4 intermediate species is a lowered carbon compensation point (CCP),
which can be used to distinguish Cs-C, plants from Cs species and quantify the degree
of “Cs-ness” of the species’ physiology. Other physiological traits of Cs-C4 intermediate
species include a higher net photosynthetic assimilation e.g. in intermediate Diplotaxis
and Heliotropium species (Ueno et al., 2006; Vogan et al., 2007) and a higher water-
use efficiency in intermediate Cleome species (Voznesenskaya et al., 2007). In some
species, inducible C4 photosynthesis was reported from the Cs-C4 intermediate state,
triggered by low CO. in Steinichsma (Studer, unpublished) or low nitrogen availability
in Chenopodium (Oono et al., 2022).

The physiological traits observed in Cs-C4 intermediate species are based on a distinct
leaf anatomy and biochemistry. One example is the characteristic Kranz-like leaf
anatomy, in which sometimes enlarged BSC show an accumulation of chloroplasts
along the cell wall towards the leaf vein. This phenomenon is observed in several,
though not all Cs-C, intermediate species, frequently accompanied by an increased vein
density (Sage et al., 2014). In C;-C4 intermediate Moricandia species, such an increased
vein density could not be detected, but individual veins appeared thicker, putatively
due to the large number of chloroplasts arranged centripetally around the veins

(Schliiter et al., 2016; Schliiter et al., 2017).

Whereas anatomical traits exhibit high variation between Cs;-C4 intermediate species,
their biochemistry shows convergence. A common feature between multiple Cs-Cs4
intermediate species is the installation of a photorespiratory glycine shuttle, which
shifts a substantial fraction of photorespiration to the BSC. By restriction of the
photorespiratory glycine decarboxylation to the BSC, the CO, released during this step
is trapped inside the BSC, where it can be refixed by Rubisco (Monson et al., 1984).

The relocation of photorespiration by restricting glycine decarboxylation to the BSC
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was predicted to be the first (Heckmann et al., 2013) or one of the midway (Sage et
al., 2012) steps in C, evolution. The localization of proteins from the glycine
decarboxylase complex (GDC) and the serine hydroxymethyltransferase (SHMT)
specifically within the BSC mitochondria in C;-C4 intermediate plants was discovered
early in the history of Cs-Cs4 photosynthesis research and led to the first models of a
photorespiratory glycine shuttle (Monson et al., 1984; Rawsthorne et al., 1988) (Fig.
1). It is striking that the installation of a glycine shuttle evolved convergently across
multiple plant taxa by restricting GDC proteins to the BSC, especially the GDC P-

protein (GDC-P) (Khoshravesh et al., 2016; Schulze et al., 2016).

The restriction of glycine decarboxylation to the BSC leads to the release of CO, but
also NH; in the BSC. Thus, rebalancing of nitrogen is required between the MC and
BSC and putative pathways for this were proposed using flux modeling. The models
suggest a glutamate—2-oxoglutarate, alanine-pyruvate, and aspartate-malate shuttle,
parts of which resemble a primordial C, metabolism (Mallmann et al., 2014). This is
perceived as an evolutionary driving force towards Cs photosynthesis and, supporting
this, over 90% of plant tribes containing Cs-C, intermediate species also contain Cs4

plants (Sage et al., 2011; Heckmann et al., 2013; Mallmann et al., 2014).

28



Mesophyll Cell Bundle-Sheath Cell

2-PG

l 3-PG 4—|

Glycine Serine

(0.) ‘
CBB-Cycle
ZIG

3P6+—

Glycine Serine <«

Figure 1: Simplified schematic illustration of the photorespiratory pathway in C; and Cs-Cs4
intermediate species with a glycine shuttle. In the C; state, photorespiration takes place in both
mesophyll cells (MC) and bundle-sheath cells (BSC) independently. In Cs-C4 intermediate plants with a
photorespiratory glycine shuttle, reactions catalyzed by the glycine decarboxylase complex (GDC) only
take place in the BSC, leading to a BSC-selective release of CO, and NH;. This in turn creates a high CO,
partial pressure around Rubisco in the BSC and a net decreased number of oxygenation reactions.
Abbreviations: 3-PG: 3-phosphogylcerate; 2-PG: 2-phosphoglycolate; CBB: Calvin-Benson-Bassham.

Known genetic principles of C;-C, intermediate photosynthesis

Shifting the expression of a gene in space or time is one of the basic principles in the
evolution of any complex trait such as C3-C, intermediate photosynthesis. Throughout
the evolutionary pathway towards Cs;-Cs4 photosynthesis, innovation primarily stems
from the reconfiguration and interconnection of existing genetic modules, rather than
the invention of novel genes or pathways (Hibberd et al., 2010; Westhoff et al., 2010;

Lyu et al, 2021). The establishment of the photorespiratory glycine shuttle is
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exemplary of this, since it only requires a spatial expression shift to prime a decisive
step in C;-Cs; evolution. Multiple studies reinforced the idea of rewiring genetic
networks in C4 evolution. These studies described the establishment of a link between
Cs4 gene expression and light perception networks (Singh et al., 2023), the assimilation
of C4 genes into ancestral networks (Swift et al., 2023) and the interplay between C;
and C, gene regulatory networks at different stages of C4 evolution (Lyu et al., 2021;
Lyu et al., 2022). All studies reported a remarkable conservation of gene regulatory
networks across a range of species and across Cs, C3-C, intermediate and C, species. It
is therefore plausible that the reconfiguration of these networks required only few

genetic adjustments (Westhoff et al., 2010).

The linkage between gene regulatory networks often occurs through the recruitment
of cis-regulatory elements (CREs), which are DNA sequences harboring enhancers,
insulators, or silencer elements. Various mechanisms facilitate the recruitment of CREs
to a gene, for instance through the mutation of existing sequences (Behrens et al.,
2010) or the exaptation of transposable elements (Feschotte, 2008). Upon recruitment
of a new CRE, a gene may gain or lose spatial or temporal expression characteristics.
To be effective in evolution, in most cases, this neofunctionalization must not preclude
the original function of the gene, which could lead to decreased fitness of the host
organism. Oftentimes, neofunctionalization by co-option of new CREs is accompanied
by gene duplications, a concept that was also discussed for C4 photosynthesis traits
(Monson et al., 2000). Variations in gene or even genome copy number are therefore

strongly connected with the genetic space that allows evolution of complex traits.
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Using the Brassicaceae family to study Cs-C,; intermediate photosynthesis

An interesting system to study the genomic foundations of Cs;-C; intermediate
photosynthesis is the Brassicaceae family. This family comprises about 4000 species
including economically important crops such as arugula, canola, cabbage and radish
as well as model species such as Arabidopsis thaliana.

Within the Brassicaceae family no C4 plants have yet been found, but five independent
evolutionary origins of Cs;-C4 intermediate photosynthesis were identified (Sage et al.,
2011; Guerreiro et al., 2023). Whereas C; Brassicaceae species exhibit CCPs from 40-
60 ppm, their C3-C, Brassicaceae sister species exhibit notably lower CCPs, reaching
around 10 ppm in Diplotaxis tenuifolia (arugula). Furthermore, Cs-Cs intermediate
Brassicaceae species have a centripetal arrangement of BSC organelles and, in general,
higher glycine and serine levels in the leaves (Schliiter et al., 2023). In contrast to
other study systems such as Flaveria species, where Cs-like intermediate species with
a weak C, cycle exist, Brassicaceae Cs-C4 intermediate species exhibit a comparatively

lower degree of "Cs-ness".

The possibility to study the complex suite of Cs-C, intermediate traits at their early
stage of evolution, the repeated independent evolution of the phenotype, the
availability of numerous genome sequences and the economical and scientific
importance of the species make the Brassicaceae family a highly promising research
system. The analysis of these nuclear and plastid genomes has provided initial insights
into the phylogenetic relationships among Cs; and Cs-C, intermediate Brassicaceae
species. It confirmed the presence of at least five independent evolutionary origins of
Cs-C, intermediacy in this family, as well as the presence of natural hybrids between
Cs and C;-C, intermediate Diplotaxis species (Garassino et al., 2022; Guerreiro et al.,
2023). Throughout evolution, the Brassicaceae family underwent numerous instances

of whole-genome duplications, resulting in polyploid genomes. Facilitating the
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neofunctionalization of duplicated genes, these polyploid genomes provide the
essential genome copy number variation for the evolution of complex traits (Walden
et al., 2020). Interestingly, all C3-C, intermediate Brassicaceae species can be found in
the Brassiceae tribe (Koch et al., 2012; Guerreiro et al., 2023). This tribe originated
around 24.2 million years ago (Arias et al., 2014) and exhibits high net diversification
rates. The Brassicaceae family underwent two ancient genome duplications, the At-f
event shared by Brassicaceae and Cleomaceae around 170-235 million years ago and
the At-a event shared by all Brassicaceae around 40 million years ago (Barker et al.,
2009; Walden et al.,, 2020). Species in Brassiceae tribe, containing the C;-Cy4
intermediate species but not the model genus Arabidopsis, underwent an additional
triplication event (Br-a) that most likely occurred through genome duplication and the
addition of a third genome, leading to a hexaploidization event (Lysak et al., 2009;
Wang et al.,, 2011). These numerous genome rearrangements might have been a

critical prerequisite for evolution of Cs-C, intermediacy in this tribe.

Despite Brassicaceae species being in the center of attention in plant research, many
questions are still open regarding variation in Cs-C, intermediate photosynthesis in this
family. It is unknown why the evolutionary model of a primordial Cs cycle as a
consequence of photorespiratory nitrogen imbalance does not lead to the presence of
Cs4 Brassicaceae species. It is further unknown how the leaf anatomy contributes to the
Cs-C, intermediate traits and which genetic regulators underly this. So far, the models
of a Brassicaceae C3;-C; intermediate metabolism only rely on the differential
localization of the GDC P-protein in C;-C4 intermediate Moricandia, but no further
differential gene activity between MC and BSC was shown. This thesis aims to paint a
more detailed picture of Cs-C, intermediate photosynthesis in Brassicaceae, showing
the expression differences between MC and BSC as well as the underlying functional

genetic and epigenetic mechanisms.
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Abstract

Spatially confined gene expression defines cell identity and is the basis for all complex
plant traits. Cs;-C, intermediate photosynthesis is one of these complex traits and plants
exhibiting this specialized carbon concentrating mechanism are generally perceived as
stable intermediates on the evolutionary progression from ancestral C; to more
efficient C, photosynthesis. Within the Brassicaceae, a family comprising model plants
and crop species, C3-C, intermediate photosynthesis evolved independently multiple
times. Despite being an interesting clade to study this promising array of traits,
research on the C;-C4 intermediate genetics in the Brassicaceae was so far limited to
few case studies of differentially localized proteins between mesophyll and bundle
sheath cells. We here sought to make use of recent advancements in single-cell
transcriptome sequencing to fill this knowledge gap and present the bona fide first leaf
transcriptome of a C;-C, intermediate Brassicaceae on cell-level resolution. To this end,
we generated a single-nuclei RNA sequencing dataset for Moricandia arvensis, a
Brassicaceae with Cs;-C4 intermediate characteristics and compared it to a publicly
available single-cell transcriptome for the Cs; Arabidopsis thaliana leaf tissue.

Our analysis revealed a significant expression shift of genes associated with
photorespiration, redox regulation and transport to the M. arvensis bundle-sheath.
These genes were not confined to this cell type in the C; plant. Using detailed motif
analysis and the integration of next-generation sequencing datasets, we could show an
enrichment of light-responsive TGA and NAC binding sites in the upstream regions of
bundle-sheath cell confined genes.

In Cs;-C; intermediate plants, a glycine shuttle operates due to the bundle-sheath
specific activity of the glycine decarboxylase complex. In contrast to other studies, we
show here that all genes encoding proteins involved in glycine decarboxylation underly

bundle-sheath confined expression. Based on our single-nuclei transcriptome we also
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postulate an additional glycolate/glyoxylate shuttle between mesophyll and bundle-
sheath cells that efficiently scavenges photorespiratory ammonium in the bundle-

sheath cell.

Introduction

Complex plant traits necessitate distinct spatial gene regulation and Cs-C, intermediate
photosynthesis is a highly distinguished trait that involves a specialized anatomy and
metabolism (Schliiter et al., 2016; Lundgren, 2020; Giacomello, 2021). Having
evolved multiple times repeatedly in over 50 species, these Cs-C, intermediate species
are a valuable source for research on the early steps of C4 evolution and the genetics
underlying cell-specific gene expression (Sage et al., 2018; Lundgren, 2020; Walsh et
al., 2023). The Brassicaceae family contains at least five independent origins of Cs-Cs4
intermediate photosynthesis next to well-characterized model species like Arabidopsis
thaliana or Arabis alpina and economically relevant crop species such as Brassica
oleracea (cabbage), Brassica napus (rapeseed) or Diplotaxis tenuifolia (arugula)
(Guerreiro et al., 2023). The close phylogenetic proximity of model-, crop- and Cs-Cs4
plants makes the Brassicaceae family an ideal system to study the onset of C4 evolution
in greater detail. In the Brassicaceae genus Moricandia, it was shown that C;-C4
intermediate species have a decreased carbon compensation point (Rawsthorne et al.,
1988b) and an altered leaf ultrastructure including bundle sheath cells (BSC) with a
high number of centripetally arranged chloroplasts (Schliiter et al., 2017). It was also
shown that the P-protein of the glycine decarboxylase complex (GDC) localizes
specifically to the BSC mitochondria selectively in C;-C4 intermediate Moricandia, but
not in closely related C; Moricandia species (Hylton et al., 1988; Rawsthorne et al.,
1988b; Rawsthorne et al., 1988a). GDC is a crucial component of photorespiration

since it catalyzes the decarboxylation reaction of photorespiratory glycine to CO,, NH;
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and 5,10-methyltetrahydrofolate which is converted to serine by a serine
hydroxymethyltransferase (SHMT). The BSC-specific activity of the GDC P-protein was
shown in multiple C;-C4 intermediate and Cs species and it is widely agreed to be a
critical step in the evolution of C, photosynthesis via Cs;-C; intermediate stages
(reviewed in Schulze et al. (2016)). The confinement of the GDC P-protein is a
noteworthy example for differential gene regulation at the basis of complex traits. It
was thought that the BSC-preferential localization of the GDC in C;-C4 intermediate
Brassicaceae species causes an accumulation of glycine in the mesophyll cells (MC),
which then passively diffuses to the BSC where it is selectively decarboxylated. This
glycine shuttle and the associated BSC-specific release of CO, from this
decarboxylation leads to an elevated CO, partial pressure around Rubisco and the
photorespiratory CO, can be efficiently refixed (Bauwe et al, 2010). Glycine
decarboxylation also releases nitrogen in form of NHs, creating a nitrogen imbalance
towards the BSC (Monson et al., 2000). Several routes for the back-shuttle of
photorespiratory nitrogen have been proposed using flux modelling by Mallmann et
al. (2014). They propose three scenarios for ammonium shuttles between the MC and
BSC: a glutamate/2-oxoglutarate shuttle, an alanine/pyruvate shuttle, and an
aspartate/malate shuttle. Since aspartate, malate, pyruvate and alanine itself are
exchanged between MC and BSC in C, photosynthesis, the suggested nitrogen back-
shuttles in C3-C, intermediate plants could resemble primordial C4 cycles and facilitate
the evolution of the additional anatomical and metabolic C, traits. However, no
evidence for the presence of these shuttles exists in Moricandia besides increased
metabolite levels of glutamate, malate and alanine in C;-C4 intermediate Moricandia

arvensis and Moricandia suffruticosa.

The establishment of a glycine shuttle initiating further steps of C; evolution was

predicted by modelling studies, suggesting a smooth path to C4 (Heckmann et al., 2013;
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Mallmann et al., 2014; Sage et al., 2014; Schliiter et al., 2016). Earlier conceptual
models place anatomic preconditioning events like the increase of BSC organelles and
their localization to the inner BSC before the shift of GSC activity to the BSC (Sage,
2016). Not much is known about the genetic regulation involved in the evolution of
Cs anatomy. In C, grasses such as maize and Setaria, the contribution of GOLDEN2-like
and SCARECROW transcription factors (TFs) was shown to influence BSC anatomy
and chloroplast biogenesis (Slewinski et al., 2012; Lambret-Frotte et al., 2024) but the
target genes controlled by these TFs and their cell-specific regulation remain unknown.
The significant influence of TFs on the complex development of C, anatomy indicates
that multiple genes are affected by the evolution of C4 anatomy and that this evolution
is likely mediated by changes in cis-regulatory factors. In this context, research on Cs-
C; intermediate plants is valuable because these species likely harbor the genetic

variation underlying the evolutionary processes in different degrees of complexity.

We assumed that to understand the genetic principles of Cs-C, intermediacy, we need
to illuminate gene expression dynamics in a spatial context, preferably the level of the
fundamental organismal unit, the single cell. Methods for single-cell transcriptome
studies in Cs-C4 intermediate or C4species were so far limited by the physical separation
of BSC from phloem tissue or even BSC from MC (Aubry et al., 2014; Burgess et al.,
2019; Borba et al., 2023). Until now, laser microdissection has been considered as the
gold standard for isolating MC and BSC in C, plants. This method has provided
valuable insights into the Cs-specific transcriptional control at the single-cell level (Hua
et al., 2021; Liu et al., 2022; Moreno-Villena et al., 2022). Isolation of nuclei tagged in
specific cell types (INTACT) allows cell-type specific transcriptome sequencing, but
requires the generation of transgenic material, which is not feasible in all plant species
(Deal et al., 2020). Recent progress in droplet-based single-cell or single-nuclei RNA

sequencing (sc/snRNA-seq) method development opened the door to the discovery of
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cell-specific transcriptome patterns in unprecedented resolution (reviewed in
Giacomello (2021)). However, these methods have so far only been applied to few C,4
plants (Swift et al., 2023) and there is bona fide no scRNA-seq study for Cs-Cs4

intermediate Brassicaceae to date.

To address this knowledge gap, we conducted snRNA-seq on leaf tissue from the C3-Cs4
intermediate plant M. arvensis. In doing so, we established a nuclei isolation protocol
for M. arvensis and utilized droplet-based snRNA-seq employing the 10X workflow. The
dataset enabled us to distinguish specific cell types and their corresponding
transcriptional profiles. To ascertain that the patterns we found were associated with
Cs-C, intermediate traits, we compared the dataset with a publicly available A. thaliana

leaf scRNA-seq dataset (Kim et al., 2021).

We explored the datasets with regard to three main research questions: (1) What role
does the BSC play in a leaf with C;-C4 intermediate photosynthesis compared to a Cs
BSC? (2) How is the glycine shuttle integrated into the BSC-specific sulfur and
nitrogen metabolism in Cs-C, intermediate M. arvensis? (3) Can we infer cis-regulatory

patterns underlying BSC-specific gene expression?

