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Zusammenfassung

Zusammenfassung

Die Transkriptionsfaktor-Familien LEUNIG (LUG) und SEUSS (SEU) sind zentrale Modu-
latoren in der Entwicklung von Angiospermen, mit Funktionen in der Entstehung von
Bliiten, der mannlichen und weiblichen Gametangien, der Embryonalentwicklung, sowie
dem generellen Pflanzenwachstum. Ihre Interaktion formt eine regulatorische Plattform,
welche Transkriptionsfaktoren und Histon-Modifikatoren zusammenbringt, um die Ex-
pression von Zielgenen sowohl zu aktivieren als auch zu reprimieren, und bilden dadurch
ein weitreichendes genregulatorisches Netzwerk. Interessanterweise sind beide Famili-
en stark konserviert und in allen Landpflanzenlinien sowie in vielen streptophyten Al-
gen vertreten. Dies wirft Fragen iiber den Ursprung des LUG - SEU Moduls auf, sowie
liber seine Funktionen aufderhalb der Angiospermen, und dariiber, wie das Modul so evol-
vierte, dass es mehrere kritische, reproduktive Prozesse kontrolliert. Diese Dissertation
zeigt, dass die Proteininteraktion zwischen den zwei Familien, und mit den MADS-Box
Transkriptionsfaktoren, vor mindestens 800 Millionen Jahren in den streptophyten Algen
evolviert ist, und dass LUG und SEU seither eine starke Koevolution aufweisen. Es wird
demonstriert, dass sie als genregulatorische Schnittstelle fungieren, welche unter ande-
rem zusammen mit den MADS-Box Transkriptionsfaktoren evolviert ist, um verschiede-
ne Aspekte der Bliitenentwicklung und Reproduktion in Angiospermen zu regulieren,
gemeinsam mit weiteren Funktionen in der Stressregulation und den Signalwegen von
Phytohormonen. Des Weiteren wurde die Funktion von LUG-Homologen im Blattmoos
Physcomitrium patens untersucht, wodurch ihre Verbindung zu einem kritischen Entwick-
lungstibergang in Moosen, und zu der Regulation des Auxin-gesteuerten Signaltransduk-

tionspfads in Landpflanzen offengelegt wurde.






Abstract

Abstract

The LEUNIG (LUG) and SEUSS (SEU) families of transcriptional regulators are central
modulators of angiosperm development, with relevance flower formation, development
of male and female gametangia, embryo development, and general plant growth. Their
interaction forms a regulatory platform, bringing transcription factors and histone mod-
ifiers together to both activate and repress target gene expression, thus creating a vast
gene regulatory network. Interestingly, both families are deeply conserved, being present
in all land plant lineages and in many streptophyte algae, raising questions about when
the origin of the LUG - SEU protein module, about their functions outside of angiosperms,
and how the module evolved to govern various critical reproductive processes. This dis-
sertation demonstrates that the protein interaction between these two families, and with
the MADS-box transcription factor family, evolved at least 800 million years ago in the
streptophyte algae, an that LUG and SEU exhibit a strong coevolution ever since. They
are shown to function as gene regulatory hubs that, among other things, evolved along-
side the MADS-box proteins to regulate multiple aspects of flower development and an-
giosperm reproduction, in concert with functions in stress response and phytohormone
signaling. Furthermore, the functions of LUG homologs in the moss Physcomitrium patens
were studied, revealing their connections to a critical developmental transition in mosses,
and to the regulation of the auxin signaling pathway of land plants.

II






Contents

Contents

Page
Zusammenfassung I
Abstract II
Table of Contents 1A%
1 Introduction 1
1.1 The evolution and terrestrialization of the green plant lineage . . . . . 1
1.2 Representative species of major green plant lineages . . . . . . ... .. 3
1.2.1 Klebsormidium nitens, a model streptophyte algae . . ... . .. 3

1.2.2 Development of and hormonal signaling in the moss Physcomi-
triumpatens . . . . . . . . . e e e e e 4
1.2.2.1 Thelifecycleof Ppatens . . . . . ... ... ... ... 4

1.2.2.2 Developmental transitions in P. patens are tightly regu-
lated by the phytohormones auxin and cytokinin 5
1.2.3 Marchantia polymorpha, a representative liverwort species . . . 7
1.2.4 The novel genetic model fern Ceratopteris richardii . . . . . . . 7
1.2.5 Arabidopsis thaliana as a model for flower development . . . . . 8
1.3 Protein network dynamics and the mechanisms of coevolution . . . . . 8
1.4 The transcriptional regulators LEUNIG and SEUSS . . . ... ... ... 10
1.4.1 Structural characteristics of LUG and SEU proteins . . . . . . .. 11
1.4.2 The mechanisms of transcriptional regulation by LUG and SEU . 12
1.4.2.1 Formation of the LUG-SEUmodule .. ........ 12

1.4.2.2 Canonical target gene regulation by the LUG - SEU mod-
ule . .. 12
1.4.2.3  Further mechanisms of target gene regulation . . . . . 13

1.4.3 Protein interactions and regulatory targets of the LUG and SEU
families . . . . . . .. 14
1.4.4 The functions of LUG and SEU homologs beyond A. thaliana . . . 16
1.5 The MADS-box transcription factor family . . . . . . ... ... ... .. 17
1.6 The mechanism of the auxin signaling pathway inplants . . . . . . .. 18
1.7 Hypothesis and aim of the dissertation. . . . . ... ... ... ..... 19
2 Material 21
2.1 Chemicals . . ... ... . . ... 21
2.2 Enzymes . . . . . . . e e e 21
2.3 Stocksolutions . . . . . ... 22
24 Media . . . . ... 25



Contents

3

VI

2.5 KitsandServices . . . . . . ...

2.6 Plasmids ... ... ... .. ...

2.7 Microbial strains and plant material . . . .. ... ... ... ......

2.8 Hardware . . . . . . . . ..

2.9 Software . . . . . . ...
Methods

3.1 Generalmethods . ... ... .. ... ... .. ... ... ...

3.1.1 Target DNA amplification . . . . . ... ... ... ... .....

3.1.2 DNA digestion, ligation, and transformation . ... ... . ...

3.1.3 LRGatewaycloning . . ... ...... .. .. ..........

3.1.4 Screening, isolation and conservation of cloned plasmids . . . .

3.2 Insilicoanalyses . . . . . . . . e

3.2.1 Identification of LUG, SEU, and MADS-box family genes . . . . .

3.2.2 Phylogenetic reconstruction of protein families . . . ... ...

3.2.3 Investigating functional protein domains and creation of a LUFS

CONSENSUS SEQUENCE . . « v v v v v v v et e e e e e e e e

3.2.4 Calculating gene conservation using K, /Kgratios . . . .. ...

3.2.5 \Visualization of interacting protein residues . . . . ... . ...

3.2.6 Digital transcriptome and proteome analysis . . . . . ... ...

3.3 Yeast two-hybrid assays for the analysis of protein-protein interactions

INVIVO . . . o o o e e e e e e e e e

3.3.1 Selecting suitable interactions of interest . . . . . .. ... ...

3.3.2 Growthofplantmaterial . .. ... ... ... ..........

3.3.3 Cloning of Y2H-compatible plasmids . . . . . ... . ... ...

3.3.4 Transformation of competentyeastcells ... ..........

3.3.5 Robot-assisted Y2ZHassay . . . . .. ... ... ... ... ...,

3.3.6 Documentation and analysisofresults. . . . . . ... ... ...

3.4 Verification of selected protein interactions using bimolecular fluores-

cence complementation . . . . . ... ... e

3.4.1 Creation of BiFC-compatible plasmids . . . . . ... . ... ...

3.4.2 N. benthamiana growth and transformation . ... . ... ...

3.4.3 Imaging and analysis of BiFCresults . . . . . ... ... .. ...

3.5 CRISPR/Cas9-mediated mutagenesis of P patens . . . . ... ... ...

3.5.1 Creation of CRISPR/Cas9 vectors targeting P. patens LUG and SEU
BENES & . v i e e e e e e
3.5.2 P patens transformation and culture maintenance . . ... ...
3.5.3 Genotyping of CRISPR mutantlines . .. ... ... .......
3.5.4 Phenoytping of the P patens reproductive cycle and phytohor-
mone signalingdefects . . .. ... ... ... ... ... ...

28
28
29
29
30

33
33
33
34
35
35
36
36
36

37
37
38
38

38
38
39
39
40
41
42

43
43
44
44
45

45
46
46

47



Contents

4 Results

4.1

4.2

4.3

4.4

4.5

Homologs of LUG and SEU can be found in all major land plant lineages
and in streptophytealgae . . . . .. ... .. ... ... . ...
LUG and SEU functional domain regions are under notable purifying se-
lection across plantevolution . . . . ... .. ... ... .........
The formation of the LUG - SEU module emerged at least 800 million
VEATS AZO0 « « v v ot e e e e e e e e e e e e e e e
4.3.1 Digital gene expression analysis revealed a general, mostly uni-
form expression of both LUG and SEU homologs throughout ma-
jorland plantlineages . . . . . . ... ... ... ... ...
4.3.2 In silico analysis of LUG - SEU complexes reveal conserved in-
teracting protein regions and consistently interacting amino acid
residues . . . . . ...
4.3.3 Interactions between LUG and SEU homologs can be traced back
to the Klebsormidiophyceae lineage of streptophyte algae . . . .
4.3.4 Independent BiFC assays verify several observed protein interac-
tions for C. richardii and M. polymorpha . . . . . . ... ... ..
Heterodimerization between LUG homologs and MADS-box proteins pre-
dates the emergence oflandplants . . . . . . ... ... ... ......
The PpLUG3 and PpLUG4 genes of P. patens function together with auxin
in crucial protonema developmental transitions . . .. ... ... ...
4.5.1 Analyzed P patens pplug3 pplug4 mutant lines encompass both
short deletions and full protein knockouts . . . ... ... ...
4.5.2 Vegetative and reproductive phenotyping of P. patens mutants re-
vealed two principal pplug3 pplug4 phenotypes . . . . ... ..
4.5.2.1 PpLUG3 and PpLUG4 govern protonema development,
transition, and gametophore initiation in P, patens
4.5.2.2 Reproductive capabilities and sporophyte development
are largely independent of PpLUG3 and PpLUG4 . . . .
4.5.3 PpLUG3 and PpLUG4 function in phytohormone-driven develop-
mental pathwaysof Ppatens . . . . . . ... ... ... .....
4.5.3.1 The,ball of protonema tissue“ pplug3ALisH pplug4 mu-
tant lines are largely insensitive to exogenous auxin
4.5.3.2 The principal pplug3 pplug4 phenotypes differ in the
formation of leaflets from cytokinin-induced callus-like

clusters . . . . . . . ..

5 Discussion

5.1

The interaction between the LUG and SEU families coevolved by recipro-

cal selective pressure since at least 800 million yearsago . . ... ...

49

49

52

54

54

57

60

63

65

69

69

72

73

77

80

80

84

89

89

VII



Contents

5.2

5.3

5.4

The LUG - SEU module represents a conserved protein interaction hub
coordinating a variety of different regulatory networks . . .. ... ..
5.2.1 The breadth and mode of interactions mediated by the module
signify its role as a regulatory ,date“hub . . . . ... ... ...
5.2.2 Both LUG and SEU exhibit specific behaviours and structural fea-
tures supporting their diverse regulatory functions . . . .. ..
The recruitment of the functional LUG - SEU module to floral develop-
mental regulation by the MADS-boxTFs . . . . .. .. ... .......
LUG homologs function in phytohormone signaling and organ identity
specification since the origin ofland plants . . . . . ... ... ... ..
5.4.1 The P patens pplug phenotypes exhibit a bistable switch between
the two principal phenotypes . . . . .. .. ... ... ... ..
5.4.2 PpLUG homologs are critical for establishing caulonema identity
in concert with the auxin signaling pathway . ... ... .. ..
5.4.3 The LUG - SEU module potentially regulates both auxin home-
ostasis and components of its canonical signaling pathway . . .
5.4.4 Theregulatory functions of LUG and SEU proteins in auxin signal-
ing evolved in the MRCA ofland plants . . . . . ... ... ...

6 Conclusion

7 Outlook

References

Supplementary Material

Supplementary Figuresand Tables . . . . . ... ... ... .. ........

Supplementary Methods . . . . . . . . ... ... .. ... ... ...

Sequence-IDs of major sequences . . . ... ... .. ... ... ...
Plasmids . . ... ... .. . . . .

Primersequences . . . . . . . . . . . . ...

Supplementary Scripts. . . . . . . ...