In doing so, we examined the expression of genes involved in photorespiration and the
proposed routes for transporting photorespiratory nitrogen. In addition to the glycine
shuttle, our findings suggest a simple glyoxylate/glycolate shuttle to the BSC,
potentially reducing the requirement for nitrogen back transport to the MC. This
hypothesis could shed light on the evolutionary stability of Cs-C, intermediates within
the Brassicaceae. The comparison of M. arvensis and A. thaliana single-cell
transcriptomes also showed a remarkable recruitment of gene expression to the BSC
from A. thaliana to M. arvensis. We found this BSC functionalization largely driven by

the shift of genes associated with photorespiration, redox balancing and transport to
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the M. arvensis BSC. It is generally believed that the evolution of C, photosynthesis via
Cs-C, intermediate stages involves the reconnection of existing genes into modified
gene regulatory networks, likely via the exaptation of cis-elements (Hibberd et al.,
2010). To this end, we integrated multiple next generation sequencing (NGS) datasets
and analyzed M. arvensis upstream DNA sequences for the presence of motifs for co-
expressed TFs. Here, although limited by sequencing depth, we found the BSC-specific
expression and light-dependent behavior of TGA and NAC TFs, which potentially

mediate BSC specificity in Cs-C4 intermediate M. arvensis.

Material and Methods

Plant growth

Moricandia arvensis MOR1 plants were sterilized using chlorine gas sterilization for 1 h
and germinated on Y2 strength Murashige and Skoog medium with 0.4 % (w/v) agar
for 7 days at room temperature and a 12 h light-dark cycle. Germinated seedlings were
transferred to soil and grown at a 12 h light-dark cycle and 25 °C (light) and 22 °C
(dark).

Nuclei extraction

2 g leaf material of the combined 5™ and 6™ leaf (counting from the first cotyledon)
were cut using scissors and placed on a petri dish containing 1 mL LBO1 buffer (15 mM
Tris-HCl pH = 7.5, 2 mM EDTA, 80 mM KCI, 20 mM NacCl, 15 mM 2-mercaptoethanol,
0.2 % (v/v) Triton X-100, 0.5 mM Spermine). Leaves were chopped on ice for 2 min
with a razor blade. After addition of 1 mL LBO1 buffer, leaves were chopped for another
3 min. 3 mL LBO1 were added to the chopped leaves in the petri dish and the mixture
was incubated on ice for 15 min with gentle agitation every 3 min. The mixture was
filtered through a 100 um filter and subsequently through a 20 um filter. All filters

were pre-wetted with 1 mL LBO1. The filtrate was overlayed on density gradient
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centrifugation buffer (DGCB; 1.7 M sucrose, 10 mM Tris-HCI pH = 8.0, 2 mM MgCl,,
5 mM 2-mercaptoethanol, 1 mM EDTA, 0.15 % (v/v) Triton X-100) and centrifuged at
4 °C and 1500 g for 30 min. The supernatant was discarded and the pellet was
resuspended with 400 ul 10X nuclei resuspension buffer. A 30 ul aliquot of the nuclei
suspension was stained with 1.5 ul DAPI to check nuclei integrity under a fluorescence
microscope. All buffers were supplemented with 1 U/ul RNase inhibitor (Roche).
Single Cell Library Generation

A total of 5000 cells were used as input for the single-cell droplet library generation
on the 10X Chromium Controller system utilizing the Chromium Single Cell 3’
NextGEM Reagent Kit v3.1 according to manufacturer’s instructions. Sequencing was
carried out on a NextSeq 2000 system (Illumina Inc. San Diego, USA).

Genome annotation and orthology analysis

The A. thaliana TAIR10 genome and annotation was obtained from
www.arabidopsis.org (Lamesch et al., 2012; Berardini et al., 2015). The M. arvensis
MORI1 genome was obtained from Guerreiro et al. (2023), the de novo annotation using
Helixer (Stiehler et al., 2020; Holst et al., 2023) was obtained from Triesch et al
(2024), Chapter 8). gffread 0.12.7 was used to convert gff3 to gtf files to map snRNA-
seq reads. Homologs between A. thaliana and M. arvensis were identified using
MMseqs2 (Steinegger et al., 2017). If multiple M. arvensis homologs for one A. thaliana
gene were found, all were retained.

Processing of 10X Genomics single cell data

Raw reads from the M. arvensis snRNA-seq experiment were processed using Cell
Ranger 6.1.2 (10X Genomics, CA, USA) using the ARC-v1 chemistry option. The count
matrix for the A. thaliana scRNA-seq experiment was kindly provided by Dr. Ji-Yun Kim
(HHU Diisseldorf, Kim et al. (2021)). RNA velocity was determined using Velocyto

0.17.17 (La Manno et al., 2018) and scvelo 0.3.1. Further processing of the count

46



matrix from Cell Ranger was performed using scanpy 1.9.3. Genes with annotated
chloroplast and mitochondrial origin were removed. Genes occurring in less than
10 cells and cells with less than 200 genes were removed. Cells were clustered using a
graph-based approach using 50 principal components and a resolution of 0.25 for
M. arvensis and 0.5 for A. thaliana.

Cluster annotation and marker gene inference

Single-cell markers genes for A. thaliana were obtained from PlantscRNAdb (Chen et
al., 2021) and the M. arvensis homologs for these genes were used for the respective
datasets. In both datasets, within each cluster, marker genes were defined as genes
with a p < 1e-20 and a positive log2-fold change. Each marker gene was tagged with
one or more cell types from the PlantscRNAdb marker gene annotation. Fisher’s exact
test was employed to find cell type annotation enrichments within the marker genes
for the individual clusters. The enriched cell type annotation with the lowest p-value
was naively selected for annotation of the respective cluster.

Cross-species cell-type comparison

Marker genes for each cluster/cell-type were defined as genes with p < 1e-20 and a
positive log2fold-change. Differentially expressed genes were determined from
expression matrices using Mann-Whitney-U-Tests with a significance threshold of
p < le-20. For the between-species analysis, gene expression as read counts per
transcript was normalized to the highest expressed marker gene of the respective
cluster. MapMan bin classifications for enrichment analyses were taken from Triesch et
al. (2024) (Chapter 8). MapMan bin enrichment was performed using Fisher’s exact
test, calculating the enrichment of target gene sets within the complete set of genes in
the TAIR10 or M. arvensis annotation, respectively. Sankey plots were created using

www.sankeymatic.com.
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Cis-element detection and cross-species analysis

Transcription factor binding sites for all upstream sequences were predicted using
FIMO (Grant et al., 2011) from the MEME suite 5.5.5 (Bailey et al., 2009). To this end,
the 3000 bp upstream sequences for all annotated M. arvensis and A. thaliana genes
were collected using a custom python script. Motif clustering was performed on
transcription factor motifs using the JASPAR database (Castro-Mondragon et al.,
2022). To account for sequence composition a background model was generated using
the fasta-get-markov tool from the MEME suite 5.5.5. The target upstream sequence,
the background model and the database were used as input for FIMO.

Multiome data integration

To integrate data from multiple NGS experiments and predictions from machine
learning software, the M. arvensis genome from Guerreiro et al. (2023) and the
corresponding gene model annotation from Triesch et al. (2024) were used. Whole-
genome bisulfite data for 5-methylcytosine DNA modifications were used from Triesch
et al. (unpublished; Chapter 9) were mapped and quantified against the reference
genome using Bismark 0.23.1 (Krueger et al., 2011). Chromatin immunoprecipitation
DNA sequencing (ChIP-seq) and Assay for Transposase-Accessible Chromatin using
sequencing (ATAC-seq) coverage predictions were generated using predmoter (Kindel
et al., 2024). Self-transcribing active regulatory region sequencing (STARR-seq) reads
were kindly provided by Dr. Tobias Jores (HHU Diisseldorf, personal communication).
Core promoter STARR-seq elements were already assigned to the respective gene and
were assigned to the homolog M. arvensis promoter using the best MMseqs2 hit.
STARR-seq enhancer elements were mapped against the reference M. arvensis
upstream regions using BLAST 2.6.0. To this end, the up to 3000 bp upstream
sequences of every gene annotated from Helixer was dumped using a custom python

script and used as the target sequence database for BLAST. To visualize single-cell and
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multiome results, a shiny webserver was deployed and is accessible under
https://134.99.200.66:8000 from the internal network of Heinrich Heine University

Diisseldorf.

Results

Single-nuclei sequencing of Moricandia arvensis

To gain an understanding of the differential gene expression patterns in a leaf of a Cs-
C, intermediate Brassicaceae species, the fifth and sixth leaves of young M. arvensis
plants (counting from the first cotyledon) were used for nuclei extraction and snRNA-
seq. Across three biological replicates, a total of 11,013 nuclei were used for snRNA-
seq using the 10X single-nuclei workflow with a median of 1,070 identified genes per
nucleus. The output was visualized using uniform manifold approximation projection
(UMAP) and subjected to unsupervised clustering using scanpy, leading to ten distinct
cell clusters (Fig. 1A). The expression levels of the closest M. arvensis homologs for
single-cell marker genes from A. thaliana (Chen et al., 2021) were used for annotation

of cell types (Fig. 1B).

In the resulting dataset six mesophyll cell (MC) clusters, one bundle-sheath cell (BSC)
cluster, one phloem and two epidermis cell clusters were identified. The MC clusters
were identified by, among others, the strong expression of genes encoding CARBONIC
ANHYDRASE homologs, subunits of photosystem 1 and RUBISCO ACTIVASE. The
emergence of multiple MC subclusters could be attributed to the utilization of different
biological replicates. Typically, the three biological replicates clustered together across
all clusters, except for the mesophyll clusters, where the replicates exhibited more
distinct clustering patterns. (Supp Figure 1). However, the six mesophyll clusters

showed the same expression patterns for most genes (Supp. Data on GitLab).
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Phloem clusters were identified by the expression of marker genes such as TRX3, GSR2
and ROGI. The clusters were annotated as phloem parenchyma and phloem
companion cells. Two distinct epidermis clusters were identified by expression of
epidermal marker genes like ECERIFERUM and KCS6 (Fig. 1B). RNA velocity analysis
indicated that the two clusters represent old and young epidermal cells rather than

upper and lower epidermal layers (Fig. 1E).

1,687 cells formed a cluster that could be annotated as BSC tissue. Marker genes for
the BSC cluster were the sub-proteins of the glycine decarboxylase complex (GDC) as
well as the SULTR sulfate transporter homologs. Sub-clustering of the BSC cluster using
a higher clustering resolution led to two distinct BSC cell types, corresponding to
anatomical findings (Schliiter et al., 2017). In the latent time analysis by RNA velocity
modeling, BSC from the two subclusters formed a linear gradient, suggesting that the
two clusters did not originate from different developmental stages but rather from

different BS cell types (Fig. 1F).

Aiming to determine the underlying genes for traits associated with Cs-C4 intermediate
photosynthesis, we calculated differential expression of genes between MC and BSC
clusters using Mann-Whitney-U-Tests with a significance threshold of p < 1e-20. We
found 219 genes to be differentially expressed between MC and BSC, whereas 159
genes were upregulated in BSC and 60 genes were upregulated in MC. Enrichment
analysis of the 219 differentially regulated genes revealed that within these genes the
MapMan bins “Photosynthesis” and “Solute transport” were strongly enriched. The
enrichment of genes within the “Solute transport” bin was mostly due to genes
encoding the A BOUT DE SOUFFLE (BOU) mitochondrial transporter, the SULTR2;2
and SULTR3;3 sulfate transporters, proton pump ATPases and transporters from the

plasma membrane intrinsic protein (PIP) transporter family. The enrichment in the bin
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“Photosynthesis.photorespiration” was mostly due to various components of the GDC
being partitioned to the BSC. This involved the genes encoding the GDC P-, H-, and T
protein (GLDP1, GDC-H1, GLDT) as well as the gene encoding the photorespiratory
serine hydroxymethyltransferase (SHM1) (Fig. 1D). Using RNA velocity analysis, a
pseudo-age was modelled for each cell. Within the BSC cluster the expression of GLDP1
was observable in cells with a higher pseudo-age, whereas expression of the mesophyll
marker gene CARBONIC ANHYDRASE 2 (CA2) was observed in younger BSC (Fig. 1F).
Comparative single-cell transcriptomics with Arabidopsis thaliana

To get insights into cell-specific expression patterns that correlate and potentially
underly traits associated with Cs-C,; intermediate photosynthesis, we compared our
M. arvensis snRNA-seq dataset to a publicly available single-cell RNA-seq (scRNA-seq)
dataset from the C; Brassicaceae species Arabidopsis thaliana. This dataset contained
expression data for 5,230 vasculature-enriched leaf protoplasts from two biological
replicates (Kim et al., 2021). With a median of 3,342, the number of genes per cell was
approximately three times higher in the A. thaliana protoplast dataset than in the
M. arvensis nuclei population. To compare the datasets of both species, the M. arvensis
homologs of A. thaliana genes were assigned using MMseqs2 (Steinegger et al., 2017).
This approach clustered genes based on protein sequences and combined ortholog and
paralog sequences. For 20,512 A. thaliana genes, one or more homologs could be found
in M. arvensis. A median of two M. arvensis gene copies was found for each A. thaliana

gene.
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Figure 1: A: UMAP of transcript profiles for Moricandia arvensis 11,013 leaf cells. Cells were grouped
into ten clusters using scanpy. Cell identities were assigned using marker genes for different cell types (B).
C: Enrichment of MapMan bins for differentially expressed genes between M. arvensis bundle-sheath
and mesophyll clusters. D: UMAP with heatmap overlays indicating expression strength of selected
genes. E: UMAP with RNA velocity arrows modelled using velocyto and scvelo. F: Heatmap of
expression intensity for selected genes across a modelled latent time gradient for 1,687 bundle-sheath
cells.
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Using the same workflow that was applied to the M. arvensis dataset, we visualized the
A. thaliana scRNA-seq data using UMAP and clustered it into seven distinct clusters.
However, when attempting to combine the A. thaliana and M. arvensis datasets into a
single UMAP projection, the combined cells clustered solely based on their respective
species, rather than according to cell types. To this end, both datasets were kept and
clustered separately and comparisons were made on a per-cluster basis. The clusters
were annotated using the same set of marker genes that was used for the analysis of
M. arvensis. In contrast to the M. arvensis dataset, we could identify senescent, initial
and guard cells in the A. thaliana single-cell population (Fig. 2A). Furthermore, the
mean sequencing depth reached approximately 96,000 reads per cell in the A. thaliana
dataset, whereas it was limited to around 27,000 reads per cell in our M. arvensis

dataset.

Comparing the BSC populations between the species revealed that a proportion of
M. arvensis BSC marker genes was not BSC-specific in A. thaliana (Fig. 2C). 71
M. arvensis BSC marker genes were also marker genes in the A. thaliana BSC and 101
of the M. arvensis BSC marker genes were not BSC-specific in A. thaliana (Supp. Fig.
S3). The 71 shared BSC marker genes were, among others, enriched in the MapMan
bins “Solute transport” and “Amino acid metabolism”. We referred to the 101 genes
showing cell-specific expression only in one of the species as “differentially
partitioned”. These genes gained BSC-specific expression in M. arvensis during the
evolutionary progression since the last common ancestor between the two plant
species. The differentially partitioned M. arvensis BSC marker genes were enriched in
the MapMan bins “Photosynthesis.photorespiration”, “Solute transport.Primary active
transport” and “Nutrient uptake.nitrogen assimilation”. The enrichment of “Solute
transport.Primary active transport” was largely due to the BSC-specific expression of

ATP-binding cassette (ABC) transporters in M. arvensis. The enrichment of
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“Photosynthesis.photorespiration” in the set of differentially partitioned genes was due
to homologs of the genes encoding subproteins of the GDC such as GLDP1, GLDT and
GDC-H1 (Fig. 2B). The BSC-preferential expression also diverged between M. arvensis
homologs of single A. thaliana genes. For the GLDT gene, for example, two copies were
annotated in M. arvensis, one of which showed a stronger BSC-specific expression and
one showed BSC-specificity with a stronger MC background. (Supp Figure S2). A
similar pattern was found for the four M. arvensis paralogs of the single A. thaliana
NADP-MDH gene, encoding the plastidial NADP-dependent malate dehydrogenase.
Here, one paralog showed highly BSC-specific expression, whereas another paralog
showed higher MC expression.

Cis-regulatory underpinnings of differential partitioning

We next investigated the cis-regulatory landscape of differentially partitioned genes in
the M. arvensis and A. thaliana datasets. To this end, the 3000 bp upstream regions for
each marker gene were analyzed using FIMO (Grant et al., 2011), which predicted TF
binding sites. The list of putatively binding TFs based on upstream sequence elements
was narrowed down based on the TF co-expression data from our single-cell RNAseq

datasets.
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Figure 2: A: UMAP visualizations of the A. thaliana single-cell RNA-seq dataset from Kim et al. (2021;
left panel) and the M. arvensis dataset from this study (right panel). B: Heatmaps indicating normalized
expression in mesophyll and bundle-sheath clusters in A. thaliana and M. arvensis. Expression was
normalized to the highest expressed marker gene in the respective cluster and species. C: Sankey diagram
indicating the expression of M. arvensis marker genes (right side of the diagram) in A. thaliana clusters
(left side). D: Enrichment of MapMan bins for 101 differentially partitioned genes between M. arvensis

and A. thaliana bundle-sheath clusters.
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Figure 3: Schematic view of the photorespiratory pathway in A. thaliana (A) and M. arvensis (B)
mesophyll and bundle sheath cells. Heatmaps indicate the expression of genes encoding selected
photorespiratory enzymes from the respective A. thaliana and M. arvensis single-cell RNA-seq datasets.
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For A. thaliana, binding sites for various co-expressed TFs were identified in the marker
gene upstream regions. One prime example was the accumulation of MYB30 TF
binding sites in the A. thaliana epidermis marker genes, which was previously
associated with epidermal wax synthesis (Zhang et al. (2019); Fig. 4A). Furthermore,
DOF1 and DOF5 TFs were co-expressed and predicted to bind BSC marker genes in
the A. thaliana data, which is supported by previous studies (Guo et al., 2009; Dai et
al., 2022). This indicated that our pipeline for the identification of co-expressed TF
binding sites was robust. In the A. thaliana dataset, a larger number of co-expressed
and potentially binding TFs was identified than in the M. arvensis data. This was likely

an effect of the lower read coverage in the M. arvensis snRNA-seq data.

In the M. arvensis BSC marker genes, two co-expressed and putatively binding TFs
were identified, TGACG MOTIF-BINDING FACTOR 4 (TGA4) and NAC DOMAIN
CONTAINING PROTEIN 83 (NACO083; Fig. 4A). Interestingly, these TFs were not
identified as co-expressed and binding in A. thaliana BSC marker genes. We analyzed
STARR-seq data (Jores et al., unpublished) for the expression strength of enhancers
containing a TGA binding motif (AC(G/A)TCA) or a NAC binding motif
(TT(G/A)CGT). In doing so, we found that the expression strength conveyed by these
motifs in tobacco leaves decreased significantly in the light compared to the dark,
indicating light-responsiveness of the genes controlled by TGA and NAC TFs (Supp.

Figure S8).

In order to facilitate the analysis of cis-regulation underlying cell-specific expression or
differential partitioning, we developed a single-cell browser for our M. arvensis dataset.
The expression strength of each gene can be visualized using the gene name, AGI code
or the M. arvensis gene ID as input. To visualize the available NGS data from

experimental work or deep learning predictions for the locus of interest, we integrated
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a “multiome viewer” option to the browser. Using the multiome viewer, intron/exon
structures from Helixer (Stiehler et al., 2020; Holst et al., 2023), 5-methylcytosine DNA
modification intensities from whole-genome bisulfite sequencing (Chapter 9),
chromatin accessibility predictions from Predmoter (Kindel et al., 2024) and enhancer
and core promoter regions identified using STARR-seq (Jores et al., unpublished) can
be visualized (Fig. 4B). To visualize single-cell and multiome results, a shiny webserver
was deployed and is accessible under https://134.99.200.66:8000 from the internal

network of Heinrich Heine University Diisseldorf.

A striking example for cis-variation underlying differential partitioning is the GLDPI
gene encoding the GDC P-protein. Here, a large area with high levels of 5-
methylcytosine DNA modification could be observed (Fig. 4B), which corresponded to
the transposable element in the GLDPI upstream region identified in (Triesch et al.

(2024), Chapter 8).
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Figure 4: A: UMAP visualizations of the A. thaliana single-cell RNA-seq dataset from Kim et al. (2021,
left panel) and the M. arvensis dataset from this study (right panel). Word clouds indicate the relative
frequency of binding sites for co-expressed transcription factors in the 3000 bp upstream region of marker
genes for each cluster. B: Multiome summary plot for the GLDP1 gene. Top row: Annotated gene
structure predictions from Helixer (Stiehler et al., 2020; Holst et al., 2023). Second row: 5-methylcytosine
DNA methylation levels obtained using whole-genome bisulfite sequencing (Chapter 9). Third row: ATAC
and ChIP-seq predictions obtained from Predmoter (Kindel et al., 2023). Third and fourth row: STARR-seq
peaks for core promoter and enhancer regions.
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Discussion

While single-cell or tissue-enriched transcriptomes were generated for C; plants
(Doring et al., 2016; Liu et al., 2022; Hoang et al., 2023; Swift et al., 2023), spatially
resolved gene expression studies for a Cs;-Cs intermediate species lag significantly
behind. In the Brassicaceae, the presence of multiple independent origins of Cs-Cs4
intermediate photosynthesis harbors potential to map common genetic features to
common traits. The whole model of the Brassicaceae Cs-C, intermediate metabolism
relies on the observation that the P-protein of the GDC localizes specifically to BSC
mitochondria (Rawsthorne et al., 1988b; Rawsthorne et al., 1988a) and that glycine,
serine, glutamate, alanine and malate levels are significantly increased in M. arvensis
(Schliiter et al., 2016). However, the long-standing aim, introducing Cs-C4 intermediate
or even C; traits into C; plants, will require a profound knowledge about the

transcriptional patterning and the functional genetics underlying these traits.

Using snRNA-seq of young M. arvensis leaves we provide here the bona fide first single-
cell resolution transcriptome for a Cs-C4 intermediate Brassicaceae species. Our dataset
covers the majority of leaf cell types and shows robustness between the biological
replicates (Supp. Figure S1). We assigned cell identities to clusters based on marker
genes, which are consistent with previous plant leaf single-cell transcriptomes (Berrio

et al., 2022; Procko et al., 2022; Swift et al., 2023).

To compare the single-cell transcriptome data in the leaf with C;-C4 photosynthesis to
a Cs photosynthesis species, we used publicly available data from A. thaliana that was
generated using leaf protoplasts (Kim et al., 2021). The split between the Brassiceae
and the Camelinae tribes containing M. arvensis and A. thaliana, respectively, dates
back 25 million years (Walden et al., 2020). However, the high number of shared

marker genes between the respective cell types allows intra-species comparisons
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(Suppl. Fig S3). Using the homologs for a set of A. thaliana marker genes, we were
able to assign cell identities to the M. arvensis clusters with high fidelity. The use of
MMseqs2 (Steinegger et al., 2017) to identify A. thaliana homologs for the M. arvensis
gene models proved highly efficient, although it does not faithfully distinguish between
paralogs. However, since we were interested in the differential expression or
differential partitioning of paralogs, their inclusion was beneficial. Being derived from
leaf protoplast, the A. thaliana single-cell expression dataset had a higher read count
per cell compared to our M. arvensis dataset, which did result in the detection of more
transcripts per cell. For the highly expressed photorespiratory genes, the low read
count in the M. arvensis dataset was no obstacle, as seen in the high number of
differentially partitioned genes detected.

Moricandia arvensis single-nuclei RNA sequencing gives insights into bundle-
sheath functionalization

Due to the prominent role of the BSC in the C;-C; intermediate leaf, we analyzed
differential gene expression patterns between BSC in MC in M. arvensis as well as
between the M. arvensis and A. thaliana BSC clusters. In doing so, we noticed that
multiple BSC markers genes in M. arvensis were not BSC-specific in A. thaliana. The
majority of these differentially partitioned genes showed MC and phloem parenchyma
expression in A. thaliana (Fig. 2C). The functionalization of the BSC by recruiting gene
expression from MC and phloem cells was also observed in a comparative single-cell
transcriptomic study between sorghum and rice (Swift et al., 2023) and is thought to
be one of the crucial drivers of C4 evolution (Hibberd et al., 2010; Reeves et al., 2017;
Singh et al., 2023). This functionalization entails the shift of photorespiration to the
BSC as well as an altered leaf ultrastructure with an increased amount of centripetally

arranged plastids (Sage et al., 2012; Heckmann et al., 2013; Schliiter et al., 2017).
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To find the genes underlying both phenomena, we analyzed the set of differentially
partitioned genes between the two species in greater detail. First, we observed a strong
enrichment in photorespiratory gene expression in the M. arvensis BSC compared to
A. thaliana (Fig. 1C). This was most pronounced in the differential partitioning of GDC
proteins in the BSC of the Cs-C, intermediate leaf (Fig. 1D). Previous studies largely
focused the GDC-P protein and showed BSC-specific localization of this protein, but
they reported that the other subunits of the GDC were not BSC-specific (Hylton et al.,
1988; Morgan et al., 1993). Contrasting, we were able to show that the genes encoding
the T-, L- and H- protein of the GDC underly strong BSC-preferential expression in

M. arvensis.

In our dataset, the genes encoding SHM and BOU also exhibit strong BSC-preferential
expression in M. arvensis. In Eisenhut et al. (2013), it was observed that BOU
expression correlates with the expression of genes encoding GDC proteins and bou
mutants exhibit decreased GDC activity. The authors suggested that BOU may
transport a GDC cofactor into the mitochondria. It is conceivable that BOU transports
glutamate for the polyglutamylation of THE a cosubstrate for the GDC and SHM. The
differential distribution of BOU in the Cs;-C4 intermediate BSC may ensure BSC-specific
GDC activity and may influence C1 metabolism. Consequently, altered C1 metabolism
in the BSC could represent another layer of gene regulation through DNA methylation,
which is closely tied to the C1 cycle (Groth et al., 2016). Other genes encoding
transporter proteins such as UMAMIT36 and multiple ABC-transporters were also
differentially partitioned in the M. arvensis BSC. Again, this hints at the large
functionalization of this cell type and the importance of organellar and intra-cellular

metabolite exchange in the C;-C4 intermediate leaf.
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Glycolate and glyoxylate are parsimonious additions to the glycine shuttle

The photorespiratory glycine shuttle stands out as a hallmark characteristic of species
exhibiting Cs-C, intermediate photosynthesis, sometimes referred to as C, species due
to this trait. However, the glycine shuttle leads to a large nitrogen imbalance between
MC and BSC, since two molecules of glycine are converted to one molecule of serine,
releasing one net molecule of NHs. Several hypothetical nitrogen rebalancing pathways
were proposed, largely based on flux modeling (Mallmann et al. (2014), Supp. Fig.
S6). These nitrogen shuttles resemble initial C; fluxes and their installation is

conceived as a driver of C4 evolution (Lundgren et al., 2017).

When examining our single-cell transcript data, we realized discrepancies between the
observed and proposed transcript levels for hypothetical nitrogen back-shuttle
pathways. For example, we did not observe increased transcript levels for PEP
CARBOXYLASE (PEPC), PYRUVATE ORTHOPHOSPHATE DIKINASE (PPDK), ALANINE
AMINOTRANSFERASE (AlaAT) and MALATE DEHYDROGENASE (MDH) or a strong
expression shift of these genes to the MC (Fig. 3, Supp. Fig. S6). However, we observed
an expression shift of GLYCOLATE OXIDASE (GOX), GLUTAMATE:GLYOXYLATE
AMINOTRANSFERASE (GGAT), GLUTAMINE-2-OXOGLUTARATE AMINOTRANSFERASE
(GOGAT) and GLUTAMINE SYNTHETASE (GS) to the BSC. Higher enzyme activities in
M. arvensis protoplast fractions were found for GDC, GOGAT, GS, but not for HPR and
GOX in the BSC compared to the MC fractions (Rawsthorne et al., 1988b; Rawsthorne
et al., 1988a). Based on this, we hypothesize that glycolate and glyoxylate serve as
additional shuttle molecules from MC to BSC, where they are converted to glycine (Fig.
3B). The shift of two additional photorespiratory conversions to the BSC would be
consistent with the strong activation of the BSC in the Cs;-C; intermediate leaf. The
conversion of glyoxylate to glycine is catalyzed by GGT and dependent on glutamate

and 2-oxoglutarate as co-substrates. The recycling of glutamate is catalyzed by GOGAT
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and GS and binds additional nitrogen, like the photorespiratory NH; released by the
GDC. Refixation of photorespiratory NH; in the BSC could alleviate the nitrogen
imbalance and the need for a complex nitrogen back-shuttle (Borghi et al., 2022). The
lack of such a complex shuttle that even resembles a primordial C4 cycle would explain
the evolutionary stability of Cs-Cs4 intermediate Brassicaceae. However, since transcript
abundance does not resemble protein level in a specific cell type, protein levels of the
respective enzymes must be resolved using cell-specific proteomics or quantitative
protein localization studies.

The photorespiratory glycine shuttle is integrated into the bundle-sheath
metabolism by spatially constrained gene expression

The shift of the glycine decarboxylating steps of photorespiration to the Cs-Cs4
intermediate BSC is mostly likely associated with a further rearrangement of the BSC
metabolism, as shown for the sulfate and nitrogen assimilation pathways in Cs-Cs4
intermediate Flaveria plants (Mallmann et al., 2014; Weckopp et al., 2015). We found
a higher BSC expression of genes involved in sulfur metabolism in A. thaliana
compared to M. arvensis (Supp. Fig. S5). This included especially the primary reductive
steps of sulfate assimilation that were highly BSC-specific in both species. This
specificity, however, was more pronounced in A. thaliana. Conversely, the strong BSC-
preferential expression of SULTR2;2 and SULTR3;3, encoding leaf sulfate transporters,
was more pronounced in M. arvensis. This was remarkable because it confirmed the
hypothesis that the confinement of sulfur assimilation to the BSC is not a prerequisite

for a C3-C, intermediate phenotype (Koprivova et al., 2001; Kopriva et al., 2005).

It was shown that nitrate reduction occurs primarily in the C4 MC to avoid competition
for reduction equivalents between sulfate and nitrate homeostasis in the BSC (Aubry
et al., 2014). As the shift of photorespiratory nitrogen reduction towards the BSC in

M. arvensis is likely connected to the overall nitrogen metabolism, it might be plausible

64



to assume that sulfur metabolism in turn loses its BSC preference. In accordance,
nitrogen transporters of the NPF family were BSC-preferential in both analyzed species

(Supp. Data on GitLab).

We also interrogated genes involved in starch and sucrose synthesis as well as in
primary metabolism but found no difference in BSC-specificity between the two
species. For example, the characteristic high expression of genes encoding SUCROSE
PHOSPHATASE (SPP) enzymes was observable in both A. thaliana and M. arvensis BSC.
We conclude that the overall sugar metabolism in the Cs-C, intermediate Moricandia is
therefore similar to C; A. thaliana. We could not make conclusions regarding aspects
of the primary carbon metabolism M. arvensis since multiple genes were missing in our
dataset. This included genes involved in the tricarboxylic acid (TCA) cycle, glycolysis

and amino acid synthesis.

It was plausible to assume that changes in the BSC metabolism between the C;
A. thaliana and the Cs-C4 intermediate M. arvensis require changes in redox balancing
and energy homeostasis. Our dataset revealed that genes encoding proteins involved
in alternative mitochondrial respiratory chains such as ALTERNATIVE OXIDASE 1 A
(AOX1A) and ALTERNATIVE NAD(P)H DEHYDROGENASE 1 (NAD1) were
differentially partitioned towards the M. arvensis BSC. An upregulation of AOX gene
expression was already observed in bulk transcriptome studies in M. arvensis but not
in the C; sister species M. moricandioides. The authors concluded that increased AOX
protein levels indicate enhanced re-balancing of the redox metabolism due to the
glycine shuttle (Schliiter et al., 2017). In our data, AOX1a was significantly confined
to the BSC, pointing to the BSC as the primary site for photorespiratory redox state re-
balancing. In Flaveria, species, AOX transcript levels were observed to be increased in

Cs-C4 intermediate species, but not in C; or C, species. Schliiter et al. (2017)
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hypothesize that the redox balance is adjusted once a full C4 cycle is implemented, and
the AOX transcript increase is only necessary in C3-C, intermediate species. However,
it needs to be verified whether the BSC specificity is also reverted in C, species.
Furthermore, we cannot rule out that BSC-specific expression of AOX is also found in
closely related C; Moricandia species. Redox homeostasis can also be maintained by
the malate valve, especially through the interplay of NADP-MDH (NADP-dependent
malate dehydrogenase) enzymes (Selinski et al., 2019). Whereas the plastidial NADP-
MDH is encoded by a single gene in A. thaliana, it is expressed by three paralogs in
M. arvensis. It was interesting to find a differential partitioning between these paralogs
in M. arvensis. This could hint at a tight control of the malate metabolism between MC
and BSC, carried out by multiple genes with potentially individual regulatory

mechanisms.

We specifically analyzed the dataset with regard to genes that suggest a selectively
increased or reduced connectivity between MC and BSC tissue in M. arvensis. We found
genes associated with the formation of aquaporins, water transmembrane transporters,
partitioned to the BSC in both analyzed species, but more constrained to the A. thaliana
BSC. It was hypothesized that in C,4 plants, the elevated expression of aquaporins aids
in CO, transportation to the mesophyll cell, increasing mesophyll conductance and by
this the photosynthetic efficiency (Weber et al., 2010; Kaldenhoff, 2012; Ermakova et
al., 2021). In the M. arvensis BSC, we hypothesize that the less pronounced differential
expression of aquaporin-forming genes acts as an insulator to prevent exchange of

oxygen and carbon dioxide between MC and BSC.

The Cs-C4 intermediate biochemistry in M. arvensis leaves is accompanied by a set of
ultrastructural modifications in leaf architecture. We sought to underpin these

anatomical patterns with variation in single-cell transcription patterns of anatomical

66



regulator genes. To this end, we analyzed selected leaf anatomy-related genes that
were previously analyzed in bulk RNA-seq approaches in M. arvensis (Kong et al., 2011;
Lin, 2020). We found no significant increase in normalized expression of these genes
in either M. arvensis or A. thaliana. There was also no clear shift of these genes to
either MC or BSC, but a slight tendency towards higher expression of these genes in
the M. arvensis MC (Supp. Fig. S7). This was also true for proposed master regulators
of development like the GOLDENZ2 gene, where we detected a preferential expression

in both A. thaliana and M. arvensis BSC (Supp. Tab. S7).

In contrast, we also found genes like AT1G67480 encoding a galactose oxidase/kelch
repeat superfamily protein and AT1G64340 encoding a serine/threonine-kinase to be
strongly differentially partitioned. These genes are no further classified and apparently
no research was done on these genes to date. We cannot rule out that these transcripts
were mapped to false gene models in our reference transcript that was generated using
in silico predictions with Helixer (Stiehler et al., 2020; Holst et al., 2023). However, it
is striking that these transcripts prevail in high expression strength in the BSC. It is
believed that the evolution of C, photosynthesis is rather driven by the incorporation
of existing genes into new gene regulatory networks (Williams et al., 2012; Singh et
al., 2023; Swift et al., 2023). However, the presence of multiple uncharacterized genes
in the top hits of differentially partitioned transcripts in M. arvensis leaves room for
speculation about the contribution of unknown factors in gene regulation,
development or biochemistry of the Cs-C, intermediate species.

Cs-C,4 plants are stable intermediates on the evolutionary progression towards Cs
photosynthesis

The lack of C4 species in the Brassicaceae family raises questions about the evolutionary
state of C;-C; intermediate Brassicaceae and the selective pressure towards Cs

photosynthesis. It has been discussed that the retention of the species in cooler climates
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or anatomical constraints decreased selection for C, traits (Lundgren et al., 2017,
Schliiter et al., 2017; Lundgren, 2020; Walsh et al., 2023). Here, we present multiple
lines of evidence that support the hypothesis that the traits observed in Cs-Cs4
intermediate Brassicaceae are distinguished phenotypes following the trajectory of Cs4
evolution: Firstly, the complete shift of GDC activity predicted to be at the onset of C4
evolution is clearly observable in our M. arvensis dataset (Sage et al., 2012; Heckmann
et al., 2013). The additional flux of glycolate and glyoxylate and the BSC-specific
refixation of photorespiratory NH; could be one of the constraints decreasing the

selection of a fully evolved C, cycle in the Brassicaceae.

Secondly, it is widely accepted that the evolution of C, photosynthesis necessitates the
integration of existing gene regulatory networks, such as the incorporation of Cs light-
responsiveness elements into C4 promoters (Hibberd et al., 2010; Reeves et al., 2017;
Singh et al., 2023; Swift et al., 2023). In line with this, the accumulation of light-
responsive upstream elements in the M. arvensis BSC marker genes provides additional
evidence indicating the evolutionary progression of Cs-Cs intermediate Brassicaceae
towards C, photosynthesis (Supp. Fig. S8). The enrichment of TGA TF binding sites in
the upstream regions of M. arvensis BSC marker genes was especially striking, since
members of this class were found to be associated with the increase in transcripts of
Cs4 genes during the de-etiolation of seedling of the C4 species Gynandropsis gynandra

(Singh et al., 2023).

Finally, details about the ontogenetic development of the C;-C; intermediate
photosynthesis in Brassicaceae remain elusive. Using single-cell RNA velocity
modelling, we tried to provide insights on the expression patterns of individual genes
in various cell states (La Manno et al., 2018). In doing so, we observed a strong

decrease in GLDP1 expression in cells from the M. arvensis MC population following
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the cell’s modelled pseudo-age. This would indicate a high GLDP1 expression and, thus,
a Cs-like photosynthesis in young M. arvensis MC. However, this data is highly

hypothetical and requires thorough experimental corroboration.

The advent of single-cell RNA sequencing cleared a substantial roadblock in the way
of a thorough understanding of multiple complex traits (Cervantes-Pérez et al., 2022;
Nobori et al., 2023). Using a snRNA sequencing dataset from M. arvensis, we were able
to confirm and expand old hypothesis about the localization of photorespiratory
enzymes in C;-C, intermediate Brassicacea (Hylton et al., 1988; Rawsthorne et al.,
1988b; Rawsthorne et al., 1988a; Rawsthorne, 1992; Morgan et al., 1993; Monson et
al., 2000), the functional activation of BSC tissue (Sage, 2004; Swift et al., 2023) and
present alternatives to proposed nitrogen shuttle pathways (Mallmann et al., 2014).
In addition, we gathered first insights into the recruitment of light-responsive cis-
elements in BSC marker genes. These insights into the genetic mechanisms of C;-Cs4
intermediate photosynthesis in M. arvensis will help to identify targets for synthetic

biology strategies to engineer C, traits into crop plants (Ermakova et al., 2020).