Note of Thanks

Affidavit

VIII

91

91

94

95

99

99

103

105

113

115

IX

XXIX
XXIX
XLI
XLI
XLIV
LI
LVIII

LXXI

LXXIII



1 Introduction

1 Introduction

1.1 The evolution and terrestrialization of the green plant lineage

The terrestrialization of plants was arguably one of the most impactful events during
plant evolution, not only opening up a vast range of new biological niches and drasti-
cally altering various aspects of earth itself, but also requiring extensive modifications
in all areas of plant development, maintenance and reproduction, to cope with the new
challenges and restrictions brought by the life on land. Among those are, for example, wa-
ter scarcity, strong temperature changes both across the day and across seasons, or high
solar and UV irradiance (Vries & Archibald, 2018; Kunz et al., 2024). While multiple al-
gae lineages independently evolved to live in terrestrial environments, dating as far back
as at least 900 million years ago (MYA), only the embryophyta of the the green plants
(viridiplantae) managed to establish themselves as the major plant macroorganisms on
land (McCourt et al., 2023; Vries & Archibald, 2018). Today, around 80 % of all biomass
on earth belongs to plants, among which the embryophytes are by far the dominant group
(Bar-On et al., 2018).

The embryophyta are a division within the streptophyte algae, which additionally con-
tains six major lineages of green algae (Fig. 1). Those lineages are sometimes grouped
and referred to as the KCM-grade and the ZCC-grade, respectively, each containing three
algae lineages (Bierenbroodspot et al., 2024). Among them, the ZCC-grade Zygnemato-
phyceae lineage represents the sister lineage to the embryophyta, whose most recent
common ancestor (MRCA) lived around 600 MYA (Harris et al, 2022). The emergence
of the first embryophytic land plants has been dated to around 500 MYA (Harris et al,
2022; Kapoor et al.,, 2023; McCourt et al, 2023), and is thought to be the result of gradual
adaptation of fresh-water algae to land throughout the streptophyte lineage. Their eco-
tone habitat exerts a selective pressure, for example by cycles of drying and rehydration,
that favors many traits crucial for survival on and adaptation to land (Kunz et al., 2024;
McCourt et al., 2023), like more sturdy cell walls (Vries & Archibald, 2018), or improved
protection against UV radiation (Kunz et al, 2024). Additionally, elements of many crit-
ical regulatory and developmental networks found in land plants were already present
throughout the streptophyte lineage, and modified to support life on land. For example,
aspects of the auxin and cytokinin signaling pathways can be found in the KCM-grade
Klebsormidiophyceae lineage (Hernandez-Garcia et al,, 2024; Hori et al., 2014), and a
high number of transcription factor (TF) families critical for land plant development were
already present in extensive gene regulatory networks as well (Bowman, 2022; Vries &
Archibald, 2018; Wilhelmsson et al.,, 2017). Taken together, all these factors help to ex-

plain the unique position the embryophytes evolved into.

Early embryophyta therefore had many similar traits to their Zygnematophyceae sister
lineage, like a multicellular haploid gametophyte life phase forming motile sperm and a

diploid zygote, but key differences were also present at the incipient stage: Especially the
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cycle between the gametophyte producing male antheridia and female archegonia that
give rise to an embryo, which develops into a multicellular diploid sporophyte genera-
tion that in turn produces haploid spores, was likely a crucial advantage in sexual repro-
duction in comparison to algae (Becker et al, 2025; Bowman, 2022). Similarly, the evo-
lution of rooting structures, or of apical meristems that allow three dimensional growth
were further differences aiding the terrestrialization of early embryophytes (Bowman,
2022; Moody, 2022). These novelties required the extensive modification and expansion
of present gene regulatory networks, to allow for the emergence and regulation of new
genes and expression patterns, resulting in a variety of novel vegetative and reproductive
organs throughout land plant evolution. Especially whole genome duplications (WGDs)
are considered prime drivers of evolutionary novelties and of speciation, as they allow
for the large-scale expansion of TF families and subsequent sub- and / or neofunctional-
ization of genes within these regulatory networks (Kapoor et al., 2023; van de Peer et al.,
2009).

During land plant evolution, the embryophyta lineage split into two monophyletic clades,
namely the bryophyte lineage containing the hornworts, liverworts, and mosses, and the
tracheophyte lineage containing the lycophytes, monilophytes, and the seed plants, which
consist of the gymnosperm and angiosperm lineages (Fig. 1). Many bryophyte species still
exhibit early terrestrial adaptations, such as a strongly water-dependent fertilization or a
gametophyte-dominant life phase where the sporophyte depends on the maternal game-
tophytic tissue for survival (Becker et al,, 2025; Rensing et al., 2020). During the evolution
of the tracheophytes, also called vascular plants, on the other hand, various organs, mech-
anisms and structures emerged that reduced these dependencies and constraints, and in-
creased the viability and variability of land plants even more: In lycophytes and monilo-
phytes, both the gametophyte and the sporophyte phases are free-living and largely inde-
pendent from each other, besides during the first developmental stages of the sporophyte.
Additionally, their sporophytes usually show a higher degree of complexity and develop
much larger than the respective gametophytes. In seed plants, this disparity increased
even further, with the sporophyte becoming the main life phase of the plant that nour-
ishes a strongly reduced gametophyte and protects it in specialized structures like pollen
or ovules, which can double as dispersion mechanisms. This is especially prominent in
the flowers of angiosperms, which added an additionally layer of protection in the form
of carpels to the ovules and later the seeds, but also increased reproductive success by
capturing large quantities of pollen, allowing parallel fertilization, and enhancing seed
dispersal (Becker et al., 2025; Bowman, 2022).
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Figure 1: Phylogeny of major streptophyte and embryophyte lineages. The major lineages of strep-
tophyte algae are colored blue, while bryophyte lineages are colored green, and tracheophyte lineages are
lime (Bierenbroodspotetal, 2024; G.-Q. Liu et al,, 2022). Estimated crown ages for selected branches based
on Harris et al. (2022).

1.2 Representative species of major green plant lineages

To better understand the evolution of gene families, regulatory networks, and develop-
mental pathways, as well as the emergence of novel organs and strategies for survival un-
derlying the evolution of the green plant lineage and especially the embryophyta, much
effort was put into researching and establishing model organisms for major streptophyte
lineages. Especially the creation of quality reference genomes and transcriptomes for a
multitude of species proved to be invaluable for the comprehension of (land) plant evo-
lution, by allowing tracing, analyzing, and understanding the evolutionary and develop-
mental trajectories of specific plant organs, cellular structures, or of specific gene families.
In the following section, model species for several major plant lineages that were used in
this dissertation will be briefly presented, to gain an understanding about the structural
and genetic features and peculiarities of both the specific species, and the different lin-

eages they represent.

1.2.1 Klebsormidium nitens, a model streptophyte algae

The streptophyte algae Klebsormidium nitens, formerly Klebsormidium flaccidum, was the
first streptophyte algae with a fully sequenced reference genome (Bierenbroodspot et al.,
2024; Hori et al, 2014). It belongs to the order Klebsormidiales, which resides within
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the Klebsormidiophyceae of the paraphyletic KCM-grade of streptophyte algae, and di-
verged from the lineage leading to land plants around 800 MYA (Fig. 1). K. nitens forms
multicellular, non-branching filaments without specialized cell types and a singular, large
chloroplast; and like other Klebsormidiophyceae, lives in both freshwater and terrestrial
habitats (Hori et al., 2014).

Its genome is around 120 megabases (Mb) in size, with ~ 16.000 protein coding genes cur-
rently known. Many gene families or functional protein domains critical for land plants
can already be found in K. nitens, such as factors connected to multicellularity, phytohor-
mone signaling, or stress response mechanisms, and especially those relating to drought
or high light stress (Hori et al., 2014; Serrano-Pérez et al., 2022; Wilhelmsson et al., 2017).

1.2.2 Development of and hormonal signaling in the moss Physcomitrium patens

Bryophytes are the sister lineage to vascular plants, and as such in a great position to
study both the transition from water to land, and the evolution of many tracheophyte
characteristics (Fig. 1). The moss Physcomitrium patens, formerly Physcomitrella patens,
has been used to this effect for over 50 years, due to its simplistic body plan, small size,
and fast propagation, as well as the general availability of a multitude of different genetic
tools and resources. It belongs to the family of the Funariaceae and emerged presumably
10 MYA, living mainly in the northern hemisphere (Rensing et al., 2020). Its genome has
an estimated size of 518 Mb, distributed across 26 or 27 chromosomes, and with ~ 30.000
protein coding genes. Around 60 % of the genome consists of repeats; and two ancestral
WGDs that both happened during the last 70 million years could be identified (Bi et al.,
2024; Langetal., 2018).

1.2.2.1 The life cycle of P. patens

As a bryophyte, the dominant life cycle phase of P patens is the gametophyte, which
develops from a haploid spore. Upon germination, a one dimensional, tip-growing pro-
tonema cell emerges, that quickly forms a two dimensional (2D) filamentous outgrowth
(Moody, 2022; Rensing et al., 2020). Multiple types of protonema cells exist, among which
chloronema and caulonema comprise the two principal forms: Chloronema are charac-
terized by being primarily photosynthetically active cells, containing a high amount of
chloroplast, and exhibiting a transverse cell plate between chloronema cells. Caulonema
on the other hand are colonizing cells that show fast outgrowth, are thinner with only
few chloroplasts, and possess oblique cell plates (Jaeger & Moody, 2021; Rensing et al.,
2020). The first emerging cells of germinating spores are in fact chloronema that grow
from an apical chloronema stem cell. This tip growing stem cell eventually transitions
into a caulonema apical stem cell that enables 2D growth by forming side branch initial
cells along the filament that either become chloronema or caulonema apical stem cells,

or, in around 5 % of cases, form gametophore producing buds (Moody, 2022; Rensing et
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al, 2020). Additionally, chloronema cells not adjacent to apical stem cells can also form
side branches and become secondary apical stem cells, but are not able to initiate game-
tophore growth (Kofuji & Hasebe, 2014).

The three dimensional (3D) growth of gametophores progresses in three stages: Firstly,
a gametophore apical cell is initiated from a caulonema side branch, which is signaled
by a change of the cell division plane, a process that is highly localized, but unfortunately
still poorly understood. Secondly, the gametophore initial develops into a tetrahedral cell
capable of producing multiple daughter cells downwards, thus enabling 3D growth. Fi-
nally, the apical stem cell begins cell division and produces merophytes, rising above the
protonema in the process (Moody, 2022). The resulting gametophore consists of a game-
tophore stem with ovate, lanceolate leaflets in a spiral phyllotaxis that are comprised of
a single cell layer, except for their median region, as well as specialized cells for water
and nutrient transport (Rensing et al, 2020). At the base of the gametophores, rhizoids
emerge, which are a protonema variant specialized for rooting; they share many simi-
larities with caulonema, but contain immature plastids and show a brown pigmentation
(Kofuji & Hasebe, 2014).

Under short day conditions, the formation of gametangia at the gametophore apex is in-
duced. As P, patens is a bisexual species, both antheridia and archegonia develop at the
apices, with the sperm cell producing antheridia emerging first, followed by the appear-
ance of archegonia, with the archegonial neck rising above the antheridia. The fertiliza-
tion itself is water dependent, as it requires the sperm cells to swim towards and through
the archegonial neck. Afterwards, the fertilized, diploid embryo develops into the spore
producing sporophyte, which is anchored to and depends on the gametophore for nu-
trient transfer. The immature sporophytes appear green, while adult sporophytes are

brown and can release mature, haploid spores (Rensing et al., 2020).

1.2.2.2 Developmental transitions in P. patens are tightly regulated by the phyto-
hormones auxin and cytokinin

Both the transition from chloronema to caulonema identity, and the initiation of game-
tophore apical stem cells is tightly regulated by a plethora of genes and phytohormones:
The auxin and cytokinin signaling pathways function as general regulators of these tran-
sitions, while nutrient availability in the medium and the photosynthetic potential, medi-
ated via phytochrome and cryptochrome pathways, are influential factors as well (Jaeger
& Moody, 2021; Kofuji & Hasebe, 2014).

The phytohormone auxin is consistently linked to cell division, expansion, and differ-
entiation throughout land plants. During the chloronema - caulonema transition of the
apical filament cells, localized auxin maxima are generated by both auxin synthesis and
through polar auxin transport via PIN-FORMED (PIN) efflux carriers (Jaeger & Moody,

2021; see section 1.6). These auxin maxima activate the expression of two sets of genes,
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namely of the ROOT HAIR DEFECTIVE SIX-LIKE 1 (PpRSL1) and PpRSLZ genes, and of the
LOTUS JAPONICUS ROOTHAIRLESS1-LIKE 1 (PpLRL1) and PpLRLZ2 genes. All four genes
transcribe for basic helix-loop-helix (bHLH) TFs that are critical for establishing caulone-
ma identity along the protonema filament. Interestingly however, while their combined
activity is required to correctly promote caulonema identity, both families act indepen-
dently from each other (Jaeger & Moody, 2021; Jang & Dolan, 2011; Tam et al., 2015; The-
lander et al.,, 2018).