69



Supplementary Material

Figure S1: UMAP visualization of the Moricandia arvensis single-nuclei RNA-seq dataset indicating
which cell belonged to which biological replicate. The number 0-2 refer to the three biological replicates.

GLDT 1.0

0.0

Figure S2: UMAP visualization of the Moricandia arvensis single-nuclei RNA-seq dataset heatmap
overlays for the two GLDT1 gene copies in M. arvensis.
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Figure S3: Venn diagram indicating the number of shared and unique marker genes in different
clusters in the Arabidopsis thaliana and Moricandia arvensis leaf snRNA-seq dataset.
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Figure S4: Enrichment of MapMan bins for differentially expressed genes between Arabidopsis thaliana

bundle-sheath and mesophyll clusters.
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Figure S5: Schematic illustration of the sulfur assimilation pathway in bundle-sheath and mesophyll
cells in Arabidopsis thaliana (upper panel) and Moricandia arvensis (lower panel). The left tile of each
heatmap indicates normalized expression in the mesophyll, the right tile indicates normalized expression
in the bundle-sheath. Abbreviations: Ser: serine, APS: Adenosine-5'-phosphosulfate, APS (enzyme): APS
sulfurylase, APR: AOS reductase, PAPS: 3'-Phosphoadenosin-5'-phosphosulfate, OAS: O-acetylserine, Cys:
cysteine, y-EC: y-glutamylcysteine, GSH: glutathione, GGT: y-glutamyltransferase, GSH (enzyme):
glutamate-cysteine ligase, SULTR: sulfate transporter, CYSC/CYSD: cysteine synthase
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Figure S6: Schematic illustration of the photorespiratory pathway in Moricandia arvensis with a

putative alanine-pyruvate shuttle as proposed in Mallmann et al. (2014). Heatmaps indicate the
expression of genes encoding selected photorespiratory enzymes from the M. arvensis single-cell RNA-seq
dataset. The expression was normalized to the highest marker genes in the respective cluster. The left tile
of each heatmap indicates normalized expression in the mesophyll, the right tile indicates normalized
expression in the bundle-sheath. Abbreviations: CBB: Calvin-Benson-Bassham Cycle, 3-PGA: 3-
Phosphoglyceric acid, Rubisco: Ribulose-1,5-bisphosphate carboxylase/oxygenase, GLYK: glycerate
kinase, GOX: glycolate oxidase, GGT: glutamate:glyoxylate aminotransferase, AGT: serine:glyoxylate
aminotransferase, HPR: hydroxypyruvate reductase, GLDP/GLDT/GLDH/GLDL: glycine decarboxylase
P/T/H/L protein, SHM: serine hydroxymethyltransferase, PGLP: phosphoglycolate phosphatase, GOGAT:
glutamine-2-oxoglutarate aminotransferase, GS: glutamine synthetase, 2-OG: 2-oxoglutaric acid, Ala:
Alanine, Pyr: Pyruvate, AlaAT: alanine aminotransferase, ME: malic enzyme, PEP: phosphoenolpyruvate,

OAA: oxaloacetic acid.

73



A. thaliana

Mesophyll

Mesophyll

M. arvensis

CHUP1 // AT3G25690

m_arvensis_contig_4237_000003

GLK2 // AT5G44190

m_arvensis_contig_885_000016

m_arvensis_contig_3236_000001

PMI1 // AT1G42550

m_arvensis_contig_1297_000003

PMI2 // AT1G66840

m_arvensis_contig_3737_000017

JAC1 // AT1G75100

m_arvensis_contig_2284_000038

A. thaliana M. arvensis

Mesophyll Mesophyll

THRUMIN1 // AT1G64500 m_arvensis_contig_11886_000006

WEBL1 // AT2G26570 m_arvensis_contig_2008_000006

PHOT1 // AT3G45780 m_arvensis_contig_3480_000003

m_arvensis_contig_7642_000032
m_arvensis_contig_2133_000004
m_arvensis_contig_13817_000020
m_arvensis_contig_2133_000003
m_arvensis_contig_13817_000019

PHOT2 // AT5G58140

[ T

0.0 0.2 0.4 0.6 0.8 1.0
normalized expression

Figure S7: Heatmaps indicating normalized expression of selected anatomical regulator genes in
mesophyll and bundle-sheath clusters in Arabidopsis thaliana and Moricandia arvensis. Expression was
normalized to the highest expressed marker gene in the respective cluster and species
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Figure S8: Violin plots showing the enhancer strength of enhancer sequences with a NAC or TGA
transcription factor binding motif under dark and under light. Enhancer strength was determined using
self-transcribing active regulatory region sequencing (STARR-seq) data provided by Jores et al. (personal

communication).
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Table S1: List of the top 50 differentially partitioned genes between Moricandia arvensis and
Arabidopsis thaliana bundle-sheath clusters.

Gene Name AGI MapMan bin
GLDT AT1G11860 Photosynthesis.photorespiration.glycine decarboxylase
complex.aminomethyltransferase component *(T-protein)

GLDP1  AT4G33010 Photosynthesis.photorespiration.glycine decarboxylase complex.glycine
dehydrogenase component *(P-protein)

SHM1  AT4G37930 Photosynthesis.photorespiration.serine hydroxymethyltransferase *(SHM)
AT1G67480 AT1G67480 not assigned.annotated
AT1G64340  AT1G64340 not assigned.not annotated
GDC-H1  AT1G32470 Photosynthesis.photorespiration.glycine decarboxylase complex.lipoamide-
containing component *(H-protein)

BOU  AT5G46800 Solute transport.carrier-mediated transport.solute transporter *(MTCC)
ALKBH10B  AT4G02940 RNA processing.RNA modification.RNA methylation.mRNA methylation.N6-
methyladenosine demethylation.demethylase *(ALKBH10)

GLDT AT1G11860 Photosynthesis.photorespiration.glycine decarboxylase
complex.aminomethyltransferase component *(T-protein)

PIP2A  AT3G53420 Solute transport.channels.MIP family.plasma membrane intrinsic protein *(PIP)
NAIP2  AT1G16520 Cell division.cytokinesis.endoplasmic reticulum (ER) reorganisation.ER body
formation factor *(NAIP)

ABCC1 AT1G30400 Solute transport.primary active transport.ABC superfamily.ABC1
family.subfamily ABCC transporter

AT1G69523  AT1G69523 not assigned.not annotated
NADP-MDH  AT5G58330 Photosynthesis.calvin cycle. NADPH-dependent malate dehydrogenase *(NADP-
MDH)

AT1G62480 AT1G62480 not assigned.not annotated
NMT3  AT1G73600 Lipid metabolism.glycerolipid metabolism.phosphatidylcholine
biosynthesis.phospho-base N-methyltransferase

AT5G16030 AT5G16030 not assigned.not annotated
GGT1  AT1G23310 Photosynthesis.photorespiration.aminotransferase activities.glutamate-glyoxylate
transaminase

LEA3  AT1G02820 not assigned.annotated

TAR4  AT1G34060 not assigned.annotated
GDC-H1  AT1G32470 Photosynthesis.photorespiration.glycine decarboxylase complex.lipoamide-
containing component *(H-protein)

DELTA-TIP  AT3G16240 Solute transport.channels.MIP family.tonoplast intrinsic protein *(TIP)
AOXIA  AT3G22370 Cellular respiration.oxidative phosphorylation.alternative NAD(P)H
dehydrogenase activities.alternative oxidase *(AOx)

UMAMIT36  AT1G70260 Solute transport.carrier-mediated transport. DMT superfamily.solute transporter

*(UmamiT)
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AOAT2  AT1G70580  Photosynthesis.photorespiration.aminotransferase activities.glutamate-glyoxylate
transaminase

NDA1  AT1GO07180 Cellular respiration.oxidative phosphorylation.alternative NAD (P)H
dehydrogenase activities.type-II NAD(P)H dehydrogenase activities. NAD(P)H

dehydrogenase *(NDA)

NETID AT1G03080  Cytoskeleton organisation.microfilament network.actin-membrane compartment
interaction.NET-type actin-membrane nexus protein families.actin-binding

protein *(NET1)

BRON  AT1G75710 not assigned.not annotated
AT5G16030 AT5G16030 not assigned.not annotated
GS2  AT5G35630 Nutrient uptake.nitrogen assimilation.ammonium assimilation.glutamine
synthetase activities.plastidial glutamine synthetase *(GLN2)

SGR6  AT2G36810 not assigned.annotated

TIP2  AT3G26520 Solute transport.channels.MIP family.tonoplast intrinsic protein *(TIP)
GASA1  AT1G75750 Phytohormone action.signalling peptides.CRP (cysteine-rich-peptide)
category.GASA/GAST-peptide activity. GASA-precursor polypeptide

ABCC12  AT1G30410 Solute transport.primary active transport.ABC superfamily. ABC1
family.subfamily ABCC transporter

PnsB4  AT1G18730 Photosynthesis.photophosphorylation.chlororespiration.NADH dehydrogenase-

like (NDH) complex.subcomplex B.component *(PnsB4/NDF6)

GAUT15  AT3G58790 not assigned.annotated
XTH28  AT1G14720 Enzyme classification.EC_2 transferases.EC_2.4 glycosyltransferase
ALA9  AT1G68710 Lipid metabolism.lipid trafficking.endoplasmic reticulum-plastid lipid
transfer.phospholipid transverse translocation.ATP-dependent machinery.ALA-

ALIS flippase complex.P4-type ATPase component *(ALA)

TOL5 AT5G63640 Vesicle trafficking.endocytic trafficking.ubiquitylated cargo adaptation.ubiquitin
adaptor protein *(TOL)

AT1G61800 AT1G61800 Solute transport.carrier-mediated transport. DMT superfamily.NST-TPT
group.phosphometabolite transporter *(TPT/PPT/GPT/XPT)

HKT1 AT4G10310  Solute transport.carrier-mediated transport.potassium/sodium cation transporter

* (HK’I‘)

UMAMIT36  AT1G70260 Solute transport.carrier-mediated transport. DMT superfamily.solute transporter
*(UmamiT)

AtHMP52  AT5G50740 not assigned.annotated
ABCC5  AT1G04120 Solute transport.primary active transport.ABC superfamily.ABC1
family.subfamily ABCC transporter

AT5G16030 AT5G16030 not assigned.not annotated
ADS2  AT2G31360 Lipid metabolism.fatty acid metabolism.fatty acid desaturation.first
desaturation.acyl-CoA desaturase *(ADS/FADS5)

AT3G04450  AT3G04450 RNA biosynthesis.transcriptional regulation.GARP transcription factor
superfamily.subgroup PHL transcription factor

ABCB19  AT3G28860 Phytohormone action.auxin.transport.auxin efflux transporter *(ABCB19)
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Abstract

Cs-C, intermediate photosynthesis has evolved at least five times convergently in the
Brassicaceae, despite this family lacking bona fide Csspecies. The establishment of this
carbon concentrating mechanism is known to require a complex suite of ultrastructural
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 features that could confer differential gene expression
toward the Cs-C, intermediate state by analyzing eight C; species and seven Cs-C,
species from five independent origins 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 Cs-C, intermediate photosynthesis. 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 Cs-C4 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 GLDP1 gene expression. Our findings hint
at a pivotal role of TEs in the evolution of Cs-C4intermediacy, especially in mediating

differential spatial gene expression.
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Introduction

C, photosynthesis has convergently evolved more than 60 times in flowering land
plants (Sage et al., 2012). C4 photosynthesis functions as a biochemical carbon
concentrating mechanism that reduces the rate of photorespiration and thereby
increases photosynthetic efficiency. Species that perform C4 photosynthesis are mainly
found in warm, dry and high-light environments in which leaf internal CO, are
frequently low and by extension, the oxygenation to carboxylation ratio of Rubisco is
elevated (Betti et al., 2016; Sage et al., 2012). Although C,photosynthesis has evolved
independently in multiple disparate plant lineages, the complexity of the required
anatomical, biochemical, and developmental adaptations makes engineering Cs

photosynthesis a difficult undertaking.

Plants that exhibit Cs-C4intermediate phenotypes are promising research subjects to
study the early steps towards C. photosynthesis (Bellasio & Farquhar 2019; Kennedy
& Laetsch 1974; Lundgren, 2020; Schliiter & Weber, 2016). C;-C4intermediate species
exhibit specialized anatomical traits and they differ from C, species as they do not
possess a fully integrated C, cycle. Cs-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 (Christin et al., 2011;
Dengler et al., 1994; 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 Schliiter &
Weber, 2016). This shuttle relies on the BSC-specific decarboxylation of
photorespiratory glycine, leading to an elevated CO, concentration around Rubisco. By
extension, this increased partial pressure of CO,around the site of its fixation leads to

a higher frequency of the Rubisco carboxylation reaction compared to oxygenation
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reactions, thereby suppressing photorespiration and resulting in decreased CCP

(Kennedy & Laetsch, 1974; Monson & Edwards, 1984; Schliiter et al., 2017).

Changes in the spatial and temporal patterns of gene expression are crucial for the
evolution of Cs-C,4 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 localization of the glycine decarboxylase complex
(GDQ). In C;-C, intermediate species from the genera Moricandia, Flaveria 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, respectively. In these plants, loss of the GDC P-
protein from the MC restricts glycine decarboxylation to the BSC in Cs-Csintermediate
species (Morgan et al., 1993; Rawsthorne et al., 1988; Schulze et al., 2016). However,
the exact mechanism by which this is achieved differs between different species. For
instance, in Cs Flaveria, the gene encoding the GDC P-protein (GLDP) is present in two
differentially regulated copies, GLDPA and GLDPB. In C;-C4 intermediate Flaveria
species, the ubiquitously expressed GLDPB is downregulated compared to Cs Flaveria
species, whereas the BSC-specific GLDPA is highly expressed (Schulze et al., 2013). In
contrast, in Cs-C4 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. Specifically, in Cs-C,intermediate Brassiceae species, GLDPZ2 is absent and
GLDP1 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

GLDP] in C;-C,intermediate Moricandia species. A second cis-element, the V-Box, was
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shown to confer high levels of expression in the BSC and is present in all analyzed
Brassicaceae GLDPI1 promoter sequences to date (Adwy et al., 2015, 2019). Thus, there
are multiple mechanisms through which GLDP1 expression can be changed from being

ubiquitously expressed in the leaf, to being BSC-specific in Cs-C4 plants.

Structural variation can originate from the activity of mobile genetic elements. In
plants, transposable elements (TEs) comprise 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 I 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 proposed that TEs can play a part in genome evolution and the evolution
of novel genetic and phenotypic features (Buchmann et al., 2012; Feschotte 2008; Qiu
& Kohler, 2020; Wicker et al., 2007). Decades ago, Britten & Davidson (1971) put
forward the idea that the 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 purposes 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 proteins (trans-elements) and the DNA sequences they are

binding to (cis-elements). One such mode of action is the exaptation of a cis-regulatory
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element (CRE) from a separate gene (Fig 1). If 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 1, B). 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. 1, C) (Feschotte, 2008). A further possibility is the de novo
generation of new CRE by point mutations in TEs (Fig. 1, D). New CREs, e.g. a 10-mer
promoter element, can arise by random point mutations in between 700,000-

4.8 million years (Behrens & Vingron, 2010).

gene
® © @ ciciement
— TE

Figure 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 regulated 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 destruction or suppression of the CRE. D: During
TE decay, new CREs (blue dot) might occur through accumulation of point mutations.
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Several examples for the role of TEs in rewiring gene regulatory 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-tolerance was linked to the activity
of Copia retrotransposons containing 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 PHEREs1 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 C4
photosynthesis in maize. For instance, by analyzing 40 C, gene orthologs between rice
and maize for the presence of BSC-specific promoter motifs, Cao et al. (2016)
identified over 1,000 promoter motifs that were differentially distributed between Cs
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 C. genes, which connected gene regulatory
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 evolutionary events towards Cs photosynthesis.

In the present study, we test whether TE insertions are involved in decisive steps of

the evolutionary establishment of C;-C4intermediate photosynthesis. To do this, we
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focused on the Brassicaceae family which exhibits at least five independent origins of
Cs-C, intermediate photosynthesis (Guerreiro et al., 2023; Schliiter et al., 2022) and
contains multiple important and well-studied model plant species such as A. thaliana,
Arabis alpina as well as relevant crop and vegetable plants such as Brassica oleracea

and Diplotaxis tenuifolia (arugula).

We performed a pan-genomic association study to analyze the TE landscape of 15
Brassicaceae species. In doing so, we tested for correlations between TE positions and
the presence of C;-C4 intermediate traits. Specifically, correlations between the
presence or absence of upstream co-occurring TEs with the CO, compensation point
were analyzed. In this unbiased approach, we aimed at finding genes that retained
upstream TEs selectively only in Cs;-Csintermediate 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 insertions have played during
establishment of Cs-C, photosynthesis traits. In doing so, we provide evidence that the
insertion of TEs in cis-regulatory regions of key genes is associated with the evolution

of C3-C4photosynthesis in the Brassicaceae.

Material and Methods

Genomes and carbon compensation points

The genomes of Brassica gravinae (Bg), Brassica tournefortii (Bt), Carrichtera annua
(Ca), Diplotaxis erucoides (De), Diplotaxis tenuifolia (Dt), Diplotaxis viminea (Dv),
Hirschfeldia incana (accessions HIR1 and HIR3), Moricandia nitens (Mn) and
Moricandia suffruticosa (Ms) were obtained from Guerreiro et al. (2023). H. incana

HIR3 shows high phylogenetic similarity to Sinapis pubescens and the exact
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phylogenetic placement is unknown (Guerreiro et al,, 2023). For consistency, the
name “H. incana HIR3” is retained throughout this work.

The genome of Arabis alpina (Aa) was obtained from Jiao et al. (2017). The genome
of Arabidopsis thaliana (At) was obtained from Lamesch et al. (2012). The genome of
Moricandia arvensis (Ma) and Moricandia 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 species names and accession number and sources can
be found in Supplemental Table 1. Gas exchange data was 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 convolutional 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

TEs were de novo annotated using EDTA 1.9.9 (Ou et al., 2019) using the -anno 1 and
-sensitive 1 flags. For the calculation of genomic composition (Fig. 2, Fig. 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
2xu

tinsertion =
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assuming a neutral mutation rate of u = 1.4 -10°® substitutions 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

LTRidentity =
raentity number of total bp

Analysis of differential transposable element insertion

All downstream analyses were performed using Python 3.6 including 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.
The annotation files for genes and intact TEs were compared for each species. 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 functionally 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 phylogenetic 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 posthoc comparisons to evaluate differences between
means.

Enrichment of Mercator bins for genes with correlating upstream TEs was calculated
using Fisher’s exact test. The identities of TEs in the GLDPI promoter were validated

using the CENSOR webtool (Kohany et al., 2006).
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Results

The TE landscape of C; and C;-C, Brassicaceae species

To screen for genomic features of potential relevance to the evolution of the Cs-Cs4
photosynthesis trait, we conducted a pan-genomic association study of eight Cs
Brassicaceae species, seven C;-C, intermediate Brassicaceae species from five
independent origins, and one C, Cleomaceae as an outgroup species for tree building.
The five independent origins of Cs;-Csintermediate photosynthesis can be found in the
M. arvensis, M. nitens, and M. suffruticosa monophylum, as well as in D. erucoides,
D. tenuifolia, B. gravinae, and H. incana HIR3 (Fig. 2) (Guerreiro et al., 2023; Schliiter

& Weber 2016; Schliiter et al., 2022).

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 Cs-C, intermediate photosynthesis phenotype (Fig 2; one-
way ANOVA p>0.05). We next de novo 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 content also in closely related species, between M.
arvensis and M. moricandioides and between B. gravinae and D. viminea. Furthermore,

we observed that differences in genome size are mainly due to the different TE content.
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Figure 2: Phylogeny and genomic composition of 15 selected Brassicaceae species and the
Cleomaceae outgroup. C;-C, intermediate species are highlighted in green, the C, outgroup G. gynandra
is highlighted in red. TE-related nucleotides are defined as spanning intact and fragmented transposons.

Class I type retrotransposons represented the majority of identified TEs across both C;
and C;-Cs4 species (Fig. 3). For instance, across all analyzed genomes, between 60 %
and 68 % of all annotated TEs were Class I retrotransposons. In contrast, the
proportion of TE classes in the genomes varied greatly across species (Fig. 3;
Supplemental Table S2). The TE Class II was dominated by TEs from the Helitron
group, making up between five 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 C3-C, genomes (two-

way ANOVA, p = 0.013).

To analyze recent increases of TE activity and their potential roles in the evolution of
Cs-Cintermediate photosynthesis, we determined the insertion times of long terminal
repeat (LTR) transposons (Fig. 4; Supplemental Table S3). LTR retriever, which is the
LTR annotation tool of the EDTA pipeline, detected LTR transposons to a threshold for

repeat identity of 91 %. Assuming a neutral mutation rate of u =1.4*10® substitutions
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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;-C4 intermediate species
revealed the same broad pattern of LTR bursts. Specifically, in both groups, there was
an increased frequency for LTR-TEs younger than two million years. However, the
increase was more pronounced for Cs-Csintermediate species, largely on account of
the high number of young LTR-TEs in M. arvensis. Statistical analysis revealed a
significant correlation between the age distribution of LTR-transposons and the

photosynthesis phenotype (two-way ANOVA, p = 0.033).

Tc1 Mariner TIR transposon { 4% . C3
C3-C4
hAT TIR transposon{ " *
Mutator TIR transposon - g —— o
PIF Harbinger TIR transposon { "% ¢
CACTA TIR transposon - o—
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Helitron - e "
unknown LTR retrotransposon { ' e "
Copia LTR retrotransposon - o i — L
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percentage of genome spanned by TEs

Figure 3: Boxplot indicating the percentage of the genome comprised by each class of intact and
fragmented TEs in eight C; and six C;-C4 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 C; species
and green boxes depict C;-C, intermediate species.
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Figure 4: Boxplot of LTR-TE insertion times for eight C; and six C;-C, 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 timeframe. Calculation was performed using
the LTR similarity of each LTR-TE and a neutral mutation rate of 1.4*10® substitutions per site per year.
Black boxes represent C; species, green boxes represent Cs-Cy4 species.

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

To better understand whether the high abundance of TEs in Cs-Cs species was global
or associated with specific genes, we next analyzed the differential co-occurrence of
TEs with protein coding genes. Co-occurrent TEs were defined as follows (Fig. 5): (I)
the TE starts or ends in a 3,000 bp window upstream of the gene (upstream), (II) 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 (III) and overlapping TEs
(IV and V) might have broken coding sequences and may result from imprecise

annotations.
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Figure 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 3,000 bp window upstream or downstream the gene.
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Tablel: Selected subset of ten genes with upstream TEs with the lowest p-values for their association with
the CCP.

Gene Name AGI locus code | p-value
glycine dehydrogenase component P-protein of glycine cleavage system | AT4G33010 0.001
negative on TATA-less (NOT2) AT5G59710 0.003
regulatory protein FLZ of SnRK1 complex AT5G49120 0.004
pectate lyase AT5G63180 0.005
MATE efflux family protein AT2G38510 0.005
CYCLIN D-type regulatory protein AT4G34160 0.005
regulatory protein FLZ of SnRK1 complex AT5G47060 0.005
phosphocholine phosphatase (PS2/PECP1) AT1G17710 0.007
PLATZ transcription factor family protein AT3G50808 0.007
U-box domain-containing E3 ubiquitin ligase AT4G25160 0.007

Analyzing potentially exaptated CREs, we focused on the up to 3,000 bp 5’ region of
the gene. To compare differential TE insertions between the analyzed species, we
obtained syntenic gene information 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. Across the selected
eleven 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 Cs-C, species. In both Cs and Cs-C4 intermediate
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species, over 50 % of the TEs co-occurring with genes were located up- or downstream
of the gene (Fig. 5).

After correcting the p-values for the phylogenetic 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; Tab. 1, Supplemental Table S5). Among the top ten genes (ranked by
statistical confidence) were genes involved in photorespiration such as the genes
encoding the T- and P-subprotein of the glycine decarboxylase complex (Fig. 6A).
Strikingly, the Cs-C,4intermediate orthologs of these genes exhibited upstream TEs,
whereas the Cs; orthologs lacked upstream TEs. Thus, during the evolution of Cs-Cs,
there was a “gain” in upstream TEs in genes that function in photorespiration (Fig.
6A). In the subset of genes which exhibit an association 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 = 0.0029) was
enriched in the set of genes that co-occur with upstream transposons (Tab. 2). The
occurrence of this Mercator bin was increased 38-fold over the background, which is

higher than for any other analyzed Mercator bin (Tab.2).

Table2: Results from two-sided Fisher’s exact test for the enrichment of Mercator bins within the set of
genes with significant upstream transposons.

Mercator Bin p>0.05 | p<0.05 | p-value Odds ratio
Photosynthesis.Photorespiration 3 2 0.002907 | 38.2
Multi-process regulation.SnRK1-kinase regulation 9 2 0.014932 | 12.7

Cell wall organisation.cell wall proteins 32 3 0.022505 | 5.4

Solute transport.channels 45 3 0.050587 | 3.8
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Figure 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: GLDP/GLDT: P/T-protein of the GLYCINE DECARBOXYLASE
COMPLEX B: Scatter plot for the different architectures of the GLDP1 promoter. The y-axis indicates
the distance between the conserved M-Box sequence and the GLDPI start site. Each dot represents a
species. C; species are shown in green, Cs;-C, intermediate species are shown in black. Species name
abbreviations: At.: Arabidopsis thaliana, 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.

The GLDP1 upstream region shows independent TE insertions in Cs-Cs4
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
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expression have been conducted before (Adwy et al., 2015, 2019; Dickinson et al.,

2020; Schulze et al., 2016).

Only one GLDP gene copy is present in species from the Brassiceae tribe that contains
all known C;-C, intermediate species of the Brassicaceae (Schliiter et al,, 2017). In
contrast, the other two photorespiratory genes with correlating upstream TEs (Tab. 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 Cs-C, intermediate
GLDP] orthologs. In D. tenuifolia a Mutator TE starts at 1970 bp upstream of the GLDP1
start codon. In H. incana HIR3 a TE of the Helitron class is located around 2240 bp
upstream. In orthologs from the monophyletic clade M. arvensis, M. nitens and M.
suffruticosa a MITE DNA transposon was detected, starting 1950 bp upstream of the
GLDP1 start codon. We calculated the minimum timespan since the MITE insertion by
pairwise multiple sequence alignments of the MITE in the three Moricandia GLDP1
promoters using the neutral mutation rate formula that was also employed for the
calculation of LTR ages. We found that the GLDP1 promoter MITE was at least 6.5

million years old.

All three independent TE insertions are located around 100 bp downstream of the M-
Box promoter motif. This motif was previously hypothesized to confer MC expression
(Adwy et al., 2015) since truncation of the motif from the AtGLDP1 promoter shifted
GUS activity from the whole leaf blade to the veins. Furthermore, the M-Box was
reported to be lost in Cs-C4 intermediate Moricandia species (Adwy et al., 2019).
However, upon closer inspection, a highly conserved M-Box motif could be identified

in all Brassicaceae genomes analyzed here. Notably, the M-Box was shifted upstream
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due to the TE insertion in C3-C4species with the exception of D. erucoides (Fig. 6B, Fig.
7, Supplemental Table S6). In B. gravinae, the EDTA pipeline did not annotate an
upstream transposon. However, we found a large insertion of unknown origin in the
B. gravinae GLDP1 promoter. 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 GLDPI promoter of Cs-C4intermediate species

D. erucoides no insertion could be found.

From five analyzed Cs-C4s GLDP1 promoters a large insertion behind the conserved M-
Box could be found in four cases (monophyletic Cs-C4intermediate Moricandia clade,
D. tenuifolia, B. gravinae and H. 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 Cs-C,4
intermediate photosynthesis

Evolution of new complex traits such as Cs-C, photosynthesis and C, photosynthesis
requires the differential regulation of multiple genes. This includes differential gene
expression across both MSC and BSC tissue as well as the installation of light-
responsiveness for genes of the core metabolism (reviewed in Hibberd & Covshoff,
2010). In many cases, the evolution of differential gene regulation takes place in

promoter 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
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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 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 C4 photosynthesis is only just started to being
uncovered. The present study comprises the first pan-genomic association analysis to
assess the importance of TEs in the evolution of Cs;-C,sintermediacy. Specifically, to do
this, we analyzed the role of differential TE landscapes in 15 Brassicaceae species.
Firstly, we investigated whether genome size and TE content correlate with the
presence of the Cs-Cs photosynthesis phenotype. Across our species panel a variety of
genome sizes is present (Fig. 2), but we could detect no correlation between genome
size and the presence of the photosynthesis trait. However, it is possible that different
levels of heterozygosity in the sequenced species may confound these results and

genome size estimations have to be handled with care.
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Figure 7: Schematic representation of the GLDP1 promoter region. "ATG..." depicts the start site of
the GLDP1 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 C; species such as Arabidopsis thaliana no TE is annotated in the promoter sequence,
leading to a low spacing between the M-Box and the GLDPI start site (A). In the Cs-C, intermediate
Moricandia species, a MITE TE begins around 1,950 bp upstream of the GLDPI start codon (B). In
Diplotaxis tenuifolia, a Mutator TE begins 1,970 bp upstream (C). In Hirschfeldia incana HIR3 a Helitron
with a highly conserved hairpin loop structure is inserted around 2,240 bp upstream (D). Although being
a G;-C, intermediate species, the D. 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

®.

Within the Brassicaceae family species exhibiting C;-C4intermediate 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 neighboring tribes (Lysak et al., 2009).
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Next, we analyzed the proportion of TEs across individual genomes. Our estimation of
TE proportions is consistent with previously analyzed Brassicaceae genomes (Liu et
al., 2020; Mirouze & Vitte, 2014) and the G. gynandra genome (Hoang et al., 2022).
While genome size and TE content 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. Moreover, we found a recent burst in LTR-
TE activity that is consistent with other studies (e.g. Cai et al, 2018). The recent sharp
increase in LTR-TE bursts in Cs-C4 species comes mainly from M. arvensis and might
rather be due to high heterozygosity of LTR-containing genomic regions (Fig. 4).
Although a significant correlation between LTR content and age with the Cs-C,
intermediate phenotype could be identified, we cannot ultimately conclude that LTR
transposon bursts contributed to the evolution of the C;-C4intermediacy. Our 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 Cs-Cs4 intermediate Moricandia species (Arias et
al., 2014), our analysis of LTR insertion times will miss the contribution of older LTRs
to the evolution of Cs-Csintermediate traits. Furthermore, based on sequence identity
between the Cs-C,intermediate Moricandia GLDP1 promoters, we estimate the age of
the MITE in the Moricandia GLDP1 promoter to be at least 6.5 million years. This also
falls within the proposed divergence time Csand Cs-C,intermediate Moricandia species
of 2-11 million years (Arias, 2014). Thus, changes in TE content occurred concomitant
with the evolution of Cs-Csintermediate photosynthesis and occurred in genes whose

expression is required to change for operation of a Cs-C, cycle.

In the descriptive whole-genome view, we observed correlations between TE content
and age and the Cs-C, intermediate phenotype. However, there is an individual TE

pattern even in closely related lines (Fig. 2). We therefore conclude that the role of TE
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activity may have an influence on Cs;-C4 evolution, but not necessarily via means of
general TE activity (TE outbursts or TE purging) but rather via selective TE insertions
to relevant genes or upstream regions. To analyze this, we employed a pan-genomic
de novo transposon-gene association study, where the co-occurrence of TEs with genes

to the presence of a C3;-C,intermediate phenotype was correlated.

In both Cs;and Cs-Csintermediate species, more than 50 % of the analyzed co-occurring
TEs were upstream or downstream 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 harbor transposable elements (Buchmann et al.,
2012). Nevertheless, over 30 % of the transposons crossed the borders of annotated
genes. We assume that this was due to imprecise annotations by the TE identification

pipeline.

Differential gene regulation mediated by variation in upstream regions was shown to
be a driver of C,trait evolution in multiple, well documented cases (Adwy et al., 2015;
Gowik et al., 2017; Williams et al., 2015; Wiludda et al., 2012). Our analysis revealed
113 genes with an upstream TE that correlates with the presence of a C;-Cs4
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 regulation.sucrose
non-fermenting-related kinase (SnRK1) regulation” and
“Photosynthesis.Photorespiration”. SnRK1 was shown to act as a central regulator of
starvation metabolism that mediates energy homeostasis between organelles
(Wurzinger et al., 2018). During nutrient starvation, SnRK1 subcomplexes were found
to regulate the differential expression of over 600 target genes (Baena-Gonzdlez et al.,

2007). Strikingly, ultrastructural adjustments and re-localization of the GDC P-protein
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to the BSC were demonstrated as a result of nitrogen starvation in the Cs-C4

intermediate species Chenopodium album (Oono et al., 2022).

There is a clear bias of TE retention upstream of photorespiratory and SnRK1-
regulatory genes in C;-C4intermediate species, although with a small effect size (2 out
of 5 genes with p<0.05 for “Photosynthesis. Photorespiration”; 2 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 existing cis-elements. Strikingly, the set of genes that are significantly
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 decarboxylase complex (GLDT/GLDP). The modification of photorespiration is
an important step towards the establishment of the glycine shuttle. The enrichment of
TE insertions upstream of photorespiratory genes in Cs-C4intermediates is a potential
hint that TEs play a significant role in the introduction of the glycine shuttle.

TE insertions in the GLDP1 upstream region are highly convergent drivers of
bundle-sheath cell specificity

GLDP is a well-characterized example for differential gene expression at the early
stages of Cs-C4 evolution across multiple plant lineages (Schliiter & Weber 2016;
Schulze et al., 2013). In the Brassiceae tribe, the GLDP2 copy was lost (Schliiter et al.,
2017). Additionally, GLDP1 was reported to be differentially expressed between C;and
Cs-Csintermediate Moricandia species (Hylton et al., 1988). In A. thaliana, GUS activity
was restricted to the BSC by truncating the GLDP1 promoter in the position of the M-

Box, a promoter element approx. 800 bp upstream of the AtGLDPI gene start site. It
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was hypothesized that the M-Box confers MC expression, whereas expression in BSC
is controlled by a MYC-MYB transcription factor binding module (Dickinson et al,
2023). Promoter-GUS fusions showed that the GLDP1 promoter of the Cs; species
M. moricandioides conferred GUS expression to both MC and BSC, whereas the GLDP1
promoter of the Cs;-C,intermediate species M. arvensis restricted GUS expression to the
BSC (Adwy et al., 2019).

Adwy et al. (2019) explain the establishment of the glycine shuttle in Moricandia by
the loss of the M-Box in Cs-C, intermediate Moricandia species. In contrast, we found
the M-Box sequence in all our analyzed GLDPI1 promoter variants, though this motif
was shifted by over 1,000 bp further upstream by the insertion of three independent
TEs in the promoters in three independent evolutionary origins of Cs-C,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 by 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 GLDP1 gene. The upstream shift of the M-
Box was mediated by three independent TE insertions in lines with independent
evolutionary origins of Cs-Cs photosynthesis. This hints at a remarkable convergent
evolutionary genetic mechanism in C;-C4evolution. We suggest that the loss of GLDP2
paved the way for neofunctionalization of the GLDPI copy in the Brassiceae tribe, the
only Brassicaceae tribe containing Cs;-C4 intermediate species. This was mediated by
the insertion of a TE in the promoter, suppressing the M-Box element and shifting
GLDP1 expression. It is questionable whether the TE insertion took place before or
after the preconditioning of Cs-C4 photosynthesis by anatomical adaptations such as

higher vein density and the distinct leaf anatomy. Hypothetically, limited expression
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of GLDP1 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 GLDP1 promoter region. The spacing of the M-Box to the GLDP]
start codon is in the range of Cs; plants (Fig. 6B). However, D. erucoides shows Cs-Cs4
intermediate phenotypes (Lundgren, 2020; Schliiter et al.,, 2017). We assume that,
being an independent evolutionary origin of Cs-C, intermediate photosynthesis,
D. erucoides either shifted GLDP1 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 is 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 compared to the other C;-C4
intermediate species, such as the differential 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 Cs-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 verified 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 precluding genomic engineering in Cs-Cs4
intermediate Brassicaceae. The validation of the impact of TEs, for example on GLDP]

expression in planta, hinges on the future accessibility of these species to genetic
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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
downstream 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 epigenetic regulation, particularly as hotspots for cytosine methylation,
transgenic TEs may behave distinctly in transgenic A. thaliana when compared to their
behavior in their native host plant. Studying those genetic mechanisms of gene
regulation in Cs-C4intermediate species will pave the way for a better understanding

of the C,trait and facilitate genetic engineering efforts.

Supplementary Material

All supplemental tables can be found under:

https://git.nfdi4plants.org/hhu-plant-
biochemistry/triesch2023_brassicaceae_transposons

Supplementary Table S1: Overview over selected species with photosynthesis type
and accession number or source.

Supplementary Table S2: Number of nt spanned by intact and fragmented
transposable elements per species analyzed.

Supplementary Table S3: Insertion times (age) of long terminal repeat transposons

for each analyzed species.
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Supplementary Figure S4: 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.nfdi4plants.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 correlation of TEs and genes, only the intact TEs were used.
Ilustrated is one example TE (blue box) on a hypothetical contig at position 1,000-2,000 on the contig.
Helixer was used to generate structural gene annotations. Depicted is one example gene (brown boxes)
on a hypothetical contig at position 2,500-5,000 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 presented 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 (Mercator bin) to all genes. Steps A-C were repeated for each genome. D: From the
lists of genes with associated 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
phylogenetic 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 threshold 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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Supplementary Table S4: Results of pan-genomic gene-transposon association study.
Per gene, the absence (0) or presence (1) of a transposon within 3000 bp upstream of
a gene is indicated for each analyzed species. The AGI code represents the A. thaliana
gene with the highest sequence homology.

Supplementary Table S5: Distance of the M-Box to the GLDPI transcriptional start

site for each analyzed GLDPI ortholog upstream region.
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Abstract

Cell-specific gene expression allows the differentiation of cell types, tissues and organs
and is fundamental to all complex traits in higher organisms. The regulation of cell-
specific gene expression entails all regulatory features available for an organism, such
as selective enhancer or repressor binding, involvement of non-coding RNAs and the
regulation of chromatin accessibility histone or DNA modifications.