Cytokinin on the other hand is often found as an antagonist to auxin, and indeed, the
chloronema - caulonema transition is suppressed by the activity of cytokinin (Ashton et
al, 1979). Instead, cytokinin promotes secondary branching of chloronema and the 3D
growth transition from caulonema to gametophore buds, two processes that are in turn
inhibited by auxin (Moody, 2022; Thelander et al.,, 2005). Notably however, formation of
the gametophore initial can’t be solely triggered by cytokinin, as low levels of auxin are

required as well, to correctly orient the cell division plane (Moody, 2022).

The exogenous application of auxin or cytokinin results in dosage-dependent transitional
defects: Elevated auxin conditions inhibit gametophyte growth by severely reducing or
even abolishing the formation of chloronema, instead resulting in enhanced caulonema
formation, which are often strongly pigmented. Gametophore production is decreased as
well, with most developing gametophores being malformed. At high auxin concentrations,
gametophore induction is completely abolished (Ashton et al., 1979). Conversely, exoge-
nous cytokinin suppresses caulonema differentiation and increases secondary chlorone-
ma branching, except under very high concentrations, where branching is inhibited in-
stead. The production of gametophores is notably increased, but depending on the cy-
tokinin dosage, strong deformations are present, resulting in callus-like buds of tissue
that fail to develop shoots or rhizoids, but sometimes exhibit the outgrowth of leaflets
(Ashton et al., 1979; Thelander et al,, 2005).

Additionally, while the exact influence of auxin and cytokinin on gametangia develop-
ment is still poorly understood, it has been shown that the regulators of auxin biosyn-
thesis SHORT INTERNODE (SHI)/STYLISH (STY) are critical for correct antheridia and
archegonia development (Landberg et al, 2013; Thelander et al, 2018). Further, many
more cellular processes and genes families besides the ones described above are impli-
cated in the developmental transitions of P. patens: For example, actin and actin-related
factors are critical for correct cytoskeleton organization, the NO GAMETOPHORES regula-
tors and the APB family of TFs play a crucial role for the formation of the gametophore
apical cell (Moody, 2022), and the gibberellin signaling pathway has been shown to act
in concert with auxin in the chloronema to caulonema transition (Jaeger & Moody, 2021).
Thus, these developmental transitions are tightly controlled to ensure correct timing and

proper functionality under favorable conditions.
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1.2.3 Marchantia polymorpha, a representative liverwort species

Marchantia polymorpha is a cosmopolitan model liverwort species of the class Marchan-
tiopsida, which has been studied extensively for atleast 200 years. Itis a dioecious species
with separate male and female plants and a short life cycle exhibiting a dominant gameto-
phytic phase: Starting from a germinating haploid spore, a filamentous protonema forms
that develops into a thalloid main body, which in turn expands from notches at the thal-
lus periphery. Propagation can either occur asexually via gemmae produced dorsally on
the thallus in specialized structures called gemmae cups, or sexually via the production
of male or female gametangia. The antheridia or archegonia are stalked and lifted above
the thallus on antheridiophores or archegoniophores, respectively, and depend on wa-
ter to both release motile sperm cells and to allow for fertilization of the egg cell. Within
the archegonium, the fertilized zygote develops into a sporophyte that is dependent on
the archegoniophore for nutrient transfer. Following meiotic divisions, male and female
spores are discharged from the sporophyte (Sauret-Giieto et al., 2020; Shimamura, 2016).

The genome of M. polymorpha consists of around 225 Mb across eight autosomes and
one of two sex chromosomes. It encodes for ~ 19.100 protein coding genes, with approxi-
mately 5.400 alternative transcripts and circa 22 % repetitive elements. Interestingly, no

WGDs in the lineage leading to M. polymorpha were recorded (Bowman et al.,, 2017).

1.2.4 The novel genetic model fern Ceratopteris richardii

The fern Ceratopteris richardii, also known as C-fern, is a tropical homosporous leptospo-
rangiate fern of the family Pteridaceae in the lineage of the monilophytes, the closest sis-
ter lineage to seed plants (Fig. 1). Both its haploid and diploid generations are living inde-
pendently from each other, but show large differences in size and structural complexity.
Haploid C. richardii spores develop into either hermaphroditic gametophytes carrying
both antheridia and archegonia, or into smaller male gametophytes only exhibiting an-
theridia. The release of motile sperm and the fertilization of the egg cells in the archego-
nium are both water-dependent. The resulting sporophytes are dependent on the game-
tophyte only during their first few developmental stages, after which they develop into
considerably larger, free-living plants. At first, sporophytes start to develop small, lobed,
sterile fronds, which become successively larger and more dissected, culminating in the
development of large fertile fronds that bear the spore generating sori (Conway & Di Stilio,
2020). The whole life cycle can be completed in approximately four months, and together
with the relatively easy growth in lab or greenhouse environments, the high amount of de-
scendants, and possibilities for self-fertilization, underscore the importance of C. richardii
a model fern species since the 1970s (Hickok, 1977).

The genome of C-fern is 9.6 gigabases (Gb) large and organized in 39 chromosomes. Ap-
proximately 85 % of the genome are repetitive elements, and after two WGDs during the

last 300 million years, it contains around 36.800 protein coding genes with a notably
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high variation in intron lengths. Interestingly, several homologs of genes critical for an-
giosperm flower and seed development can be traced in C-fern, highlighting the conserva-
tion of these gene families and their recruitment into novel regulatory processes through-
out evolution (D. B. Marchant et al., 2022).

1.2.5 Arabidopsis thaliana as a model for flower development

Arabidopsis thaliana is a herbaceous, dicotyledon angiosperm of the family brassicaceae,
and a widely used seed plant model. It is an annual plant of small stature, with a fast
generational cycle and predominantly found in western Eurasia (Kramer, 2015). Its fully
sequenced genome consists of 125 Mb DNA organized in five chromosomes, with around
26.200 protein coding genes, and multiple detectable ancestral whole genome dupli- and

triplication events (Bowers et al., 2003; The Arabidopsis Genome Initiative, 2000).

As a seed plant, its dominant life cycle phase is the sporophyte: Starting from a germinat-
ing seed, both a primary root and the cotyledons atop the hypocotyl emerge, which firstly
develop a vegetatively growing rosette of leaves that later gives rise to an inflorescence-
bearing shoot. Each inflorescence produces several terminal, bisexual flowers consisting
of four whorls, centripetally called sepals, petals, stamens, and carpels. The two inner
whorls develop the male and female gametophytes, respectively, which are strongly re-
duced and only consist of a few cells each: Stamen are comprised of anthers producing
pollen grains and are stalked by the filaments, while the carpels are fused to the gynoe-
cium. In A. thaliana, it is divided into two valves that are separated by a false septum con-
taining placental tissue, from which ovules develop. These ovules bear the female game-
tophyte, which is protected by two integuments, and entirely dependent on the surround-
ing sporophyte for nutrient transfer. Fertilization is mediated by two distinct structures
atop the gynoecium, the stigmatic papillae and the style: After pollination, the pollen ger-
minates at the stigma, forming a pollen tube that grows through the transmitting tract
in the style towards the ovules, where fertilization occurs. The gynoecium then develops
into a silique that is connected to the plant via the pedicel, while the ovules develop into
seeds. After seed maturation, the silique ruptures to release the seeds (Alvarez-Buylla et
al, 2010; Becker et al., 2025; Crawford & Yanofsky, 2008).

1.3 Protein network dynamics and the mechanisms of coevolution

The evolution of plants and of life in general is largely driven by the kinetics of and inter-
play between genes, proteins, and other regulatory elements. Understanding their evolu-
tionary dynamics and trajectories is a useful way to trace not only the evolution of singu-
lar genes or larger interaction networks, but can also be used to gain knowledge about
the origin, development, and regulation of larger structures like specific tissues, organs,
and even whole species. Especially the study of protein interaction networks is an effec-

tive avenue to deepen our perception of such network dynamics, and of coevolution in
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the context of protein families.

Protein interactions can be generally characterized as networks consisting of nodes (pro-
teins) that are connected by edges (interactions). They follow a ,scale-free“ topology,
where a high number of proteins is only interacting with a few others, while a few hubs
proteins contain a significant amount of the total interactions in the network. This topol-
ogy is also called a power law distribution (Albert & Barabasi, 2002; Barabasi, 2013; Ng
& Huang, 2004; Ramos et al., 2024; Stelzl et al., 2005), and is based on continuous growth
of the network and thought to be achieved by preferential attachment of new nodes to
those already well connected (Albert & Barabasi, 2002; Barabasi, 2013; Eisenberg & Lev-
anon, 2003). Alternatively, a ,crystal growth” model has been proposed, where the con-
nection probability correlates with the availability of unoccupied surfaces in an interac-
tion cluster, which takes the age of proteins into consideration better than other models
(W. K. Kim & Marcotte, 2008). Regardless of the exact underlying mechanism, protein
interaction networks follow several general behaviours: (1) older parts of the networks
are better and denser connected than younger parts, and as such, newer proteins tend to
preferentially interact with these hubs, thus further increasing their size (Batada et al.,
2006; Eisenberg & Levanon, 2003). (2) Protein networks are more resistant against arbi-
trary loss of nodes than a random network would be, but are highly impacted by the loss
of hub proteins (Albert & Barabasi, 2002; Ramos et al.,, 2024). (3) Networks are ,small
worlds‘, and as such, both the distance between any two nodes and the diameter of the
whole network are relatively small, with the average path length between two proteins
being 3.5 to 4 across multiple different databases (Albert & Barabasi, 2002; Ramos et al.,
2024).

Rewiring of protein networks is a critical driver of evolution, and can happen in two dif-
ferent ways: either by gaining and loosing whole proteins, or only specific interactions
between them. These changes can for example happen by gene duplication, which is of-
ten followed by a rapid divergence of one of the doubled genes, and therefore of the in-
herited interactions. Interestingly, in many cases, a portion of the original interactions
are retained during the divergence (Andreani & Guerois, 2014; Sun & Kim, 2011). Alter-
natively, mutations within proteins can alter their structure, function, or expression, and
thus lead to loss or gain of specific interactions. While the vast majority of possible muta-
tions are prohibited at any given time due to deleterious effects on protein fitness, they
can be compensated by either permissive neutral mutations allowing for more flexibil-
ity at other sites, or by mutations stabilizing negative effects (Andreani & Guerois, 2014;
Lovell & Robertson, 2010; Povolotskaya & Kondrashov, 2010). Such changes can happen
both within one sequence, as well as between interacting proteins, and are defined as

intra- or intermolecular coevolution, respectively.

Generally, coevolution is often described as ,reciprocal evolutionary changes in interact-

ing species” or, more specifically in the context of protein interactions, as ,reciprocal evo-
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lutionary changes in evolutionary interacting loci“ (Lovell & Robertson, 2010; Thompson,
1994). Thus, changes in the interaction interface of one protein of an interacting pair can
be compensated by mutations of the partner protein, causing both proteins to coevolve
due to their shared interaction. Alternatively, coevolution can also be visible in strongly
conserved molecular sites, when one location exerts strong selective pressure on another,
causing both sites to barely change across vast evolutionary distances (Lovell & Robert-
son, 2010). Indeed, especially interaction interfaces were observed to not only coevolve
with each other, but also to be more conserved than other protein regions (Andreani &
Guerois, 2014; Lovell & Robertson, 2010; Rodriguez-Rivas et al, 2016). Conversely, in-
trinsically disordered regions (IDRs) are regions of proteins lacking fixed interfaces, in-
stead relying on structural variability and malleability to interact with a large number
of different protein partners. They are adept at enabling, coordinating, and modifying a
plethora of interactions not only with other proteins, but also with DNA, RNA, or signal-
ing molecules, and can affect the general behaviour of their proteins in a variety of ways.
For example, they often exhibit small linear motifs that convey different functions, such
as post-translational modifications or binding affinity for specific domains or proteins,
whose specificity or strength can be further modified by a range of other aspects (Hole-
house & Kragelund, 2024; Mar et al.,, 2023; van der Lee et al., 2014). As such, IDRs exhibit
a high sequence divergence, and interactions conveyed by them are prone to fast rewiring
and modification (Andreani & Guerois, 2014; Mar et al., 2023).

1.4 The transcriptional regulators LEUNIG and SEUSS

One common denominator of life at large is the transfer of information between two en-
tities, which can happen in a multitude of ways and with various kinds of information.
Especially the vertical transfer of genetic information via reproduction is a prominent ex-
pression of this principle, and often tightly regulated to ensure the correct inheritance
of such information (Skern-Mauritzen & Mikkelsen, 2021). In plants, reproduction can
happen asexually and sexually, with the latter being a critical mechanism for the intro-
duction of genetic exchange between individuals of a population, which has the potential
to increase the viability and overall fitness of the population (Wagner, 2010).

The flowers of angiosperms play a crucial role in reproduction, and as such need to be
tightly controlled in both development and functionality, to ensure the proper formation
of the filial generation. Among the vast number of genes, protein, and other factors rele-
vant for flower formation and reproductive success, the transcriptional regulators LEU-
NIG (LUG) and SEUSS (SEU) are known to be critical regulators of many of them, with
their activity ensuring, among other things, the correct organ formation of the flower, of
both male and female gametangia, and of the embryo (Azhakanandam et al., 2008; Shi
etal, 2024; Sridhar et al., 2004; Stahle et al.,, 2009).

10
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1.4.1 Structural characteristics of LUG and SEU proteins

The LUG family in A. thaliana consist of LUG and LEUNIG-HOMOLOG (LUH), two glutamine
(Q)-rich proteins that are characterized by a, LUG/LUH, Flo8, Single-Strand DNA-binding
Protein (SSDP)“ (LUFS) domain at their N-terminal, and a propeller-like structure of seven
WD40 repeats at their C-terminal end, which are separated by an intermediate region (Fig.
2; Conner & Liu, 2000). The LUFS domain shares similarities with domains of the yeast
Flo8 protein and human SSDP, consisting of a ,lissencephaly homology“ (LisH) dimeriza-
tion motif that can be found across eukaryotes, followed by a conserved sequence motif
(Z. Liu & Karmarkar, 2008; Sridhar et al., 2004). It is critical and sufficient for dimeriza-
tion with the common interaction partner SEU, but also allows for formation of homote-
tramers (Sridhar et al., 2004; H. Wang et al., 2019). WD40 domains on the other hand are
a class of highly abundant domains facilitating the formation of larger protein complex
with various different interaction partners (Xu & Min, 2011). Interestingly, some protein
interactions between LUG and other partners also require the LUG intermediate region

to function correctly (Gonzalez et al., 2007; Vega-Leon et al., 2025).

Due to their similar domain structure and analogous functions, the LUG family is counted
to the ,Groucho (Gro)/Transducin-like Enhancer (TLE)“ super family of transcriptional
corepressors, with high similarity to the Gro protein in fruit flies, TLE in mammals, or
TUP1 in yeast. However, these similarities do not extend to their protein sequences (Con-
ner & Liu, 2000; Z. Liu & Karmarkar, 2008). Members of this super family are global gene
regulators lacking DNA binding domains, instead requiring interaction with cofactors for
targeted gene regulation in mainly developmental and stress response pathways (J. E. Lee
& Golz, 2012). In plants, a second group of Gro/TLE proteins are present, namely the TOP-
LESS (TPL) and TOPLESS-RELATED (TPR) family, which also possess a LisH domain, but
lack the conserved sequence motif of the LUFS domain (J. E. Lee & Golz, 2012; Z. Liu &
Karmarkar, 2008).

SEU and the three SEUSS-LIKE (SLK) proteins in A. thaliana are Q-rich proteins consisting
of a centrally located ,LIM domain-binding“ (LDB) domain that is flanked by two IDRs in
the N- and C-termini (Fig. 2; Franks et al., 2002; B. Wang et al., 2022). As such, the SEU fam-
ily is structurally similar to LDB proteins of animals and yeast, a group of transcriptional
adaptors lacking DNA binding sites, thus require DNA-binding cofactors for target gene
regulation. While members of this group can interact with both LIM and LUFS domain
containing proteins, SEU and the SLKs lack an additional LIM interaction domain found
in other LDB proteins and are as such unable to interact with plant LIM domain proteins
(Baoetal,2010; Franksetal.,, 2002; Sridhar et al., 2004; van Meyel et al., 2003). Therefore,
the SEU family primarily interacts with the LUG family, connecting specificity-conveying
TFs to transcriptional regulators (Bao et al.,, 2010; Sridhar et al., 2004).

11
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LUG
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Figure 2: Protein domain organization of LUG and SEU proteins. LUG proteins (top) consist of the N-
terminal LUFS domain that is sub-divided into the LisH motif (lime) and a conserved sequence (black rect-
angle). The WD40 domain (blue) is C-terminally located. SEU proteins (bottom) exhibit a centrally located
LDB domain (orange) flanked by two IDRs.

1.4.2 The mechanisms of transcriptional regulation by LUG and SEU

LUG and SEU proteins can both activate and repress target gene transcription, either by
acting independently from each other, or by forming a regulatory complex, the LUG - SEU
module. In both cases, the specificity for and exact regulation of particular target genes is
mediated by their various binding partners, while LUG and SEU act as a gene regulatory
platform, bringing the different components together (N. Lee et al.,, 2015; Sridhar et al,
2004; Zhai et al., 2020).

1.4.2.1 Formation of the LUG - SEU module

The interaction between LUG and SEU proteins is facilitated by binding of the SEU pro-
tein to the LUFS domain of LUG. While the LUFS domain alone is sufficient for successful
binding, the whole SEU protein is required, and is only able to tolerate a small loss of
its C-terminal IDR2 (Sridhar et al.,, 2004). This general interaction mechanism is deeply
conserved: In animals, SSDP can interact via their LUFS domain with the LDB containing
LDB1 protein to form higher order protein complexes and regulate target gene expres-
sion; however, this interaction does not require fully intact LDB proteins (Bao et al., 2010;
van Meyel et al., 2003).

In A. thaliana, interactions between LUG and SEU proteins have been shown for all homo-
log combinations, as both LUG and LUH are able to interact with all four members of the
SEU family (Shrestha et al., 2014; Stahle et al., 2009). In planta, members of both families
have been shown to be noticeably enriched in immunoprecipitation and mass spectrom-
etry experiments using LUH as target protein, as well as being parts of a core hub in early

floral developmental protein interaction networks (Vega-Leon et al,, 2025).

1.4.2.2 Canonical target gene regulation by the LUG - SEU module

The combined LUG - SEU module mainly functions as a transcriptional repressor of target
genes during plant development: In A. thaliana, TFs like the MADS-box proteins APETALA
1 (AP1) or SEPALLATA 3 (SEP3) bind to SEU and convey target specificity, while SEU acts
as an adaptor between the TFs and LUG (Sridhar et al, 2004, 2006). This allows LUG to

12
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repress target genes using one of two distinct mechanisms: (1) LUG uses its unoccupied
intermediate region to bind to the class A HISTONE DEACETYLASE 19 (HDA19), which
represses gene expression by removing activating acetyl groups from targeted histones
(Fig. 3; Gonzalez et al., 2007). An analogous mechanism is also known for other members
of the Gro/TLE super family (Gonzalez et al., 2007; Sridhar et al., 2004). (2) Alternatively,
LUG can bind to two members of the mediator complex, CYCLIN-DEPENDENT KINASE 8
(CDK8) and MEDIATOR OF RNA POLYMERASE Il TRANSCRIPTION SUBUNIT 14 (MED14),
via both its intermediate region and WD40 domain. This enables LUG to regulate and
inhibit the activity of RNA Polymerase II directly, without modifying the chromatin state
of the target gene (Gonzalez et al., 2007).

Figure 3: Canonical repression of target genes by the LUG - SEU module. A transcription factor (TF)
binds to the adaptor protein SEU, allowing DNA binding and target specificity. SEU binds the LUFS domain
(lime) of LUG, which in turn binds to a histone deacetylase that removes acetyl groups from neighbouring
histones, thus repressing target gene expression.

1.4.2.3 Further mechanisms of target gene regulation

Besides these two main mechanisms of regulation via the LUG - SEU module, both protein
families also exhibit various different gene regulatory mechanisms, usually in combina-

tion with different chromatin modulators:

It has previously been suggested that the Gro/TLE family acts as general transcriptional
regulators, and not merely as repressors (N. Lee et al., 2015). Indeed, in A. thaliana, there
are multiple known instances of target gene activation by LUG and LUH: For example,
during anther development, LUG has been shown to form an activating regulatory com-
plex with the EAR MOTIF-CONTAINING ADAPTOR PROTEIN (ECAP), which enables target
specificity by binding to TFs like BES1/BZR1 HOMOLOG 3 (BEH3), not unlike SEU. Within
this complex, LUG then mediates the deposition of activating H3K9ac marks at the target
promoter histones H3, via one ore more currently unknown partner(s) (Shi et al., 2024).
Another instance is the interaction between LUG and LUH with the mediator complex
protein MED25 in plant defense pathways: Similarly to the LUG - SEU module, MED25
acts as an adaptor protein when binding LUG or LUH and recruits the complex to target
genes via additional TFs, while LUG/LUH bind to histone remodelers. In the case of LUH,
the binding partner is the ARABIDOPSIS HISTONE ACETYLTRANSFERASE OF THE CBP
FAMILY 1 (HAC1) which deposits activating H3K9ac marks, while the binding partner for

LUG is currently unknown, but causes target gene activation as well (You et al.,, 2019).
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A similar flexibility can also be observed for the SEU family: In A. thaliana root tips, SEU
is recruited to the WUSCHEL-RELATED HOMEOBOX 5 (WOX5) promoter by SCARECROW
(SCR) and directly interacts with the methyltransferase SET DOMAIN GROUP 4 (SDG4)
which causes activating H3K4me3 trimethylation and thus promotes WOX5 expression.
This interaction is mediated by the IDR2 of SEU, while the LDB domain is used to bind
SCR (Zhai et al., 2020). Likewise, SEU has been shown to interact with the methyltrans-
ferase SDG25 as well, which causes H3K4me1 single methylation instead, whose specific
function is still debated (Oya et al., 2022; Zhai et al., 2020).

In summary, both the LUG and the SEU families exhibit potential for activating and re-
pressing target gene regulation using multiple different mechanisms of chromatin modifi-
cation or expression interference. The specific regulatory process used is strongly shaped
by the specific interaction partners binding to LUG and SEU within the different gene reg-
ulatory pathways.

1.4.3 Protein interactions and regulatory targets of the LUG and SEU families

The LUG - SEU module has been implicated in various developmental and regulatory pro-
cesses throughout A. thaliana, especially during flower development (Fig. 4): LUG and
SEU are critical for maintaining proper floral whorl identity by repressing the floral or-
gan identity MADS-box gene AGAMOUS (AG) in the outer whorls in combination with AP1
and SEP3 (Conner & Liu, 2000; Franks et al., 2002; Sridhar et al., 2006), and by interact-
ing with AP2 to repress the expression of the AP2 antagonistic microRNA miRNA172, thus
preventing ectopic expression of either AG or miRNA172 in the outer floral whorls (Grig-
orova et al.,, 2011). During gynoecium development, the LUG - SEU module, and possibly
LUH, interacts with AINTEGUMENTA (ANT) to ensure ovule initiation, and with INNER
NO OUTER (INO) to control the development of the outer ovule integument (Azhakanan-
dam et al, 2008; Bao et al, 2010; Z. Liu et al., 2000; M. K. Simon et al.,, 2017). Additionally,
LUG and SEU play a role in adaxial / abaxial polarity regulation, vascular development,
and embryonic shoot apical meristem development and maintenance, most likely by in-
teracting with the abaxial identity promoting YABBYs (Franks et al, 2006; Stahle et al.,
2009). Both LUG and SEU are also linked to the auxin signaling pathway, for example via
their interaction with the auxin synthesis activating STY1 TF, or through the interaction
of SEU with the auxin response factor ETTIN (ETT) (J. E. Lee et al.,, 2014; Pfluger & Zam-
bryski, 2004; Staldal et al., 2008).

In addition to their functionality as the LUG - SEU module, both families have been shown
to act independently of the module as well: For example, SEU, but not LUG, interacts with
a SEP3 - SEEDSTICK (STK) dimer to differentiate the seed abscission zone by regulating
lignification during gynoecium development (Azhakanandam et al., 2008; Balanza et al.,
2016; Di Marzo et al., 2022). Furthermore, SEU activity has also been linked to gibberellin

signaling during root development (Gong et al., 2016), to the maintenance of root stem
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cells (Zhai et al.,, 2020), to light- and temperature-dependent morphogenesis (Huai et al,,
2018), and to hyperosmotic stress response (B. Wang et al., 2022).