Cs-C,; intermediate photosynthesis is one of the complex traits that underwent a
sophisticated rewiring of spatial gene activity during the evolution from the ancestral
Cs state. It was previously shown in C;-C4 intermediate plants that the expression of
key genes underlying this complex trait is confined to the leaf bundle sheath cells
(BSC) whereas their expression is found in BSC and mesophyll cells (MC) in closely
related species with C; photosynthesis. This shift of the expression domain was likely
through the recruitment of BSC expression modules to the regulatory upstream
sequences of these genes during the evolution of Cs-C, photosynthesis. The recruitment
or abolishment of regulatory upstream elements is a fundamental feature to gain or
lose cell-specific gene expression in the evolution of traits.

The GLDP gene, encoding the P-protein of the glycine decarboxylation complex, is a
key player in the establishment of a photorespiratory glycine shuttle, an early step in
the evolution of Cs-C; intermediate photosynthesis. It has been shown that the gene is
expressed throughout the leaf blade in Cs plants but selectively only in BSC in C;-C4
intermediate plants. Building on the natural variation in the regulatory sequences of
GLDP genes we here attempt to unravel the mechanism of the specific expression of
this gene. We focused on species from the Brassicaceae family where the BSC-
specificity of GLDP expression was so far linked to the presence of transposable
elements in the GLDPI upstream sequences of Cs;-C, intermediate species. We

hypothesized that the shift of the GLDP expression domain in these species is linked to
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the presence and epigenetic modification of these transposable elements. We tested
this hypothesis by employing GUS analysis of native and engineered GLDP1 upstream
sequences and epigenetic whole-genome bisulfite sequencing. Our results show a
mixed pattern and hint at a potentially more complex regulation of GLDPI expression

in Cs-C, intermediate Brassicaceae.

Introduction

The increased availability and democratization of next-generation sequencing (NGS)
techniques has greatly benefited plant research. The optimized speed, cost and
capability of NGS and the ever-increasing computational power has advanced the
sequencing of a multitude of plant genomes, transcriptomes and epigenetic datasets
on whole-plant, tissue and even single-cell level. Especially in non-model and crop
plants, the analysis of these datasets has given insights into natural variation of
complex photosynthetic traits of interest for agriculture, such as water-use efficient Cs4
and CAM photosynthesis (Covshoff et al., 2014; Edwards, 2019).

These large datasets can be explored hypothesis-free, however, conducting genomics
with a data-driven approach harbors the risk to assemble large gene regulatory
networks and lists of enriched gene ontologies without direct experimental
corroboration or generation of functional insights. The dichotomy between hypothesis-
free, exploratory research and mechanistic, molecular biology has recently been
discussed in computational biology, mathematical modeling and science philosophy

literature (Ratti, 2015; Jafari et al., 2021).

The research of water and nitrogen-use efficient forms of photosynthesis like Cs
photosynthesis has benefited substantially from large-data biology. C4 photosynthesis

is a form of photosynthesis with major potential impact on the optimization of yield
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performance. Since C, photosynthesis is highly complex, this study focuses on Cs-Cs4
intermediate species that are stable interim stages on the evolutionary path from Cs to
Cs photosynthesis. In researching the genomics of C, and Cs-C, intermediate species,
the primary focus has been on the analysis of global (Mallmann et al., 2014; Schliiter
et al., 2017; Lyu et al., 2021; Dai et al., 2022) or tissue-specific changes in gene
expression patterns (Wang et al., 2014; Dai et al., 2022; Singh et al., 2023; Swift et al.,
2023) but insights into the regulatory machinery behind species-specific gene

regulation significantly lag behind.

Aspects of the underlying functional genomics have been revealed in Cs and Cs-Cs4
intermediate species from the Asteraceae and Brassicaceae families. As these families
contain multiple genera with independent evolutionary tracks towards Cs
photosynthesis, they are promising to study the functional genomics underlying C, and
Cs-C, intermediate traits. The differential expression of genes between mesophyll and
bundle sheath cells is the central genetic mechanism behind C,; and C;-C4 intermediate
photosynthesis. Making use of transcriptomic and genomic data, the cis-regulatory
elements driving cell-specific expression can be found and their contribution to the

establishment of C, and Cs-C, intermediates can be analyzed.

In C4 Flaveria species, Gowik et al. (2004) identified the MEM1 (mesophyll expression
module 1) element in the upstream region of the mesophyll-specific ppcA gene. This
element was sufficient to drive mesophyll-specific expression of the B-glucuronidase
(GUS) gene in transgenic Arabidopsis thaliana lines. The MEM1 element consists of
two regions, including a CACT tetranucleotide that was shown to be present selectively
in C; and Cs-C,; intermediate homologs of the ppcA upstream region. An upstream
element with high homology to the MEM1 element was identified in the upstream

region of the mesophyll-specific Flaveria C, isoform of CARBONIC ANHYDRASE (CA3).
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This MEM1-like element was also shown to drive mesophyll-specific expression in the
transgenic A. thaliana GUS fusion system (Gowik et al., 2017). In the upstream region
of the gene encoding the glycine decarboxylase complex (GDC) T-protein (GLDT), the
insertion of a transposable element (TE) was observed selectively in C4 and Cs-C4
intermediate Flaveria species, in which the GLDT gene is selectively expressed in
bundle sheath cells (BSC; Emmerling (2018)). Upon deletion of the TE, the upstream
sequence lost its ability to mediate BSC-specific GUS expression in transgenic
A. thaliana lines. The author assumed that in C4 and Cs-C4 intermediate species, the TE
in the GLDT upstream region acts as a spacer between proximal and distal promoter

elements and causes BSC-specificity.

As illustrated in the latter example, the mechanisms underlying differential expression
of GDC genes have already received attention in research on C;-C4 intermediate plants.
It is assumed that the expression domain shift of GDC genes to the BSC is one of the
first evolutionary steps towards Cs-C4 intermediate photosynthesis. Its restriction to the
BSC seems to be convergent between Cs-C, intermediate species across various plant
families. The shift of the GDC to the BSC, accompanied with anatomical adjustments,
seems to be sufficient to install a photorespiratory glycine shuttle that decreases the
oxygenation reaction of Rubisco and improves photosynthetic efficiency. (Sage, 2004).
The GDC is composed of four subunits, the H-, L-, T- and P-protein. Early studies
reported that the BSC-preferential activity of the GDC in C;-C4 intermediate plants is
largely due to the BSC-specific expression of GLDP genes, encoding the P-protein

subunit of the GDC (Rawsthorne et al., 1988a; Schulze et al., 2016).

In the Brassicaceae, the GLDP2 copy was shown to be absent in the Brassiceae tribe
which contains all known Cs-C,; intermediate Brassicaceae species (Schliiter et al.,

2017) and we found the GLDP1 gene to be differentially partitioned between MC and
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BSC in C;-C4 intermediate Moricandia arvensis (Triesch et al. (2024), Chapter 7). In a
first comparative study, Adwy et al. (2015) aligned GLDP1 upstream sequences across
eight Brassicaceae species. They identified two conserved sequence elements in these
regions, which were named based on the proposed function of the elements: the first
element (M-Box) resides around 500-1000 nt upstream of the GLDP1 start codon, in
the promoter region of that gene. The second element (V-Box) was found in the
proximal GLDP1 promoter, approximately 200-500 nt upstream. When removing the
M-Box in a promoter truncation approach, the truncated A. thaliana promoter fused to
the GUS report gene showed vein specific GUS staining, whereas the full-length
promoter showed GUS staining in the whole leaf blade. Upon further truncation, which
involved removing the V-Box, the promoter failed to induce any GUS expression. The
authors concluded that the M-Box contains transcription factor binding sites (TFBS)
for mesophyll-expression, whereas the V-Box contains TFBS that drive expression in
the BSC. In a more recent study, we revealed that the BSC-expression conveying
element in the proximal GLDP1 promoter is a dual MYC/MYB TFBS outside the V-Box
(Dickinson et al., 2023). This MYC/MYB element was also found to drive the
expression of BSC-specific genes from glucosinolate biosynthesis in the A. thaliana BSC
(Dickinson et al., 2020). The recruitment of promoter element from different genes
involved in different pathways is a good example for the rewiring of gene regulatory

networks in the evolution of C4 photosynthesis.

In the M-Box region, the sequence element driving GLDP1 expression in the MC was
not identified to date. Using the yeast-one-hybrid system, a GATAS transcription factor
was shown to bind the M-Box region, but no further functional corroboration studies
were conducted (Adwy, 2018). It is so far unknown which TFBS the M-Box region
might entail or to what extend it mediates MC expression of GLDP1. In A. thaliana, the

M-Box sequence was deleted using the CRISPR-Cas9 technique (Hahn, 2018). Elevated
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levels of glycine could be detected in leaves of these M-Box deletion mutant lines,
suggesting a disruption of GDC activity, abundance or localization, leading to glycine

accumulation (unpublished work).

Screening a panel of C; and C;-C4 intermediate Brassicaceae, Adwy et al. (2019)
suggested a loss of the M-Box from the GLDPI promoters selectively in Cs;-Cs4
intermediate species. However, we could show that the M-Box is in fact present in all
analyzed species, but shifted upstream by TE insertions in C;-Cs; intermediates.
Interestingly, this shift can be observed in species from four different evolutionary
origins of Cs-C4 intermediate photosynthesis by four different types of transposons
(Triesch et al. (2024), Chapter 8). In M. arvensis, M. nitens and M. suffruticosa, a
miniature inverted-repeat TE (MITE) was identified downstream of the M-Box, in
contrast to the closely related C; plant M. moricandioides. In Diplotaxis tenuifolia, a TE
from a different TE class inserted into the GLDP1 promoter downstream of the M-Box.
In the C;-C4 intermediate Hirschfeldia incana HIR3 (otherwise referred to as Sinapis
pubescens, Guerreiro et al. (2023)), a Helitron TE could be detected downstream of the
M-Box, that was absent in the closely related Cs plant H. incana HIR1. Whereas in these
examples the M-Box was shifted around 1,000-2,000 nt further upstream in the C;-C4
intermediate genomes compared to the C; counterparts, in Brassica gravinae we found
a large upstream shift of the M-Box of around 4,000 nt compared to the C; genomes.
We assumed that this shift was due to the nested insertion of multiple TEs (Triesch et
al. (2024), Chapter 8). Interestingly, the TE insertion in the B. gravinae GLDPI
upstream region caused a shift of both the M-Box and the V-Box, but not the MYC. This
confirmed the role of MYC/MYB TFBS in BSC gene expression, rather than the
previously proposed V-Box. One exception was D. erucoides that exhibits Cs-Cs4
intermediate characteristics (Schliiter et al., 2023) but did not show an M-Box shift

(Triesch et al. (2024), Chapter 8).
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These TE insertions and the associated shift of the M-Box correlated highly to the
presence of Cs;-C, intermediate characteristics in the analyzed set of Brassicaceae
species. Thus, we hypothesized that the TE insertion is the causal factor underlying the
differential expression of GLDPI between C; and Cs-C, intermediate Brassicaceae. We
speculated that the TE functions as a spacer that elongates the distance to between the
M-Box and the core promoter and thus precludes biding of transcription factors M-
Box. Alternatively, we hypothesized that epigenetic modification in the TE such as DNA
methylation has an impact on GLDPI regulation (Triesch et al. (2024), Chapter 8).
However, there are still no supporting experiments explaining how and to which

extend these factors influence GLDPI expression.

In this study, we examined the influence of epigenetic modification and structural
variation in the GLDP1 upstream region on GLDP]1 expression patterns. To gain a solid
understanding of the architecture of the functional GLDPI promoter elements, we
focused on the GLDPI upstream regions of C; A. thaliana and M. moricandioides as well
as Cs-C4 intermediate M. arvensis and D. erucoides. Performing methylation sequencing,
we sought to show the epigenetic impact of DNA methylation in the TE region on
GLDP1 regulation and generated various promoter truncation DNA constructs to reveal

the function of the M-Box sequence and the TE insertions.
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Material and Methods

Genomes

Genomic data for promoter analysis, whole-genome bisulfite sequencing read mapping
and primer design was obtained from Guerreiro et al. (2023). All structural gene model
annotations were created using Helixer (Stiehler et al., 2020; Holst et al., 2023) in
Triesch et al. (2024). Alignments were performed using Seaview 5.0.5 (Gouy et al.,
2010) and visualized using pyMSAviz 0.4.2.

Whole Genome Bisulfite Sequencing and Data Analysis

Genomic DNA of mature M. arvensis and M. moricandioides leaves was isolated using
the QIAGEN DNeasy Plant Kit in three biological replicates per species. 400 ng of the
genomic DNA was sheared using a COVARIS M220 NGS sample processor using the
following settings: temperature 12 °C, treatment time 10 s, peak inc. power 70, duty
factor 20, cycles per burst 1000, repetitions 10. The resulting DNA fragment
distributions were analyzed on the AGILENT 2100 Bioanalyzer. The sheared DNA was
processed using the NEBNext® Engzymatic Methyl-seq Kit following the “standard insert
sized” protocol. This included the addition of unmethylated lambda phage DNA and
fully methylated pUC19 plasmid DNA to all samples as spike-in controls. The resulting
NGS libraries were sequenced on the Illumina HiSeq 2000 platform.

Raw read quality was verified using fastqc 0.11.5 and multigc 1.11. Reads were
trimmed using cutadapt 3.5 using the following parameters: -a
AGATCGGAAGAGCACACGTCTGAAC -g AGATCGGAAGAGCGTCGTGTAGGGA --length
76 --minimum-length 25 --quality-cutoff 5. The processed reads were mapped and the
methylation levels were quantified using Bismark 0.23.1 (Krueger et al., 2011). All

downstream analyses were performed using python 3.8.8.
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Cloning

A binary vector for the easy and modular cloning of upstream regions and
transcriptional fusion to a GUS reporter was created by inserting the GUS-encoding
gene including a nos terminator into the binary pB415 vector using Sfil. A Ncol
restriction site was added to the start site of the GUS gene. This allowed upstream
regions of interest to be inserted in full length, inducing their 5’ UTR up to their native
start codon. The resulting vector (cST6) was designed to accept upstream regions using
Pstl and Ncol.

Full length and engineered GLDPI upstream sequence variants were transcriptionally
fused to the GUS reporter gene in the cST6 vector. Transgenic A. thaliana Col-0 plants
were created using the floral dip method (Feldmann et al., 1987). T1 lines were
selected on 2 strength Murashige-Skoog medium agar plates supplemented with
kanamycin.

GUS staining

Young leaves of transgenic A. thaliana plants were cut and placed in GUS staining
solution (5 mM K;[Fe(CN)e], 5 mM K4[Fe(CN)s] x 3H-0, 0.1 M NaPO, buffer (pH 6.7),
0.5 mg/mL X-Gluc) before applying vacuum three times for 5 min. The infiltrated
leaves in the GUS staining solution were incubated overnight at 37 °C. After the
overnight staining, the GUS staining solution was removed and the leaves were placed
into GUS fixation solution (75 % (v/v) ethanol, 25 % (v/v) acetic acid) and incubated
for 10 min at 65 °C. The fixation solution was removed and the leaves were destained

twice in 80 % (v/v) ethanol.
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Results

Multiome analysis of the GLDP1 upstream region

We initiated our investigation of the genetic and epigenetic architecture of the GLDPI
upstream region by integrating public and unpublished NGS datasets and machine
learning predictions for gene models and the chromatin state of the GLDPI region.
Underlying these investigations were the genome assemblies of C; and Cs-Cs4
intermediate species (Guerreiro et al., 2023) which were used to map NGS datasets
and as inputs for Helixer and Predmoter. Using multiple sequence alignment (MSA) of
the GLDPI upstream region across 15 Brassicaceae species, we found the two
previously reported conserved regions. The MYC/MYB TFBS was found in the proximal
promoter of the GLDP1 gene. The M-Box region located about 1,000 nt upstream of
the GLDP1 start codon in C; plants and approximately 2,000 nt upstream of the GLDP1

start codon in genomes Cs-C, intermediate plants (Supp. Fig 1).

Two enhancers characterized in self-transcribing active regulatory region sequencing
(STARR-seq) experiments for A. thaliana (Jores, unpublished) aligned to the
Moricandia GLDPI upstream region (Fig. 1). One of the enhancer STARR-seq sequences
was found in the highly conserved M-Box region if M. arvensis and M. moricandioides.
In the STARR-seq dataset, this enhancer sequence showed increased expression in light
compared to darkness and no orientation-specificity. Another STARR-seq enhancer
sequence mapped to the MYC/MYB TFBS in both Moricandia species. In the STARR-
seq experiment, this sequence showed overall lower expression strength and no

expression once the sequence was reverted.

As a further line of evidence for the enhancer characteristics of the M-Box region, we
used Predmoter (Kindel et al., 2024) to predict the chromatin state of the GLDPI

upstream region. Within both Moricandia species, we observed significantly increased
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predicted ATAC-seq and ChiP-seq coverage in the region of the GLDP1 transcriptional
start site and first exon for both species. In the M-Box only slight increases in predicted
ATAC-seq coverage could be found, which were only marginally increased over the
background noise (Fig. 1).

Whole-genome DNA methylation sequencing of Moricandia species

Since TEs are frequently targeted by DNA methylation, we sought to experimentally
quantify the methylation density in the GLDPI locus using methylation sequencing. To
this end, we generated bulk whole-genome bisulfite sequencing libraries for mature
M. moricandioides and M. arvensis leaf tissue. We validated the quality of the data by
showing a strong decrease in cytosine methylation in 5,000 randomly sampled
transcription start sites (TSS enrichment) as well as a strong methylation in intron and

intergenic regions as well as in TEs (Supp. Fig. 2 & 3).

In the GLDP1 upstream region of the C3-C, intermediate M. arvensis, we found high
methylation levels in the region of the TE insertion that we had previously identified
(Triesch et al. (2024), Chapter 8). The cytosine methylation in this area was observed
mainly in the CG and CHG (H corresponds to A, C or T) context, however it was less
pronounced in the CHH context. Interestingly, we found the cytosine methylation to
extend slightly beyond the borders of the MITE (Supp. Fig. 4). This spread partially
methylated cytosines in the M-Box region specifically in the GATA TFBS identified by
Adwy (2018). In contrast, the GLDP1 upstream region containing the M-Box was

completely unmethylated in the C; species M. moricandioides.
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Fig. 1: Multiome integration plots for the Moricandia moricandioides (A) and M. arvensis (B) GLDP1
upstream region. The upper panel of each plot shows gene model predictions from Helixer (Schwacke et
al., 2019; Holst et al., 2023), the second panel shows cytosine DNA methylation in the CG context. The
third panel shows ATAC-seq and ChIP-seq predictions using predmoter (Kindel et al., 2024) and the
lowermost two panels show BLAST hits for enhancer and core promoter STARR-seq experiments from
A. thaliana (Jores, unpublished).