Within the LUG family, LUG and LUH share a set of overlapping functions, but also possess
distinct regulatory roles: For example, while lug mutations show severe flowering defects,
no visible effects are present for luh flowers. However, homozygous lug luh double mu-
tants are embryo lethal, indicating that LUG and LUH share a functional intersection that,
to some extent, can be compensated by either homolog (Sitaraman et al, 2008). On the
other hand, the expression patterns of LUG and LUH during flower development differ
from each other, with LUG being more strongly expressed in the inner whorls, whilst LUH
shows a broad, high expression level throughout development (Vega-Leén et al.,, 2025).
Whereas LUG and the adaptor protein ECAP play an important role during anther devel-
opment (Shi et al, 2024), LUH has been demonstrated to positively regulate seed growth
(Di Marzo et al., 2022), as well as polysaccharide maturation and extrusion (Saez-Aguayo
etal,2013; Walkeretal,2011). Additionally, both LUG and LUH function in various stress
response pathways, but often in opposite manners, linking developmental regulation to
stress response in plants (Shrestha et al., 2014; Sitaraman et al., 2008). In summary, espe-
cially in floral development, the predominant regulation is governed by LUG, while LUH
adds an underlying layer of modulation, thus expanding the regulatory possibilities of the
LUG family (Vega-Leon et al., 2025).

In a similar vein, while the specific functions of the three SLKs in A. thaliana are only
roughly understood at the moment, they have been suggested to share some regulatory
overlap with SEU, but are not perfect substitutes for each other (Bao et al, 2010). Es-
pecially within stress pathways, functional differences between SEU and the SLKs could
be observed: SLK1 and SLK2 can interact with LUH to form a regulatory complex in salt
and osmotic stress response, while SLK2 is additionally linked to aluminum resistance
in roots, and to glucosinolate synthesis in plant - herbivore interactions via the master
regulator MYB51 (Frerigmann et al., 2014; Geng et al, 2017; Shrestha et al., 2014). In con-
trast, while SEU functions in hyperosmotic stress response, too, its regulation is linked to
SEU'’s ability to form liquid-like nuclear condensates, which the SLKs are unable to do (B.
Wang et al., 2022).

To summarize, both the LUG and the SEU families regulate a plethora of different aspects
throughout A. thaliana, and especially in floral development, both as the LUG - SEU mod-
ule, and as individual proteins. Their homologs often fulfill redundant functions, but also
exhibit divergent regulatory roles due to differing expression patterns and interaction
partners. Thus, both families are core hubs not only within the organ developmental net-
work of A. thaliana, but also connect phytohormone signaling and stress response to plant
sexual development (Fig. 4; J. E. Lee et al,, 2014; Shrestha et al, 2014; Vega-Leon et al,
2025).
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Figure 4: Functions of the LUG and SEU families throughout A. thaliana development. Selected protein
interactions between LUG (lime - blue) and SEU (orange) family proteins with TFs (light green), histone
modifiers (light blue), and other adaptor (red) or further proteins (purple). I) Adaxial / abaxial polarity
regulation in petals (Franks et al, 2006; Stahle et al., 2009). II) Repression of AG in outer floral whorls
(Conner & Liu, 2000; Franks et al., 2002; Sridhar et al., 2006). III) Regulation of anther development via
LUG and ECAP (Shi et al,, 2024). 1V) Ovule development regulation (Azhakanandam et al.,, 2008; Bao et al,
2010; Z. Liu et al, 2000; M. K. Simon et al, 2017). V) LUH and SLKs function in various stress responses
(Geng et al.,, 2017; Shrestha et al, 2014). VI) Plant defense regulation by LUG and LUH (You et al, 2019).
VII) SEU-mediated histone methylation via SDG4 in root tips (Zhai et al., 2020). VIII) Interaction with auxin
(yellow squares) signaling via ETT, and general regulation of the pathway (J. E. Lee et al,, 2014; Pfluger &
Zambryski, 2004; Staldal et al,, 2008).

1.4.4 The functions of LUG and SEU homologs beyond A. thaliana

Homologs of the LUG and SEU families have been shown to interact in a similar manner
in other angiosperms, like in the snapdragon species Antirrhinum majus, where they gen-
erally regulate organ development, and also specifically interact with homologs of the
YABBY family (Navarro et al,, 2004), and in the legume Medicago truncatula, where LUG
homologs positively regulate leaf blade outgrowth and floral development (F. Zhang et al.,
2019). Inrice, the formation of an interaction complex between LUG, SEU, AP1, and SEP3
homologs has been demonstrated, which regulates many aspects of flower development
(Yang et al,, 2019).

Phylogenetic analyses revealed that members of the LUG and SEU families were already
present in the MRCA of land plants (Pfannebecker et al., 2017), and as such, expression

of LUG and SEU homologs can be found in various plant species, like in the hornwort
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Anthoceros agrestis, or in C. richardii (F.-W. Li et al,, 2020; D. B. Marchant et al., 2022).
Additionally, condensation of SEU homologs into liquid-like condensates has been shown
to occur across land plants, but it remains elusive whether these condensates function
in a similar manner in stress responses as they do in A. thaliana (B. Wang et al., 2022).
However, the origin of the LUG and SEU families beyond the land plant lineage and the

exact beginning of their joint developmental regulation is currently unknown.

1.5 The MADS-box transcription factor family

MADS-box genes are a strongly conserved family of developmental control genes that are
present in nearly all eukaryotic lineages. They are thought to have originated at least one
billion years ago, and encode for TFs containing a ,MCM1/AG/DEFICIENS/SRF“ (MADS)
domain for target DNA motif binding (Kaufmann et al., 2005; Thangavel & Nayar, 2018). In
the green lineage, all MADS-box genes share a common origin, stemming from a MYCOTE
ENHANCER FACTOR-2 (MEF2) MADS-box ancestor, and are commonly divided into two
families, the M-type and the MIKC group, depending on their domain structure (Qiu et al,,
2023; Qiu & Kohler, 2026). The TFs of former group consist of the MADS domain and a
variable C-terminus, while the MIKC genes encode for four distinct domains: The MADS
(M) domain for DNA binding, the intervening (I) domain for dimerization, a keratin-line
(K) domain allowing establishment of protein interactions, and a variable C-terminal (C)
domain (Gramzow & Theissen, 2010; Kaufmann et al., 2005; Rimpler et al, 2023). In
land plants, the MIKC type can be divided into two subgroups, the MIKC® and the MIKC*
MADS-box TFs, which primarily differ in the length of their [-domain (Kaufmann et al,,
2005; Kwantes et al., 2012). Up until recently, it had been the predominant thought that
the M-type and the MIKC types form two different families of plant MADS-box TFs, with
the MIKC® and MIKC* groups being closer related to each other than to M-type. However,
novel analyses show that both types originated from a common MIKC precursor in the
lineage leading to land plants, with an early divergence of the MIKC® followed by a second
divergence of the MIKC* and M-type families (Gramzow & Theissen, 2010; Qiu et al., 2023;
Qiu & Kohler, 2026).

During land plant evolution, a strong expansion of the MADS-box family occurred, leading
to a high amount of functional diversification within the family (Kaufmann et al,, 2005;
Qiu et al,, 2023). Many extant MADS-box TFs are connected to reproductive regulation,
with especially the MIKC® type playing a prominent role in sporophytic reproduction, for
example as floral homeotic genes such as AG, SEP3, or AP1 in A. thaliana, or as regulators
of flowering time, meristem identity, and seed development in angiosperms (Folter et
al, 2005; Gramzow & Theissen, 2010). In contrast, the MIKC* and M-type genes are sug-
gested to preferably govern the male and female gametophyte, respectively (Qiu & Kohler,
2026). As such, the MIKC* genes of A. thaliana are restricted to regulate pollen develop-
ment and germination, whilst the M-type genes tend to function during the development
of the embryo and seed (Gramzow & Theissen, 2010; Qiu & Kohler, 2022; Rimpler et al.,
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2023; L. Zhang et al., 2024; M.-X. Zhang et al., 2020).

1.6 The mechanism of the auxin signaling pathway in plants

The roles of and genetic regulation by the phytohormone auxin encompass one of the
largest signaling and regulatory pathway in land plants, connecting cellular growth, en-
vironmental and stress response, plant developmental regulation, and more, using one
class of regulatory molecules. There are several kinds of natural and synthetic auxins,
with indole-3-acetic acid (IAA) being the most prominent natural auxin, while naphtha-
lene-1-acetic acid (NAA) and 2,4-dichlorophenoxyacetic acid (2,4-D) are often used syn-
thetic auxins (S. Simon & Petrasek, 2011). The canonical auxin signaling pathway using
[AA as a signal molecule originated in the MRCA of land plants and consists of three prin-
cipal components: the TRANSPORT INHIBITOR RESPONSE1 (TIR1)/AUXIN-SIGNALING
F-BOX (AFB) auxin sensors, the Aux/IAA transcriptional repressors, and the AUXIN RE-
SPONSE FACTOR (ARF) TF family (Hernandez-Garcia et al,, 2024; Taylor & Bargmann,
2025). Under low auxin concentrations, ARF-mediated gene expression is blocked by the
activity of the Aux/IAA proteins, which bind to the ARFs and recruit the TPL and TPR
transcriptional repressors, resulting in chromatin condensation and thus repression of
target gene expression. Under high auxin concentrations however, auxin molecules bind
to the TIR1/AFB auxin sensors, which mediate polyubiquitylation and degradation of the
Aux/IAAs, thus relieving the repression of the ARFs, which in turn activates target gene
expression (Taylor & Bargmann, 2025). Additionally, there are several non-canonical reg-
ulatory mechanisms known as well, such as the pathway involving SEU and ETT in A. tha-
liana female reproductive regulation (Pfluger & Zambryski, 2004; Simonini et al., 2016;
Taylor & Bargmann, 2025). While all three auxins mentioned above are able to bind to
TIR1/AFB auxin sensors, there are some mechanistic differences between the different
auxin, with especially NAA being able to diffuse through cellular membranes (Delbarre et
al., 1996; S. Simon & Petrasek, 2011). Furthermore, auxin can act independently of tran-
scriptional regulation, using a fast response pathway to rapidly adapt to environmental
signals: This regulation is governed by the cyclic adenosine monophosphate (cAMP) sig-
nal molecule produced by TIF1/AFBs, which causes acidification of the apoplast, leading
to rapid cell expansion by allowing cell wall loosening proteins to function optimally. No-
tably though, both pathways still act in concert, with the transcriptional regulation fur-
ther modulating this acidic growth, albeit in a slower fashion (Kumar et al,, 2025).

Auxin accumulation itself is controlled by multiple processes such as auxin biosynthe-
sis, degradation, and polar transport through the plant. This latter process is mediated
by three protein families, namely the AUXIN RESISTANT 1 (AUX)/LIKE-AUX1 (LAX) im-
porter, and the PIN and ATP-BINDING CASSETTE B (ABCB) efflux carrier families. Their
tempo-spatial distribution creates a polar auxin transport gradient that is a core part of
the auxin regulatory network and allows for the creation of local auxin maxima and min-

ima and thus divergent developmental control. Among the auxin transporters, the PIN
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proteins are especially of note, and can be divided into the canonical long PIN proteins
localized at the plasma membrane, and the non-canonical short PIN proteins at the endo-

plasmatic reticulum (Musazade et al., 2025).

Interestingly, recent studies showed that there are three classes of ARF proteins with
widely different functions and regulatory mechanisms: While class A ARFs function via
the canonical auxin signaling pathway and act as transcriptional activators, class B and
class C ARFs are transcriptional repressors instead. Although class B ARFs are known to
interact with TPL independently of Aux/IAA, their exact mode of action, as well as many
aspects of the class C ARFs in general, remain not fully understood (Lavy et al, 2016;
Mutte et al., 2018; Prigge et al., 2025). It has been suggested that class B ARFs might act
as an additional layer of genetic regulation by competing with class A ARFs for binding
to promoter regions: The strength of their repression is lower than that of Aux/IAA pro-
teins, and knockout of class B ARFs results in overall stronger genetic repression due to
increased presence of class A ARFs and subsequent enhanced recruitment of Aux/IAA
repressors (Lavy et al., 2016).

In summary, the auxin signaling pathway represents a deeply connected and complexly
regulated signaling pathway in the land plant lineage, connecting various aspects of cel-

lular growth, stress response and developmental regulation across whole plants.

1.7 Hypothesis and aim of the dissertation

The various functions of the transcriptional regulators LUG and SEU during development
of the A. thaliana flower are crucial to ensure the formation of the filial generation, and
together with the roles of LUG, SEU, and their homologs in general plant development,
plant defense, and stress response, underscore both the interconnection between these
different processes, and the central role transcriptional regulators play in proper plant
development (Conner & Liu, 2000; Franks et al, 2002; Geng et al., 2017; Shrestha et al,,
2014; Sridhar et al.,, 2004). However, while the functions of LUG and SEU are well stud-
ied in A. thaliana, many aspects of the evolution and regulation of these families in non-

angiosperms are still poorly understood.

This dissertation aims to elucidate several aspects of LUG and SEU homologs within multi-
ple major lineages of land plants, and for streptophyte algae: 1) An extensive phylogenetic
reconstruction was performed, tracing the gain and loss of members of the LUG and SEU
families not only across land plants, but also in the streptophyte algae, which has not been
done previously. This allows for a better understanding about their exact emergence in
the green plant lineage, and about their evolution across land plants. Additionally, 2) the
evolution and conservation of individual LUG and SEU protein sequences and of their in-
teraction with each other was analyzed, which together with 3) in vivo analysis of protein

- protein interactions between LUG and SEU homologs, resulted in an expansive study of
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the coevolution of these two transcriptional regulators over roughly 800 million years of

plant evolution (Bierenbroodspot et al., 2024).

Canonical target gene regulation by LUG and SEU requires both the formation of the LUG
- SEU module, and binding to partner proteins for both target specification and to enable
target gene regulation (Gonzalez et al,, 2007; Sridhar et al., 2004). One of the most im-
portant group of genetic targets and interaction partners for the LUG - SEU module in
angiosperm flower regulation are the MADS-box genes and TFs, respectively, and espe-
cially MIKC® types. Given the presence and conservation of LUG, SEU, and MADS-box TFs
across land plant evolution (Kaufmann et al,, 2005; F.-W. Li et al., 2020; D. B. Marchant et
al., 2022), it was hypothesized that the LUG - SEU - MADS-box interaction during flower
development was not an angiosperm-specific novelty, but rather an adaptation of already
existing protein networks to support innovative reproductive strategies. Therefore, 4)
protein interactions between various MADS-box TFs with LUG or SEU homologs across
major green plant lineages were analyzed in vivo, giving not only a deeper understanding
of the possibility and specificity of these protein interactions, but also helping to trace the
evolution of the module into becoming crucial transcriptional regulators of angiosperm

flower development.

Besides their role in regulating floral development, LUG and SEU have been implicated
in multiple different developmental and stress pathways (Conner & Liu, 2000; Franks et
al, 2002; Geng et al.,, 2017; Shrestha et al.,, 2014; Sridhar et al, 2004). To analyze if the
LUG or SEU families were already connected to these regulatory processes in the MRCA of
land plants, and to which extend, 5) lug mutants of the extant moss P. patens were created
and analyzed, giving not only a better understanding about regulatory targets of LUG in
bryophytes specifically, but also about the evolution of the connection between LUG and

these regulatory pathways throughout land plant evolution in general.
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2.1 Chemicals

Agarose gel components

e LE Agarose (Biozym Scientific, Hessisch Oldendorf, Germany)
e 6x MassRuler DNA Loading Dye (Thermo Fisher Scientific, Waltham, USA)
e MassRuler DNA Ladder (Thermo Fisher Scientific)

Antibiotics

e Ampicillin trihydrate (100 % stock; SERVA, Heidelberg, Germany)

e Gentamycin sulfate (50 % stock; Carl Roth, Karlsruhe, Germany)

e Kanamycin sulfate (50 % stock; Carl Roth)

e Spectinomycin sulfate (100 % stock in DMSO; Biochrom AG, Berlin, Germany)

Other chemicals

e DanKlorix (bleach; Colgate-Palmolive, Hamburg, Germany)
Dimethylsulfoxid (DMSO; Sigma-Aldrich, St. Louis, USA)
DNA from fish sperm (ssDNA; SERVA)

Ethanol (Carl Roth)

Isopropanol (Carl Roth)

Silwet L-77 (Kurt Obermeier, Bad Berleburg, Germany)

2.2 Enzymes

General enzymes

e Gateway LR Clonase Il Enzyme Mix (Thermo Fisher Scientific)
RNase A (Thermo Fisher Scientific)

T4 DNA Ligase (New England Biolabs, Ipswich, USA)
Proteinase K (Thermo Fisher Scientific)

Quick Ligase (New England Biolabs)

10x T4 DNA Ligase Reaction Buffer (New England Biolabs)
2x Quick Ligase Reaction Buffer (New England Biolabs)

Polymerases

e DreamTaq DNA Polymerase (Thermo Fisher Scientific)
e Phire Hot Start [l DNA Polymerase (Thermo Fisher Scientific)
e Phusion High-Fidelity DNA Polymerase (New England Biolabs)

¢ 10x DreamTaq Green Buffer (Thermo Fisher Scientific)
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e 5x Phire Reaction Buffer (Thermo Fisher Scientific)
¢ 5x Phusion HF Buffer (New England Biolabs)

Restriction enzymes

e BamHI (New England Biolabs)
e Bsal (New England Biolabs)

¢ Kpnl (New England Biolabs)

e Ndel (New England Biolabs)

¢ Notl (New England Biolabs)

e Sall (New England Biolabs)

e Xhol (New England Biolabs)

e Xmal (New England Biolabs)

¢ 10x CutSmart Buffer (New England Biolabs)

2.3 Stock solutions

10 mM dNTPs

100 pl 100 mM dATP (100 mM stock; Thermo Fisher Scientific)
100 pl 100 mM dCTP (100 mM stock; Thermo Fisher Scientific)
100 pl 100 mM dGTP (100 mM stock; Thermo Fisher Scientific)
100 pl 100 mM ATTP (100 mM stock; Thermo Fisher Scientific)
600 pl H,0

Edwards-Buffer (modified after Edwards et al., 1991)

e 630.4 mg Tris-HCI pH 7.5 (Carl Roth)

292.2 mg NaCl (Carl Roth)

186.12 mg Disodium salt EDTA x 2 H,0 (AppliChem, Darmstadt, Germany)
0.5 ml 20 % SDS

Ad 20 ml H,0

100x Fe-EDTA

e 3.73 g Disodium salt EDTA x 2 H,0 (AppliChem)

e 2.78 g FeSO4 x 7 H,0 (Merck, Darmstadt, Germany)
e Ad 1000 ml H,0

e Autoclave

10x LiAcpH 7.5

e 102.02 g Lithium acetate dihydrate (Acros Organics)
e 900 ml H,O0
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e AdjustpHto 7.5
e Ad 1000 H,0

e Autoclave

10x Macronutrients (Hickok & Warne, 1998)

e 5gKH,PO,4 (Carl Roth)

1.25 g NH4NO3 (Honeywell Fluka, Charlotte, USA)
1.2 g MgS0,4 x 7 H,0 (Carl Roth)

0.26 g CaCl, x 2 H,0 (Merck)

Ad 1000 ml H,0

Autoclave

Micro elements (ME) stock (Egener et al, 2002; Reski & Abel, 1985; Schween et al,
2003)

e 845 mg MnSO,4 x 1 H,0 (Honeywell Fluka)

431 mg ZnSO4 x 7 H,0 (AnalytiChem, Duisburg, Germany)
309 mg H3BO3 (Honeywell Fluka)

41.5 mg KJ (Carl Roth)

12.1 mg Na;MoO,4 x 2 H,0 (Merck)

1.46 mg Co(NO3), x 6 H,0 (Acros Organics, Waltham, USA)
1.25 mg CuSO4 x 5 H,0 (Merck)

Ad 1000 ml H,0

Store at 4 °C

200x Micronutrients (Hickok & Warne, 1998)

e 372 mg H3BO3 (Honeywell Fluka)

104 mg ZnS04 x 7 H,0 (AnalytiChem)

74 mg CuS04 x 5 H,0 (Merck)

74 mg (NH4)gMo50,4 x 4 H,0 (Honeywell Riedel-de-Haén, Charlotte, USA)
50 mg MnS0O4 x 1 H,0 (Honeywell Fluka)

Ad 1000 ml H,0

Autoclave

Other solutions

e 5 mM a-Naphtalene acetic acid (NAA)
o 9.3 mg a-Naphtalene acetic acid (Duchefa Biochemie, Haarlem, The Nether-
lands)
o Ad 10 ml H,0
o Sterile filtration
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Acetosyringone in 10 mM MgCl,
o 500 ul 2 M MgCl,
o 7.5 mg 3’,5’- Dimethoxy-4’-hydroxyacetophenone (Acetosyringone; solve in a
small amount of 100 % EtOH beforehand; Sigma-Aldrich)
o Ad 100 ml H,0

1 M 3-Amino-1,2,4-triazole (3-AT)
o 840.8 mg 3-Amino-1,2,4-triazole (Sigma-Aldrich)
o Ad 10 ml H,0

5 mM 6-Benzylaminopurine (6-BAP)
o 11.3 mg 6-Benzylaminopurine (Duchefa Biochemie)
o Ad 10 ml H,0
o Sterile filtration

40 % (w/v) D-(+)-Glucose
o 40 g D-(+)-Glucose (Sigma-Aldrich)
o Ad 100 ml H,0
o Sterile filtration

100 ;—ﬁ DAPI solution
o 10 mg DAPI (Carl Roth)
o Ad 100 ml H,0

75 % EtOH
o 7.5 ml Ethanol (Carl Roth)
o 2.5mlH,0

80 % Glycerol
o 8 ml Glycerol (Carl Roth)
o 2ml H20

2 M MgC(l,
o 40.66 g MgCl, x 6 H,0 (Carl Roth)
o Ad 100 ml H,0
o Sterile filtration

50 % PEG 4000
o 50 mg Polyethylene glycol 4000 (Carl Roth)
o Ad 100 H,0

20 % SDS
o 20 g Sodium dodecyl sulfate (SDS, Carl Roth)
o Ad 100 ml H,0
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1x PBS buffer

e 8 g NaCl (Carl Roth)

2.68 g Na,HPO,4 x 7 H,0 (Carl Roth)
245 mg KH,PO,4 (Carl Roth)

201.3 mg KCI (Carl Roth)

SetpH to 7.4

Autoclave

PEG/LiAc

e 8 ml 50 % PEG 4000 (Carl Roth)
e 1ml10x TE
e 1 ml 10x LiAc

¢ Sterile filtration

10x TE

e 15.76 g Tris-HCI pH 7.5 (Carl Roth)

2.92 g Disodium salt EDTA x 2 H,0 (AppliChem)
900 ml H,0

Adjust pH to 7.5

Ad 1000 H,0

Autoclave

1x TE/1x LiAc

e 1ml10xTE
e 1 ml 10x LiAc
e 8ml H,0

2.4 Media

2x YT medium (Sambrook et al., 1989)

e 16 g Tryptone/Peptone ex Casein (Carl Roth)
10 g Yeast Extract (Carl Roth)

5 g NaCl (Carl Roth)

For plates: 20 g Agar-Agar Kobe I (Carl Roth)
Ad 1000 ml H,0

Autoclave

C-fern growth medium (Hickok & Warne, 1998)

e 100 ml 10x Macronutrients
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10 ml 100x Fe-EDTA

5 ml 200x Micronutrients

750 ml H,0

10 g Agar-Agar Kobe I (Carl Roth)
SetpH to 6

Ad 1000 ml H,0

Autoclave

KNOP-ME (Egener et al., 2002; Reski & Abel, 1985; Schween et al.,, 2003)

e 1gCa(NO3);, x4 H,0 (Carl Roth)

e 250 mg KClI (Carl Roth)

e 250 mg KH,PO, (Carl Roth)

e 250 mg MgS0,4 x 7 H,0 (Carl Roth)

e 12.5 mg FeSO,4 x 7 H,0 (Merck)

¢ 10 ml ME stock

e Ad900 ml H,0

¢ Adjust pH to 5.8

e For plates: 12 g Oxoid purified agar (Thermo Fisher Scientific)

e Ad 1000 ml H,0

e Autoclave

e Optional: Add phytohormone solution
o 1 ml 5 mM a-Naphtalene acetic acid (NAA)
o 1 ml 5 mM 6-Benzylaminopurine (6-BAP)

LB medium (modified after Bertani, 1951)

20 g LB-Medium-Powder (AppliChem)

For plates: 15 g Agar-Agar Kobe I (Carl Roth)
Ad 1000 ml

Autoclave

Add 1 pl antibiotic stocks for working concentrations:
o 100 % Ampicillin trihydrate (SERVA)
o 50 ;—% Kanamycin sulfate (Carl Roth)

SD -L / -W / -LW dropout media (Clontech, 2010)

e 26.7 g Minimal SD-Base (Takara Bio, Kusatsu, Japan)
e 640 mg -Leu/-Trp DO Supplement (Takara Bio)
¢ Add according to desired medium:
o SD -L media: 100 mg L-Tryptophan (Carl Roth)
o SD -W media: 100 mg L-Leucine (Sigma-Aldrich)
o SD -LW media: No supplements