Experimental promoter analysis via GUS staining

Based on the structural and epigenetic variation found between the M. arvensis and
M. moricandioides GLDP1 upstream region, we hypothesized that the shift of the M-
Box and/or its DNA methylation is the functional reason for the shift of the GLDP1
expression domain to the BSC in M. arvensis. To corroborate this hypothesis, we
generated multiple transgenic A. thaliana lines, heterogously expressing the GUS
reporter gene under the control of native or engineered GLDP1 promoter variants. In
all transgenic A. thaliana T1 lines, the staining patterns were analyzed in leaves of

different ages.
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First, we reanalyzed the native GLDP1 upstream regions from M. arvensis and
M. moricandioides which have been previously analyzed in Lin (2020). A. thaliana lines
expressing GUS under the native MaGLDP1 promoter from M. arvensis (line ST1)
showed vein-specific staining. Lines with GUS expression controlled by the MmGLDP1
upstream region (line ST2) showed staining in the whole leaf blade (Fig. 2, Supp, Fig.
6).

Next, we analyzed the influence of the TE insertion in the Cs-C4 intermediate GLDP]
upstream region. We created a truncated version of the MaGLDP1 upstream region
(line ST11), excising the TE at the target site duplications identified in Triesch et al.
(2024). Thereby, the spacing in the MmGLDP] upstream region was mimicked, with
the M-Box closer to the GLDP1 start site. The analysis of 51 ST11 T1 lines revealed an
inconsistent pattern. Around 25 % of the lines showed vein-specific GUS patterns,
60 % showed ubiquitous staining and the remaining lines showed a mixed pattern with
prominently stained veins on a stained background leaf blade.

Additionally, we identified the homologous TE insertion site in the in the MmGLDPI
upstream region and integrated the TE from MaGLDP]1 at this position (line ST12),
thus mimicking the M-Box spacing in Cs-C, intermediates. Fusion of this elongated
MmGLDP1 promoter to GUS in the A. thaliana lines showed ubiquitous GUS staining
in the whole leaf in 94 % of the T1 lines, whereas 6 % of the T1 lines showed veins
with more prominent staining.

Exploiting more natural diversity in the GLDP1 region, we also used the -1200 bp
upstream region from D. erucoides, a plant showing Cs;-C4 intermediate characteristics
but no TE insertion in the GLDP1 upstream region. Expression of GUS controlled by
the DeGLDPI1 upstream sequence (line ST18) resulted in prominently stained veins,
however significant background staining in the mesophyll was visible. Around 20 % of

the analyzed lines T1 showed clear vein-specific GUS staining patterns.
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Furthermore, we sought to understand the impact of natural single nucleotide
variation in the M-Box region on GLDPI expression patterns. To this end, we focused
on the GLDP1 upstream region from A. thaliana. GUS staining under the control of the
native AtGLDP1 upstream region was detectable in the whole leaf blade in all analyzed
lines (ST15). We removed a 100 bp sequence stretch containing the M-Box and fused
the shortened AtGLDP1 promoter to the GUS reporter, creating an A. thaliana line
expressing GUS controlled by an M-Box-free AtGLDP1 upstream sequence (ST17).
Here, the pattern was highly inconsistent, with roughly a third of the lines exhibiting
GUS staining in the whole leaf, in more prominent veins against a stained mesophyll
background or vein-specifically.

In this truncated M-Box-free AtGLDP1 upstream sequence, we inserted the M-Box
regions of several species individually. Specifically, we integrated the homologous M-
Box regions from M. moricandioides (Cs, line CK1), M. arvensis (Cs;-C4 intermediate;
line CK2), D. erucoides (Cs;-C; intermediate, line ST27), D. tenuifolia (Cs-C4
intermediate, line CK5) and the two D. muralis GLDPI copies, originating from the C;
(line CK3) and Cs-C,4 intermediate (line CK4) parents. All lines expressing GUS under
control of the AtGLDPI upstream regions with the substituted M-Box variants showed
staining in the whole leaf blade. None of the T1 lines showed increased staining in

veins or even vein-specific staining.
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Fig. 2: Overview of the GUS staining experiments for native and engineered GLDPI upstream
sequences. The first column indicates the used GLDPI upstream sequence fused to the GUS reporter gene.
The second column depicts a schematic overview of the cloned GLDPI upstream region. The second and
third column illustrate the expected and observed GUS staining patterns in three categories: staining in
the whole leaf blade (full blue schematic leaf), staining in the whole leaf blade with more prominently
stained veins (light blue leaf schematic with thicker veins) or vein-specific staining (yellow leaf schematic
with blue veins). The pie charts in the fifth column illustrate how many leaves from the T1 generation
show staining within these defined categories. The number in column six is the total number of tested
leaves from individual T1 lines.

Discussion

The differential localization of proteins of the GDC has been one of the first findings
in the molecular biology research of Cs-C, intermediate species. In the 1980s, the GDC
P-protein, catalyzing the glycine decarboxylation step, was shown to localize
specifically to the M. arvensis BSC mitochondria (Hylton et al., 1988; Rawsthorne et
al., 1988b; Rawsthorne et al., 1988a; Rawsthorne, 1992; Morgan et al., 1993; Monson
et al., 2000). Since then, multiple studies revolved around the functional genetics of
BSC-specificity, especially for the genes encoding the GDC proteins.

Here, we studied the function of the GLDP1 upstream region in conferring BSC-specific
gene expression. Previous experiments could narrow down the functional parts of the
GLDP1 upstream region to two conserved elements, the M-Box (Adwy et al., 2015) and
a dual MYC/MYB binding motif in the proximal promoter (Dickinson et al., 2023). The
M-Box region, the potential regulator of mesophyll expression, was reported to be
absent in C3-C, intermediate Brassicaceae, explaining the BSC-specific expression of
GLDP1. However, we found the M-Box to be present in a large panel of C; and C;-C4
intermediate Brassicaceae, but shifted upstream by a TE insertion in most Cs;-Cs4
intermediate genomes. This contradicts previous studies and assumptions about the
mechanisms of the GLDP1 expression domain shift.

The shift of the M-Box correlates highly with the lowered carbon compensation point
of the C;-C; intermediate Brassicaceae species, potentially underlying the shift of

GLDP1 expression to the BSC (Triesch et al. (2024), Chapter 8). We previously showed

137



that single-nucleotide exchanges in the M-Box region do not correlate with the
presence of a Cs-C, intermediate lifestyle, which strengthens the hypothesis that the
TE insertion is causal for the shift of the GLDP1 expression domain to the BSC. In this
study, we sought to corroborate this hypothesis by detailed promoter analysis and
promoter truncation experiments.

Promoter truncation experiments were conducted by fusion of the native and altered
GLDP1 upstream sequences to the GUS reporter gene and analysis of transgenic
A. thaliana T1 lines transformed with this assembly. Using this experimental setup,
analysis of the native C; and Cs-Cs; intermediate GLDP1 upstream region from
M. moricandioides and M. arvensis showed the expected results, confirming that the Cs
MmGLDP1 region confers GUS expression in MC and BSC, whereas the Cs-C,
intermediate MaGLDP1 upstream region including the MITE restricted GUS expression
to the veins. By swapping the MITE from the MaGLDP1 upstream region to the
MmGLDP1 upstream region, we expected to see a reversed pattern, since the
MmGLDP1 M-Box was now shifted significantly further upstream and vice versa.
However, we saw a highly inconsistent pattern between the analyzed T1 lines. Testing
the truncated MaGLDP1 upstream construct, where the MITE was excised, the majority
of the lines showed GUS staining in the whole leaf blade. However, a significant
proportion of the analyzed lines showed a strong staining along the veins or even vein-
specific staining (Fig. 2 & Supp. Fig. 6). This leads to the conclusion that the removal
of the TE alone is not sufficient to abolish BSC-specificity conferred by the GLDP1
upstream region. Insertion of the MITE to the MmGLDPI upstream region was
expected to result in vein-specific staining due to an upstream shift of the M-Box.
However, largely ubiquitous staining was observed in the leaves of transgenic
A. thaliana T1 leaves transformed with this construct. Only a few lines showed vein-

preferential staining, but with a strong MC background (Fig. 2 & Supp. Fig. 6). The
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analysis of the engineered Moricandia GLDP1 upstream region suggested an influence,
but not a sole effect, of the TE insertion on GUS staining patterns.

We also analyzed the GLDPI upstream region from D. erucoides, which lacks a TE
insertion and features the M-Box positioned in a Cs-like promoter architecture. We
expected the GUS staining directed by the DeGLDP1 upstream region either in the
whole leaf blade, as suggested by the short distance between the M-Box and the start
codon, or along the veins, as suggested by the Cs;-C; intermediate characteristics of
D. erucoides. However the observed GUS staining showed a remarkable pattern, with
prominently stained veins standing out against a stained MC background (Fig. 2 &
Supp. Fig. 6). This pattern could hint at variation in the GLDPI upstream region
beyond the TE insertion in other Cs-C4 intermediate Brassicaceae. It is unclear whether
the causal variation manifests as single nucleotide polymorphisms (SNPs) or in other
means of regulation. As a representative from an individual evolutionary origin of Cs-
C; intermediate photosynthesis, it is well conceivable that D. erucoides uses other
means to establish a glycine shuttle than the predominantly BSC-specific expression of
GLDP1 or other characteristics of the C, cycle, potentially also with other shuttle
molecules involved. In metabolomic analyses for example, D. erucoides clustered
separately from the other Cs-C, intermediate species, indicating a different metabolic
makeup of photorespiratory shuttles in this plant (Schliiter et al., 2023).

To test the influence of SNPs within the M-Box region on GLDPI1 expression, we
examined M-Box sequences of different species in the A. thaliana AtGLDP1 upstream
sequence. Analysis of the M-Box free AtGLDP1 sequence showed a similar GUS staining
pattern as derived by the DeGLDP1 sequence. Prominently stained veins were visible,
but a significant staining of mesophyll tissue was also observed. However, the patterns
were highly inconsistent, with observations of both whole leaf blade and vein-specific

GUS staining. This indicates that the M-Box sequence might not be the only
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determinant of MC-specific expression but suggests other additional factors likely
required. This is in contrast to previous promoter truncation experiments
(Adwy et al., 2015) which observed an abolished MC-specific expression consequent
of a truncated M-Box.

When we replaced the native M-Box in the AtGLDP1 upstream sequence with those of
other C; and Cs-C, intermediate species, ubiquitous GUS staining was observed. This
indicates that SNPs in the M-Box sequence are not causal for the spatial expression
shift in Cs-C, intermediates.

The highly inconsistent staining patterns in the analyzed T1 may be due to the genomic
surroundings of the random T-DNA insertion carrying the GLDP1 upstream sequences
fused to GUS. We tried to minimize this effect by analyzing a high number of individual
T1 lines. However, in the constructs using the native upstream regions, GUS staining
is remarkable consistent between individual T1 lines. We therefore hypothesized that
GLDP1 also underlies means of regulation that are beyond classical genetics.
Following up on this observation, we employed whole-genome bisulfite sequencing to
quantify levels of the 5-methylcytosine DNA modification in M. moricandioides and
M. arvensis. Here, we observed significant methylation of the MITE in the MaGLDP1
upstream region (Fig. 1). Interestingly, we also discovered that this methylation
spreads beyond the TE borders, even extending into the M-Box sequence. This leaves
room to speculate about a further epigenetic means of gene regulation affecting
GLDP1. It is questionable whether this methylation alters the chromatin structure or
the accessibility of transcription factor binding motifs to trans-elements. The DNA
methylation data obtained in this study is bulk data for all leaf cell types. However,
there can be cell-type specific methylation patterns that also depend on the availability
of C1 groups for methylation (Crider et al., 2012; Groth et al., 2016). Photorespiration

is tightly interconnected to the folate cycle that provides these C1 groups (Shi et al.,
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2021) and variation in the availability of C1 groups in the Cs;-Cs intermediate BSC
might lead to cell-type dependent methylation of the TE. The M-Box sequence and the
epigenetic decoration of the element might not be faithfully represented by GUS
staining using the C; model plant A. thaliana. Methods to quantify the accessibility of
the M-Box sequence or the MITE methylation with single-cell resolution exist but are
still technically cumbersome (Lu et al., 2016; Grandi et al., 2022).

A more comprehensive analysis of the GLDP1 upstream region will reveal a more
precise understanding of its function in spatially differential GLDP1 regulation. This
can entail additional promoter truncation experiments to identify relevant promoter
elements mediating cell-specific expression. The analysis of the epigenetic contribution
to GLDP1 regulation can be continued by analyzing GUS lines in methylation-deficient
background lines or in various environmental conditions. Narrowing down the
functional regions for BSC-specific expression will also expand the toolkit of regulatory

sequences for applications in synthetic biology.
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Supp. Fig. 1: Partial multiple sequence alignment of the M-Box region 15 GLDP1 upstream sequences.
The reference position upstream of the GLDPI start codon is referenced for Moricandia arvensis (Ma) and
M. moricandioides (Mm).
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Supp. Fig. 2: 5mC Cytosine methylation levels for all cytosines in the reference genomes for
Moricandia arvensis and M. moricandioides. For each cytosine in the genomes, its position in an exon
or intron or between genes was determined using Helixer. Transposable elements (TEs) were annotated
using EDTA. All annotations were taken from Triesch et al. (2024).
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Supp. Fig. 3: 5mC Cytosine methylation levels for all cytosines around the transcription start sites
(TSS) of 5000 random genes for Moricandia arvensis and M. moricandioides. The mean methylation
levels were taken for all cytosines in a sliding window of 50 nt.
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Supp. Fig. 4: 5mC Cytosine methylation levels for all in the M-Box region in the GLDP1 upstream
regions for Moricandia arvensis and M. moricandioides. The M-Box region was highlighted in yellow, the
transposable element in M. arvensis was highlighted in blue.
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Supp. Fig. 5: Nlustration of the cST6 vector that allows the easy and fast ligation of upstream regions
of interest (POI) to the GUS gene. Ligation with Ncol allows to retain the native spacing between the
native and GUS start codon. Abbreviations: Spec®: spectinomycine resistance gene, LB/RB: left/right T-
DNA border; Neo®: kanamycine resistance gene; P35S: 35S promoter from the cauliflower mosaic virus;
TE9/nos: TE9 and nos terminator sequences; bom: origin of replication
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10

Outlook



In the previous three manuscripts, an extensive analysis of the differential gene
expression in Cs-C, intermediate Brassicaceae and the underlying genetic mechanisms
was presented. Beginning with a holistic view on spatial gene expression patterns in
the Cs-C, intermediate Moricandia arvensis, we observed that the expression domain
of numerous genes shifted to the bundle sheath cells (BSC). This activation of the BSC
is a common mechanism in the evolution of C4 photosynthesis (Sage et al., 2012; Lyu
et al., 2021) and is at the basis of the specialized ultrastructure and function of the
BSC. We were not yet able to find the genetic regulators that determine the
developmental differences between the analyzed C; and Cs;-C4 species. Neither could
we observe differential expression of trans-factors in our species that would point to
master regulators of anatomy. This also includes the complex gene regulatory networks
that connect circadian rhythms with light perception and the coordinated expression
of photosynthetic genes (Singh et al., 2023). Further single-cell studies with higher
read counts and the comparison to more closely related C; Moricandia species have the

chance to mitigate this.

We reported a shift of several photorespiratory genes to the BSC, which is in agreement
with previous studies and seems to be a common mechanism across Cs-C4 intermediate
species from different taxa (Sage, 2004; Heckmann et al., 2013). This shift primarily
affects the gene encoding the P-protein of the glycine decarboxylase complex, and,
accompanied with anatomical adjustments, the shift of the P-protein might be
sufficient to install a basic Cs-C4 intermediate metabolism (Hylton et al., 1988; Sage et
al.,, 2014; Lundgren, 2020; Oono et al., 2022). Initial attempts to restrict the
Arabidopsis thaliana P-protein expression to the BSC using genome engineering
however did not lead to a decreased carbon compensation point as observed in Cs-Cs4
intermediate species (Hahn, 2018). This highlights the significance of additional

adaptations, such as adequate energy balancing and the back-shuttle of
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photorespiratory nitrogen to the MC (Mallmann et al., 2014; Brautigam et al., 2016;

Sedelnikova et al., 2018).

The expression domain shift of genes to the BSC underlies the control of cis-regulatory
elements (CREs), mostly residing in the upstream region of genes. It is widely agreed
that the recruitment of genes into the gene regulatory networks controlling C.
photosynthesis is largely driven by co-option of CREs (Hibberd et al., 2010; Cao et al.,
2016; Lyu et al., 2021). Co-option of CREs is an efficient evolutionary strategy as it
can reuse existing genetic modules for an easy rewiring of modular gene regulatory
networks. Following this strategy, genes can be added or removed from gene regulatory
networks, or multiple networks can be joined with ease. Previous gene or even genome
duplications can prevent existing gene functions from being disrupted (Monson, 2012;

Huang et al., 2021; Huang et al., 2023; Lambret-Frotte et al., 2024).

The co-option of CREs can be mediated by transposable elements (TEs). At the level of
individual loci, we discovered a TE insertion upstream of the GLDP1 gene, encoding
the P-protein of the glycine decarboxylase complex, selectively in Cs;-C4 intermediate
genomes. In doing so, we found a remarkably convergent evolutionary event in the
polyphyletic Brassicaceae clade with Cs-C, intermediacy. First, this finding highlights
the role of high-quality genome assemblies for functional and quantitative genetics
studies. The panel of Brassicaceae genomes assembled and analyzed in this study
(Guerreiro et al., 2023) will further help to unravel genetic mechanisms contributing
to C;-C4 intermediate traits in Brassicaceae. Second, the TE insertion detected in this
study underlines the role of TEs in differential gene expression, especially in the
evolution of complex traits (Emmerling, 2018). TE mutagenesis was recently proposed
as a transgene-free alternative for plant breeding (Kirov, 2023). Towards this, novel

machine learning tools such as Helixer (Stiehler et al., 2020; Holst et al., 2023) and
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EDTA (Ou et al., 2019) will make the identification and correlation of genes and TEs

in non-model species significantly easier.

We sought to describe the role of the GLDP1 upstream TE insertion in differential
spatial gene expression. We found a potentially complex regulation by genetic and
epigenetic mechanisms where it is still beyond our knowledge if the TE in the GLDP1
upstream region acts as a spacer or as a target site for DNA methylation influencing
gene activity. It is also not known if the methylation density of the TE underlies control
by environmental factors. It is well conceivable that stress conditions such as elevated
temperature decrease the methylation density and lead to a more accessible functional
promoter region or alter the chromatin structure in the GLDP1 upstream regions. It is
known that factors such as light intensity and time of day have a significant impact on
differential partitioning of gene expression between the MC and BSC (Borba et al.,
2023; Singh et al., 2023). Testing the GLDP1::GUS fusion lines developed in this study
under various environmental conditions can shed light on a putative flexible
mechanism of spatially differential GLDP1 expression. In addition, A. thaliana mutant
lines with deficiencies in de novo DNA methylation could be used as background lines
for the GUS fusion experiments. Novel methods like single-cell methylation sequencing
or chromatin conformation sequencing will shed light on the mechanisms behind BSC-

specific GLDP1 expression in Cs-C4 intermediate species.

This study featured the bona fide first single-cell transcriptome study of a Cs-Cs4
intermediate Brassicaceae. Further applications of single-cell sequencing to additional
intermediate species will describe the natural variation this trait exhibits in greater
detail. The species Diplotaxis erucoides will be especially interesting as it seems to show

a different metabolic profile compared to other C;-C4 intermediate species (Schliiter et
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al., 2023) and does not exhibit a TE insertion in the GLDPI1 promoter despite elevated

expression of this gene in the BSC.