26



2 Material

Ad 950 ml H,0

Adjust pH to 5.8

For plates: 14 g Agar-Agar Kobe I (Carl Roth)
Ad 1000 ml H,0

Autoclave

SD -LWH dropout medium (Clontech, 2010)

e 26.7 g Minimal SD-Base (Takara Bio)

e 640 mg -Ade/-His/-Leu/-Trp DO Supplement (Takara Bio)
e 100 mg Adenine hemisulfate salt (Sigma-Aldrich)

e Ad 950 ml H,0

e Adjust pH to 5.8

e For plates: 14 g Agar-Agar Kobe I (Carl Roth)

e Ad 1000 ml H,0

e Autoclave

e Optional: 2 ml 1 M 3-Amino-1,2,4-triazole (Sigma-Aldrich)

SOC medium (modified after Hanahan, 1983)

e 20 g Tryptone/Peptone ex Casein (Carl Roth)

5 g Yeast Extract (Carl Roth)

584.4 mg NaCl (Carl Roth)

186.4 mg KCI (Carl Roth)

Ad 985 ml H,0

Adjust pH to 7

Autoclave

10 ml sterile filtered 40 % (w/v) D-(+)-Glucose
5 ml sterile filtered 2 M MgCl,

YPAD medium (modified after Hanahan, 1983)

e 20 g Tryptone/Peptone ex casein (Carl Roth)

10 g Yeast Extract (Carl Roth)

100 mg Adenine hemisulfate salt (Sigma-Aldrich)
For plates: 20 g Agar-Agar Kobe I (Carl Roth)

Ad 950 ml H,0

Autoclave

50 ml sterile filtered 40 % D-(+)-Glucose

27



2 Material

2.5 Kits and Services
Kits

¢ NucleoSpin Gel and PCR Clean-up (MACHEREY-NAGEL, Diiren, Germany)

¢ NucleoSpin Plasmid Easy Pure (MACHEREY-NAGEL)

¢ NucleoSpin RNA Plant and Fungi (MACHEREY-NAGEL)

¢ RevertAid H minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific)
e RNase-free DNase Set (Qiagen, Venlo, Netherlands)

¢ RNeasy Mini Kit (Qiagen)

Services

¢ DNA Oligo synthesis (Eurofins Genomics, Ebersberg, Germany)
¢ GeneArt Custom Gene Synthesis (Thermo Fisher Scientific)

e Sanger sequencing (Microsynth Seqglab, Gottingen, Germany)

2.6 Plasmids

Empty plasmids for protein interaction assays

e pENTR4 (Thermo Fisher)
e pGADT?7 (Clontech, 2008)
e pGBKT7 (Clontech, 2008)

Gateway-compatible Y2H and BiFC plasmids (Lu et al, 2010)

« pGADT7-GW
+ pGBKT7-GW
« pGTQL1211YN
« pGTQL1221YC

Plasmids for P. patens mutagenesis (Mallett et al.,, 2019)

e pMK-Cas9-gate

pENTR-PpU6P-sgRNA-L1L4
pENTR-PpU6P-sgRNA-L1R5
pENTR-PpU6P-sgRNA-L3L2
pENTR-PpU6P-sgRNA-L5L4
pENTR-PpU6P-sgRNA-R4R3

A full list of all plasmids used and created during this dissertation can be found in Supple-
mentary Tables 5 to 10.

28



2 Material

2.7 Microbial strains and plant material
Bacterial strains

e Agrobacterium tumefaciens GV3101 (Stock-No. 90; Source unknown)
Escherichia coli DH5a (Thermo Fisher Scientific)

Escherichia coli JM109 (Thermo Fisher Scientific)

Escherichia coli DH10B (Thermo Fisher Scientific)

Escherichia coli DB3.1 (Thermo Fisher Scientific)

Yeast strains

e Saccharomyces cerevisiae AH109 (Stock-No. 62; Takara Bio)
e Saccharomyces cerevisiae Y187 (Stock-No. 434; Takara Bio)

Plant species and ecotypes

e Ceratopteris richardii Hn-n (Hickok, 1977)
e Nicotiana benthamiana
e Physcomitrium patens Reute (Hiss et al., 2017)

2.8 Hardware

General Hardware

e Microscope DM5500 B (Leica Microsystems, Wetzlar, Germany)

Stereo microscope M165 C (Leica Microsystems)
Cell strainer 100 um (Carl Roth)
Filtropur S filters 0.45 pm / 0.2 um (Sarstedt, Niimbrecht, Germany)

Precellys 24 Tissue Homogenizer (Bertin Technologies, Montigny-le-Bretonneux,
France)
Nanodrop 2000c (Thermo Fisher)

Plant growth

e Phytochamber AR-41L3 (Percival Scientific, Perry, USA)
e Plant cabinet E 230 (Rubarth Apparate GmbH, Laatzen, Germany)

Protein interaction assays

¢ Assist Plus Pipetting Robot (Integra, Biebertal, Germany)
e RoToR HDA Colony Pinning Robot (Singer Instruments, Roadwater, UK)
 Singer Plus Plates (Singer Instruments)
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2.9 Software

General software

e Cytoscape 3.10.1 (Shannon et al, 2003)
e Citavi 7 (Lumivero, Denver, USA)

¢ Fiji 2.17.0 (Schindelin et al., 2012)

¢ Inkscapevl.4

e LaTex 2e (2025) and LyX 2.4

¢ Leica Application Suite 4.3.0

e SnapGene Viewer 8.0

Sequence analysis, manipulation and visualization

e BioEdit 7.7 (Hall, 1999)

IQ-TREEZ (Minh et al., 2020)

MAFFT (Katoh et al.,, 2002)

PyMol 3.0 (open source version, Schrodinger, 2010)
Python 3.12.3 (distribution: Anaconda)

Statistical analysis

e KaKs_Calculator 3.0 (Z. Zhang, 2022)
e Rversion 4.4.1 (R Core Team, 2022)
¢ RStudio (Posit team, 2024)
¢ R software packages

o ComplexHeatmap (Gu, 2022)
ggplot2 (Wickham, 2016)
gitter (Wagih & Parts, 2014)
pheatmap (Kolde, 2019)
poweRlaw (Gillespie, 2015)

o

o

o

[e]

Websites used

e AlphaFold 3 (https://alphafoldserver.com/); Abramson et al. (2024)
e BLAST (Altschul et al.,, 1990) and genome databases:
o ICIPS Garden Blaster (https://dfg-icips.org/icips-blast/); Priyam et al
(2019); Roessner et al. (2024)
o MarpolBase (https://marchantia.info/); Tanizawa et al. (2025)
o Phytozome (https://phytozome-next.jgi.doe.gov/); Goodstein et al. (2012)
e Clustal Omega (https://www.ebi.ac.uk/jdispatcher/msa/clustalo); Madeira et al
(2024)
e CRISPOR (https://crispor.gi.ucsc.edu/); Concordet & Haeussler (2018)
e EMBOSS WATER (https://www.ebi.ac.uk/jdispatcher/psa/emboss_water);
Madeira et al. (2024); Smith & Waterman (1981)
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e NCBI Conserved Domain Search (https://www.ncbi.nlm.nih.gov/Structure /cdd/w
rpsb.cgi); J. Wang et al. (2023)

e PAL2NAL (https://www.bork.embl.de/pal2nal); Suyama et al. (2006)

¢ T,, Calculator (https://www.thermofisher.com/us/en/home/brands/thermo-s
cientific/molecular-biology/molecular-biology-learning-center/molecular-bio
logy-resource-library/thermo-scientific-web-tools/tm-calculator.html); Thermo
Fisher Scientific

e UniProt (https://www.uniprot.org); The UniProt Consortium et al. (2025)

e WebLogo (https://weblogo.berkeley.edu/logo.cgi); Crooks etal (2004); Schneider
& Stephens (1990)

e All websites were last accessed and functional on 08.09.2025.

GitHub repository for supplementary scripts:

https://github.com/Garrecht/800-Million-years-of-co-evolution-in-the-green-plant-1
ineage-the-case-of-LEUNIG-and-SEUSS.git

All scripts can also be found in the ,Supplementary scripts“ section.
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3 Methods

3.1 General methods

3.1.1 Target DNA amplification

Polymerase chain reaction (PCR) mastermixes were created and PCRs performed using

the respective compositions and thermocycler programs described in Table 1, with an-

nealing temperatures of primers being calculated using T, Calculator (see section 2.9),

and elongation times depending on amplicon length. For PCRs using DreamTaq polymer-

ase, elongation times were calculated using the following formula: 60 s for the first two
kilobases (Kb) DNA, then 60 s for each additional Kb of length.

Table 1: Mastermix and PCR program for PCRs...

A) ... using DreamTaq DNA Polymerase

10x D Taq Buff 2.0 ul
Ox DreamTaq Buffer O Denature 95 °C 3 min
10 mM dNTPs 0.4 ul

Denature 95 °C 30s |
10 uM Forward Primer 1.0 pl

Annealing XX °C 30s 35x
10 uM Reverse Primer 1.0 ul
DreamTaq DNA Polymerase 0.2 pul Elongation 72°C  see text
Template-DNA 1.0 Polishing 72°C 10 min

Hold 4 °C
H,0 14.4 ul ° ®

B) ... using Phusion DNA Polymerase

5x Phusion HF Buffer 4.0 ul
10 mM dNTPs 0.4 l Denature 98 °C 30s
10 uM Forward Primer 1.0 ul Denature ~ 98°C 10s |
10 uM Reverse Primer 1.0 pl Annealing XX °C 30s 35x
Phusion High-Fidelity DNA 0.2 ul Elongation 72°C 30s/Kb
Polymerase Polishing  72°C 10 min
Template-DNA 1.0 pl Hold 4°C o
H,0 12.4 ul
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Table 1 (cont.)

C) ...using Phire Hot Start Il DNA Polymerase

5x Phire Reaction Buffer 4.0 ul

10 mM dNTPs 0.4 ul Denature 98 °C 30s

10 uM Forward Primer 1.0 ul Denature ~ 98°C 55 |
10 uM Reverse Primer 1.0 pl Annealing XX °C 5s 35x
Phire Hot Start I[I DNA 0.4 ul Elongation 72°C 15s/Kb |
Polymerase Polishing 72 °C 1 min
Template-DNA 1.0 ul Hold 8 °C .

H,0 12.2 pl

3.1.2 DNA digestion, ligation, and transformation

For DNA digestion, around 1 ug DNA was mixed with 0.5 ul of each used restriction en-
zyme, 2 pl 10x CutSmart Buffer, and filled to 20 pl with H,0. The reaction was usually
incubated at 37 °C for 15 min to 1 h, after which the digested DNA was applied ontoa 1 %
agarose gel and run using standard protocol. DNA fragments of the desired length were
excised from the agarose gel and purified using the ,NucleoSpin Gel and PCR CleanUp* kit.
The concentration of purified fragments was measured via Nanodrop, and the fragments

were sequenced and used for further cloning steps.

DNA ligation was performed using either T4 DNA or Quick Ligase, using a molar ratio of
vector to insert of 1:3 to 1:5 to enhance ligation efficiency. Vector and insert were mixed
with either 2 pl 10x T4 DNA Ligase Reaction Buffer and 1 pl T4 DNA Ligase, or with 10 pl
2x Quick Ligase Reaction Buffer and 1 pl Quick Ligase. Reactions were then filled to 20 pl
with H,0 and incubated at room temperature (RT) for 5 to 10 min. Ligations using T4 DNA
Ligase were heat inactivated by incubation at 65 °C for 10 min, while no heat inactivation

was performed for ligations using Quick Ligase.

Transformation of plasmids was performed via electroporation into electrocompetent
E. coli DH5a or JM109. Briefly, between 0.5 and 2 pl plasmid were mixed with 50 pl com-
petent cells in an electrical cuvette, and a voltage of 2500 V was applied for 5 ms. After-
wards, the transformed E. coli were mixed with 1 ml SOC medium (Hanahan, 1983) and
incubated at 37 °C while being oscillated at 180 rounds per minute (rpm) for 1 h. The cells
were then streaked on LB medium plates (Bertani, 1951) containing working concentra-
tions of the appropriate antibiotic: 100 % ampicillin or 50 % kanamycin, depending on

the plasmid used. The plates were incubated overnight at 37 °C.
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3.1.3 LR Gateway cloning

The LR Gateway cloning reaction was based upon the Gateway cloning system from Ther-
mo Fisher Scientific (Invitrogen, 2003) and used for easy cloning of one insert from an
entry vector into multiple destination vectors. Generally, a suitable entry vector is created
by cloning the insert into a Gateway-compatible vector containing two attL1 and attL2
sites, using restriction cloning as described in section 3.1.2 to place the insert between the
attL sites. Afterwards, Gateway LR Clonase II is used to subclone the attL-flanked insert
into a compatible destination vector, using this vectors attR1 and attR2 sites to control
insert position and orientation. Depending on the vectors used, other attL and attR site
variations are also possible, as is performing multiple Gateway reactions simultaneously

into one destination vector.