Ultimately, the insights gained into the genetic framework of Cs-C, intermediacy will
serve to reconstruct the evolution of this specialized trait and help to understand the
complex evolution of C4 photosynthesis. These findings will eventually be integrated
into crop breeding programs and, in doing so, help to create more photosynthetically
efficient crops. This translation from curiosity-driven research in A. thaliana to trait
improvement programs in crops is not straightforward and it is therefore crucial to
identify the ortholog loci of regulatory regions with high resolution (Leijten et al.,
2018; Inzé et al., 2022). The insights we gained into the genetics of Cs-C, intermediacy
in the Brassicaceae family and the methods we developed, together with the

democratization of genomic data access will pave the way to a second green revolution.

154



Literature

Borba, A. R., Reyna-Llorens, I., Dickinson, P J., Steed, G., Gouveia, P, Gorska, A. M., Gomes, C.,
Kromdijk, J., Webb, A. A. R., Saibo, N. J. M. and Hibberd, J. M. (2023) 'Compartmentation of
photosynthesis gene expression in C4 maize depends on time of day', Plant Physiology, 193(4), pp. 2306-
2320.

Briautigam, A. and Gowik, U. (2016) 'Photorespiration connects C3 and C4 photosynthesis', Journal of
Experimental Botany, 67(10), pp. 2953-2962.

Cao, C., Xu, J., Zheng, G. and Zhu, X. G. (2016) 'Evidence for the role of transposons in the recruitment
of cis-regulatory motifs during the evolution of C4 photosynthesis', BMC Genomics, 17(1), pp. 1-11.

Emmerling, J. (2018) Studies into the Regulation of C4 Photosynthesis — Towards Factors Controlling Bundle
Sheath Expression and Kranz Anatomy Development. PhD Thesis, Heinrich-Heine-Universitit Diisseldorf.

Guerreiro, R., Bonthala, V. S., Schliiter, U., Hoang, N. V,, Triesch, S., Schranz, M. E., Weber, A. P M.
and Stich, B. (2023) 'A genomic panel for studying C3-C4 intermediate photosynthesis in the Brassiceae
tribe', Plant Cell and Environment, 46(11), pp. 3611-3627.

Hahn, E (2018) Genome editing and establishment of efficient gene targeting approaches in Arabidopsis using
the CRISPR/Cas9 system. PhD Thesis, Heinrich-Heine-Universitdt Diisseldorf.

Heckmann, D., Schulze, S., Denton, A., Gowik, U., Westhoff, P, Weber, A. P M. and Lercher, M. J.
(2013) 'Predicting C4 photosynthesis evolution: Modular, individually adaptive steps on a mount fuji
fitness landscape', Cell, 153(7), pp. 1579-1579.

Hibberd, J. M. and Covshoff, S. (2010) 'The regulation of gene expression required for C4
photosynthesis', Annual Review of Plant Biology, 61, pp. 181-207.

Holst, E, Bolger, A., Giinther, C., Maf3, J., Triesch, S., Kindel, E, Kiel, N., Saadat, N., Ebenhoh, O.,
Usadel, B., Schwacke, R., Bolger, M., Weber, A. P M. and Denton, A. K. (2023) 'Helixer-de novo
Prediction of primary eukaryotic gene models conbining deep learning and a Hidden Marcov Model',
bioRxiv.

Huang, C. E, Liu, W Y,, Lu, M. Y. J., Chen, Y. H., Ku, M. S. B. and Li, W. H. (2021) 'Whole-Genome
Duplication Facilitated the Evolution of C4 Photosynthesis in Gynandropsis gynandra', Molecular Biology
and Evolution, 38(11), pp. 4715-4731.

Huang, C. E, Liu, W. Y., Yu, C. P, Wu, S. H., Ku, M. S. B. and Li, W. H. (2023) 'C4 leaf development and
evolution', Current Opinion in Plant Biology, 76(September), pp. 102454-102454.

Hylton, C. M., Rawsthorne, S., Smith, A. M., Jones, D. A. and Woolhouse, H. W. (1988) 'Glycine
decarboxylase is confined to the bundle-sheath cells of leaves of C3-C4 intermediate species', Planta,

175(4), pp. 452-459.

Inzé, D. and Nelissen, H. (2022) 'The translatability of genetic networks from model to crop species:
lessons from the past and perspectives for the future', New Phytologist, 236(1), pp. 43-48.

Kirov, I. (2023) '"Toward Transgene-Free Transposon-Mediated Biological Mutagenesis for Plant Breeding',
International Journal of Molecular Sciences, 24(23).

Lambret-Frotte, J., Smith, G. and Langdale, J. A. (2024) 'GOLDEN2-like1 is sufficient but not necessary
for chloroplast biogenesis in mesophyll cells of C4 grasses', The Plant Journal, 117(2), pp. 416-431.

Leijten, W,, Koes, R., Roobeek, I. and Frugis, G. (2018) 'Translating Flowering Time from Arabidopsis
thaliana to Brassicaceae and Asteraceae Crop Species', Plants 2018, Vol. 7, Page 111, 7(4), pp. 111-111.

Lundgren, M. R. (2020) 'C2 photosynthesis: a promising route towards crop improvement?', New
Phytologist, 228(6), pp. 1734-1740.

155



Lyu, M.-J. A., Gowik, U., Kelly, S., Covshoff, S., Hibberd, J. M., Sage, R. E, Ludwig, M., Wong, G. K.-
S., Westhoff, P and Zhu, X.-G. (2021) 'The coordination of major events in C4 photosynthesis evolution
in the genus Flaveria', Scientific Reports, 11(1), pp. 1-14.

Mallmann, J., Heckmann, D., Brautigam, A., Lercher, M. J., Weber, A. P M., Westhoff, P and Gowik,
U. (2014) 'The role of photorespiration during the evolution of C4 photosynthesis in the genus Flaveria',
eLife, 2014(3), pp. 1-23.

Monson, R. (2012) 'Gene Duplication, Neofunctionalization and the Evolution of C4 Photosynthesis',
International Journal of Plant Sciences, 164(May 2003).

Oono, J., Hatakeyama, Y., Yabiku, T. and Ueno, O. (2022) 'Effects of growth temperature and nitrogen
nutrition on expression of C3-C4 intermediate traits in Chenopodium album', Journal of Plant Research.

Ou, S., Su, W, Liao, Y., Chougule, K., Agda, J. R. A., Hellinga, A. J., Lugo, C. S. B., Elliott, T. A., Ware,
D., Peterson, T., Jiang, N., Hirsch, C. N. and Hufford, M. B. (2019) 'Benchmarking transposable element
annotation methods for creation of a streamlined, comprehensive pipeline', Genome Biology, 20(1).

Sage, R. E (2004) 'The evolution of C4 photosynthesis', New Phytologist, 161(2), pp. 341-370.

Sage, R. E, Khoshravesh, R. and Sage, T. L. (2014) From proto-Kranz to C4 Kranz: Building the bridge
to C 4 photosynthesis. Journal of Experimental Botany.

Sage, R. E, Sage, T. L. and Kocacinar, E (2012) 'Photorespiration and the evolution of C4 photosynthesis/,
Annual Review of Plant Biology, 63, pp. 19-47.

Schliiter, U., Bouvier, J. W,, Guerreiro, R., Malisic, M., Kontny, C., Westhoff, P, Stich, B. and Weber,
A. P M. (2023) 'Brassicaceae display variation in efficiency of photorespiratory carbon-recapturing
mechanisms', Journal of Experimental Botany, 74(21), pp. 6631-6649.

Sedelnikova, O. V,, Hughes, T. E. and Langdale, J. A. (2018) 'Understanding the genetic basis of C4
Kranz anatomy with a view to engineering C3 crops', Annual Review of Genetics, 52, pp. 249-270.

Singh, P, Stevenson, S. R., Dickinson, P. J., Reyna-llorens, 1., Tripathi, A., Reeves, G., Schreier, T. B.
and Hibberd, J. M. (2023) 'C 4 gene induction during de-etiolation evolved through changes in cis to

allow integration with ancestral C3 gene regulatory networks', 9(13).

Stiehler, E, Steinborn, M., Scholz, S., Dey, D., Weber, A. P M. and Denton, A. K. (2020) 'Helixer: Cross-
species gene annotation of large eukaryotic genomes using deep learning', Bioinformatics.

156



11

Journal Version

of Manuscript II



plant biology

RESEARCH ARTICLE

M) Check for updates

5

i
Plant Biology ISSN 1435-8603

Transposable elements contribute to the establishment of the
glycine shuttle in Brassicaceae species

S. Triesch'-2
R. N. F. M. Guerreiro®

, A. K. Denton’-2, J. W. Bouvier?, J. P. Buchmann®#, V. Reichel-Deland’,
, N. Busch’, U. Schluter™?, B. Stich®?

, S. Kelly® & A. P. M. Weber'-?

Institute for Plant Biochemistry, Heinrich Heine University Dusseldorf, Dusseldorf, Germany
Cluster of Excellence on Plant Sciences (CEPLAS), Dusseldorf, Germany

Institute for Biological Data Sciences, Heinrich Heine University Disseldorf, Disseldorf, Germany

1
2
3 Department of Biology, University of Oxford, Oxford, UK
4
5

Institute for Quantitative Genetics and Genomics of Plants, Heinrich Heine University DUsseldorf, Dusseldorf, Germany

Keywords

Brassicaceae; C, photosynthesis; C3-Cy4
intermediate photosynthesis; glycine
decarboxylase; glycine shuttle; transposon.

Correspondence

A. P. M. Weber, Institute for Plant
Biochemistry, Heinrich Heine University
Dusseldorf, Dusseldorf, Germany.

E-mail: andreas.weber@uni-duesseldorf.de

All supplemental tables can be found under:

https://git.nfdi4plants.org/hhu-plant-
biochemistry/triesch2023_brassicaceae_
transposons.

Editor
H.-H. Kunz

Received: 8 September 2023;
Accepted: 15 November 2023

doi:10.1111/plb.13601

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 C;-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;-C4 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-

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). C4 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,4
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 et 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 C4 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-C,
intermediate species exhibit specialized anatomical traits and
they differ from C, species as they do not possess a fully

integrated C, cycle. C5-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 C;-C, intermediate species from independent
origins is the photorespiratory glycine shuttle, sometimes
referred to as C, photosynthesis (reviewed in Schliiter &
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 patterns 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

Plant Biology © 2024 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands. 1
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
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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
C;-C, intermediate species (Rawsthorne et 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 Cs; Flaveria species, whereas the BSC-specific
GLDPA is highly expressed (Schulze et al. 2013). In contrast,
in C3-C,4 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 C;-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 Brassicaccae GLDPI promoter
sequences to date (Adwy et 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 I
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 et 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

D> gene

@® O @ ciselements
 m— 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 regulated 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.

2 Plant Biology © 2024 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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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 novo 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]l 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 differentially 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 C, 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;-C, 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 cis-regulatory regions of key genes is associated with the
evolution of C;-C4 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 HIRI
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 SI. 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 novo annotated using EDTA 1.9.9 (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

Linsertion =

assuming a neutral mutation rate of p=1.4x10"% 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
including 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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——————————————————————— G. gynandra
———————————— A. alpina
—————————— A. thaliana
———————— C. annua

- - - -B. oleracea
- - - -D. erucoides
- - - B. tournefortii
- -H. incana HIR1
- -H. incana HIR3
----- B. gravinae
~~~~~ D. viminea
- - - -D. tenuifolia
- - -M. moricandioides
—————— M. arvensis
———————— M. nitens

- - - - M. suffruticosa

4
bp

6
le8

not annotated
Gene related
BN TE related

Fig. 2. Phylogeny and genomic composition of 15 selected Brassicaceae species and the Cleomaceae outgroup. C3-C, intermediate species are highlighted in
green, the C4 outgroup Gynandropsis gynandra is highlighted in red. TE-related nucleotides are defined as spanning intact and fragmented transposon.

Tc1 Mariner TIR transposon { o+ . C3
B3 C3-C4
hAT TIR transposon{ @ °
Mutator TIR transposon e .
PIF Harbinger TIR transposon 4| "o °
CACTA TIR transposon - P
Helitron — — e
unknown LTR retrotransposon - r—— "
Copia LTR retrotransposon - T —
Gypsy LTR retrotransposon - s o
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 C3 and six C3-Cy4 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 C3 species and green

boxes depict C3-C,4 intermediate species.

format under https://git.nfdi4plants.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 species. 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 GLDPI1 promoter were validated using the
CENSOR webtool (Kohany et al. 2006).

RESULTS
The TE landscape of C; and C;-C,4 Brassicaceae species

To screen for genomic features of potential relevance to the
evolution of the C;-C4 photosynthesis trait, we conducted a
pan-genomic association study of eight C; Brassicaceae species,

4 Plant Biology © 2024 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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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 C;-Cy
intermediate photosynthesis can be found in the Moricandia
arvensis, M. nitens, and M. suffruticosa monophylum, as well as
in Diplotaxis erucoides, D. tenuifolia, Brassica gravinae, and
Hirschfeldia incana HIR3 (Fig. 2) (Schliiter & Weber 2016;
Schliiter et 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 C;-C, intermediate photosynthesis phenotype
(Fig. 2; one-way ANOva P> 0.05). We next de novo 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 C;-C4 species (Fig. 3). For
instance, across all analysed genomes, between 60% and 68%
of all annotated TEs were Class I retrotransposons. In contrast,
the proportion of TE classes in the genomes varied greatly
across species (Fig. 3, Table S2).

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 C;-C, intermediate photosynthesis, we
determined the insertion times of long terminal repeat (LTR)

transposons (Fig. 4, Table S3). 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=1.4x 10~ 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 C;-C, 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;-C4 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 3,000 bp window
upstream of the gene (upstream), (II) 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 (III) 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 C;-C, species. In both C; and C;-C,4 intermediate
species, over 50% of the TEs co-occurring with genes were

60007 . C3
3 C3-C4
5000 A
) 4000 A
=
o
5
% 3000 A
@
£
S 2000 A
C
L]
1000 A
- °
0 T = E A mm 2 -
0-1 Mya 1-2 Mya 2-3 Mya 3-4 Mya 4-5 Mya

Fig. 4. Boxplot of LTR-TE insertion times for eight C3 and six C3-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 1072 substitutions per site per year. Black boxes represent Cs species, green boxes represent C3-C4

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 C;-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 association with the CCP.

AGl locus
gene name code P-value

Glycine dehydrogenase component P-protein of AT4G33010 0.001
glycine cleavage system

Negative on TATA-less (NOT2)

Regulatory protein FLZ of SnRK1 complex

Pectate lyase

MATE efflux family protein

CYCLIN D-type regulatory protein

Regulatory protein FLZ of SnRK1 complex

Phosphocholine phosphatase (PS2/PECP1)

PLATZ transcription factor family protein

U-box domain-containing E3 ubiquitin ligase

AT5G59710 0.003
AT5G49120 0.004
AT5G63180 0.005
AT2G38510 0.005
ATAG34160 0.005
AT5G47060 0.005
AT1G17710 0.007
AT3G50808 0.007
AT4G25160 0.007

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,4 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 et al. 2015,
2019; Schulze et 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 Cs-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 2240bp upstream. In orthologs from the
monophyletic clade Moricandia arvensis, M. nitens and M. suf-
fruticosa a MITE DNA transposon was detected, starting
1950 bp upstream of the GLDPI start codon. We calculated the
minimum timespan since the MITE insertion by pairwise mul-
tiple sequence alignments of the MITE in the three Moricandia
GLDPI promoters using the neutral mutation rate formula
that was also employed for the calculation of LTR ages. We
found that the GLDPI promoter MITE was at least 6.5 million
years old.

All three independent TE insertions are located around
100 bp downstream of the M-Box promoter motif. This motif
was previously hypothesized to confer MC expression (Adwy
et al. 2015) since truncation of the motif from the AtGLDPI
promoter shifted GUS activity from the whole leaf apex to the
veins. Furthermore, the M-Box was reported to be lost in

6 Plant Biology © 2024 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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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: GLDP/GLDT: P/T-protein of the GLYCINE DECARBOXYLASE 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 GLDPT start site. Each
dot represents a species. C5 species are shown in green, C3-C4 intermediate species are shown in black. Species name abbreviations: At: Arabidopsis thaliana,
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 P>0.05 P<0.05 P-value ratio
Photosynthesis.Photorespiration 3 2 0.002907 38.2
Multi-process 9 2 0.014932 12.7
regulation.SnRK1-kinase
regulation
Cell wall organization.cell wall 32 3 0.022505 5.4
proteins
Solute transport.channels 45 3 0.050587 3.8

Cs-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;-C, species, with the exception of D. erucoides (Figs 6B and
7, Table S5). In Brassica gravinae, the EDTA pipeline did not

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
GLDPI promoter of C;-C, intermediate species D. erucoides no
insertion could be found.

From five analysed C;-C, GLDPI promoters, we found a
large insertion behind the conserved M-Box in four cases
(monophyletic C5-C,4 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 C;-C, intermediate photosynthesis

Evolution of new complex traits such as Cs-Cy
photosynthesis and C4 photosynthesis requires the differential
regulation of multiple genes. This includes differential gene

Plant Biology © 2024 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands. 7
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Fig. 7. Schematic representation of the GLDP1 promoter region. “ATG..." depicts the start site of the GLDP1 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 C3 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 C3-C,4 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 Helitron with a highly conserved hairpin loop structure is inserted around
2240 bp upstream (D). Although being a C3-C,4 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

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,4 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 Cs-C, photo-
synthesis phenotype. Across our species panel a variety 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

8 Plant Biology © 2024 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.
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results and genome size estimations have to be handled
with care.

Within the Brassicaceae family species exhibiting Cs-C,4
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 et 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 C;-C, intermediate phenotype, we cannot ulti-
mately conclude that LTR transposon bursts contributed to the
evolution of the C;-C, intermediacy. Our 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 C3-C, intermediate traits. Furthermore, based
on sequence identity between the C;-C, 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 Cs-
C, intermediate Moricandia species of 2-11 million years (Arias
et al. 2014). Thus, changes in TE content occurred concomitant
with the evolution of Cs-C, intermediate photosynthesis and
occurred in genes whose expression is required to change for
operation of a C3-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 variation 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 et 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-Gonzalez 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 SnRK1-regulatory genes in C;-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;-C4 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 Cs-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 promoter 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 Cs; 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
C;-C, 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
C;-C, photosynthesis. This hints at a remarkable convergent
evolutionary genetic mechanism in C;-C,4 evolution. We sug-
gest that the loss of GLDP2 paved the way for neofunctionaliza-
tion of the GLDPI copy in the Brassiceae tribe, the only
Brassicaceae tribe containing C;-C, intermediate species. This
was mediated by the insertion of a TE in the promoter, sup-
pressing the M-Box element and shifting GLDPI expression. It
is questionable whether the TE insertion took place before or
after the preconditioning of C;-C,4 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 GLDPI pro-
moter region. The spacing of the M-Box to the GLDPI
start codon is in the range of C; 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
C;-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 species 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;5-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.
nfdi4plants.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. Illustrated
is one example TE (blue box) on a hypothetical contig at position
1000-2000 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 associated 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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