For the Gateway cloning reaction, 50 to 150 ng entry vector and 150 ng destination vector
were mixed and filled to 8 pl with TE buffer or H,0. Then, 2 pl LR Clonase II enzyme
mix was added and the reaction mixed and incubated at 25 °C for 1 h. Afterwards, 1 pl
Proteinase K was added and the mixture incubated at 37 °C for 10 min to terminate the LR
reaction. Transformation into competent E. coli was performed as described in in section
3.1.2, however, only E. coli DH5a could be used for selection of destination vectors, as
this strain is susceptible against the ccdB gene present in Gateway-compatible, empty

destination vectors, allowing for selection successful Gateway cloning.

3.1.4 Screening, isolation and conservation of cloned plasmids

To screen transformed E. coli colonies for the presence of correctly assembled, trans-
formed vectors, colonyPCRs were performed, using DreamTaq polymerase as described
in Table 1A. However, instead of using template DNA directly, individual E. coli colonies
were picked, transferred onto a master plate of LB agar (Bertani, 1951) containing the ap-
propriate antibiotics, and used as template for the PCR. The master plate was incubated
at 37 °C overnight, while the colonyPCR products were applied onto a 1 % agarose gel

and run using standard protocol.

E. coli colonies of interest were picked from the master plate and used to inoculate 5 ml
liquid LB medium each (Bertani, 1951), containing the appropriate antibiotics. These cul-
tures were subsequently incubated at 37 °C and 180 rpm overnight, after which they were
used either for plasmid isolation using the kit ,NucleoSpin Plasmid Easy Pure®, or for the
creation of glycerol stocks by mixing 1 ml liquid overnight culture with 500 ul 80 % glyc-
erol. These stocks were then mixed, flash-frozen in liquid nitrogen, and stored at -70 °C.
They can be regrown by streaking a small fraction of the glycerol stock onto LB medium

containing the appropriate antibiotics and incubating the plate at 37 °C overnight.

A comprehensive list of all glycerol stocks used and created during this dissertation can

be found in Supplementary Tables 5 to 10.
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3.2 Insilico analyses

The analyses described in the sections 3.2.1 and 3.2.2, as well as the investigation of con-
served sequence domains of section 3.2.3 were performed by Clemens Rossner and kindly
provided for this dissertation.

3.2.1 Identification of LUG, SEU, and MADS-box family genes

Members of the LUG and SEU families in A. thaliana, C. richardii, K. nitens, M. polymorpha
and P. patens were identified by BLAST search (Altschul et al, 1990), using either the
Phytozome database (Goodstein et al., 2012), MarpolBase (Tanizawa et al., 2025), or the
ICIPS Garden Blaster (Priyam et al., 2019; Roessner et al.,, 2024). Members of the MADS-
box family were identified based on published literature: A. thaliana: Folter et al. (2005);
C. richardii: Hasebe et al. (1998), Q. Huang et al. (2014), Kwantes et al. (2012), and D. B.
Marchant et al. (2022); K. nitens: Riimpler et al. (2023); M. polymorpha: Bowman et al.
(2017) and Zobell et al. (2010); P, patens: Rensing et al. (2008) and Zobell et al. (2010).

A list of all major LUG, SEU and MADS-box genes used for this dissertation can be found
in Supplementary Table 4.

3.2.2 Phylogenetic reconstruction of protein families

To analyze the phylogenetic relationships within the extended LUG and SEU families, as
well as for members of the SDG family, additional BLAST searches (Altschul et al., 1990)
were performed in the Phytozome database (Goodstein et al.,, 2012) and the ICIPS Gar-
den Blaster (Priyam et al, 2019; Roessner et al, 2024) for the following species: Adi-
antum capillus-veneris, Amborella trichopoda, Anthoceros agrestis, Aquilegia coerulea, Ara-
bidopsis lyrata, Azolla filiculoides, Carica papaya, Chara braunii, Chlorokybus atmophyti-
cus, Ceraton purpureus, Cicer arietinum, Cleome violacea, Cycas panzhihuaensis, Diphasi-
astrum complanatum, Eschscholzia californica, Ginko biloba, Helianthus annuus, Lens culi-
naris, Lepidum sativum, Mesostigma viride, Nymphaea colorata, Oryza sativa, Penium mar-
garitaceum, Phaseolus vulgaris, Salvinia cucullata, Selaginella moellendorffii, Solanum ly-
copersicum, Solanum tuberosum, Sphagnum fallax, Sphagnum magellanicum, Thuja pli-
cata, Vicia faba, Vitis vinifera, and Zea mays. The sequences were aligned with MAFFT
(Katoh et al,, 2002), and phylogenies were generated using [Q-TREEZ2 with the maximum-
likelihood criterion (Minh et al., 2020) and 1000 bootstrap samples. These comprehen-
sive phylogenies were then used to create simplified phylogenies of selected species to
better visualize the main phylogenetic clades within each family.

Note: Due to its extensive nature, not all genes used for these phylogenies could be refer-

enced in the supplements. However, all genes and genomes can be found within the listed
databases above [State: 08.09.2025].
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3.2.3 Investigating functional protein domains and creation of a LUFS consensus
sequence

Conserved domains of LUG- and SEU-like proteins were analyzed using the Conserved Do-
main Database in the NCBI Conserved Domain Search (]J. Wang et al., 2023), and visualized
in R using ggplot2 (Wickham, 2016), alongside glutamine residue positions. AlphaFold 3
(Abramson etal., 2024) was used to create structural models of individual proteins, which
were used in PyMol 3.0 (Schrodinger, 2010) to identify secondary protein structures. The
positions of a-helices and 3-sheets with a pIDDT confidence score of = 70 were extracted

using python and visualized using R (Scripts 1 and 2).

For the creation of a consensus sequence of the N-terminus of the LUFS domain, the
aligned LUG sequences from section 3.2.2 were trimmed by removing vertical areas were
a majority of aligned sequences (> 90 %) showed gaps, as well as everything beyond
the first 80 amino acids (aa) of the N-terminus. To increase the quality of the consen-
sus sequence, aberrant LUG sequences were removed too, especially homologs consist-
ing mostly of gaps in this region, or those that strongly deviated from the overwhelming
majority of sequences. The resulting consensus sequence of 108 LUFS domains was visu-
alized by WebLogo, using standard settings (Crooks et al, 2004; Schneider & Stephens,
1990).

3.2.4 Calculating gene conservation using K, /K, ratios

The ratio of non-synonymous (K, ) to synonymous (K;) substitutions during the evolution
of protein families was calculated in relation to protein homologs in either K. nitens or C.
richardii. As a first step, protein sequences of A. thaliana, C. richardii, K. nitens, M. polymor-
pha and P. patens were aligned pairwise to the reference sequence using Clustal Omega
(Madeira et al.,, 2024). These protein alignments were used for a codon-alignment of the
coding sequences (CDSs), using PAL2NAL with standard settings (Suyama et al.,, 2006).
Both K, and K values, as well as the K, /K ratio of the aligned CDSs were then calculated
using KaKs_Calculator 3.0 (Z. Zhang, 2022). The maximum likelihood Goldman-Yang al-
gorithm (GY, Goldman & Yang, 1994) was chosen for the calculation, alongside a standard
genetic code. Bonferroni-correction was used for multiple testing correction, and calcu-
lations above the corrected p-value threshold were removed. Mean K, /Ky ratios were
computed in R and visualization of results performed using ggplot2 (Wickham, 2016).

To analyze specific functional domains, sequences were split along domain boundaries
prior to K,/Ks analysis: LUG homologs were divided in the LUFS domain, spanning the
first 200 aa, an intermediate region, and the WD40 region starting from the first anno-
tated WD40 domain. SEU proteins were split along the borders of the LDB domain, re-
sulting in the 5’ IDR1, the LDB domain and the 3’ IDR2.
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3.2.5 Visualization of interacting protein residues

AlphaFold 3 (Abramson et al., 2024) was used to model the structure of selected LUG -
SEU and of SEU - MADS-box protein dimers from A. thaliana, C. richardii, Chara braunii, K.
nitens, M. polymorpha, and P, patens. Interacting aa residues were defined as residues with
a pIDDT confidence of > 50 within 4.5 A of a residue with a pIDDT confidence of > 50 of
the partner protein chain (see Parvathy et al., 2024). Python scripts were used to extract
the position of all interacting residues in the modeled dimers, which were visualized in
R using ggplot2 (Wickham, 2016; Scripts 3 and 4); and to visualize interacting residues
in the LUFS domain of LUG in PyMol 3.0 (Schrodinger, 2010). For this, the first 160 aa of
each tested LUG protein as well as 20 atoms around each interacting SEU residue were
extracted as an image and visualized in Inkscape (Script 5).

For each tested LUG homolog, consistently interacting residues in the first 80 aa of the
LUFS domain were identified by searching for interacting residues with a pIDDT confi-
dence > 70 in more than half of all analyzed protein dimers for the specific LUG homolog.
These residues were marked on the LUFS consensus sequences (section 3.2.3) with blue
bars if consistently present across one or two individual LUG homologs, or with green

bars if repeatedly present across three to six individual LUG homologs.

3.2.6 Digital transcriptome and proteome analysis

Gene expression data were obtained from the following published transcriptomes: A. tha-
liana: Mergner et al. (2020); C. richardii: D. B. Marchant et al. (2022); M. polymorpha: Bow-
man et al. (2017), Briginshaw et al. (2022), Frank & Scanlon (2015), Higo et al. (2016),
Hisanaga et al. (2021), & Julca et al. (2021); P. patens: Lang et al. (2018) & Sreedasyam
etal (2023). For A. thaliana, protein abundance values were obtained from Mergner et al.
(2020) as well.

The data was visualized using the R packages pheatmap (Kolde, 2019) and Complex-
Heatmap (Gu, 2022).

3.3 Yeast two-hybrid assays for the analysis of protein-protein in-

teractions in vivo
3.3.1 Selecting suitable interactions of interest

Suitable LUG and SEU proteins for protein interaction analysis via yeast two-hybrid (Y2H)
were selected based on phylogenetic relationships and presence in model organisms (see
Fig. 5). For P. patens, only proteins found in genome annotation v3.3 (Lang et al, 2018)
were used, due to annotation v6.1 not yet being available at the time (Bi et al., 2024).
MADS-box protein candidates were identified based on previously published literature
(see section 3.2.1) and selected by MADS-box type, with focus on both MIKC® and MIKC*
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group proteins. Two M-type MADS-box proteins of P. patens were also chosen due to their

strong expression in reproductive sporophytes (see Supplementary Fig. 1D).

Two types of protein interactions were analyzed: Firstly, interactions between LUG and
SEU proteins with each other, and secondly, interactions between either LUG or SEU with
a partner MADS-box protein. Interactions were strictly grouped by and confined to each

species used, no cross-species protein interactions were examined.

A list of selected genes and their sequence IDs can be found in Supplementary Table 4.

3.3.2 Growth of plant material

For the generation of C-fern gametophytes, spores of C. richardii ecotype Hn-n were sur-
face-sterilized as described by Hickok & Warne (1998): Spores were mixed in a reaction
tube with a 1:4 solution of bleach:water, containing trace amounts of Silwet L-77, and
incubated for 10 min with occasional mixing by inversion. Afterwards, they were rinsed
several times with and then stored in sterile water for two to three days in darkness, to
synchronize spore germination (,dark start“). Spores were subsequently sown on C-fern
growth media plates and grown in a phytochamber under long-day conditions at 200 -
300 L;nizosl white light for 16 h, followed by 8 h of darkness, a temperature of 28 °C, and a
relative humidity of 85 % (Hickok & Warne, 1998). C-fern sporophytes were cultivated

by sowing spores directly onto wet soil and grown under the same conditions.

P. patens ecotype Reute spores were likewise directly sown on soil and grown in a green-

house at 22 °C with 16 h of 100 22 white light at 22 °C to generate gametophytes. For

m?2s
the cultivation of P. patens protonema, axenic P. patens Reute plants on KNOP-ME medium
plates (Schween et al.,, 2003) were obtained from cooperation partners in Kaiserslautern.

Several of these gametophores were transferred to liquid KNOP-ME medium and grown

under occasional stirring for several weeks at constant 60 - 70 ‘::Zl white light and 25 °C
(Hiss et al., 2017; Meyberg et al., 2020).

3.3.3 Cloning of Y2H-compatible plasmids

Synthesized cDNA was used to amplify the CDSs of selected genes from C. richardii or P. pa-
tens. For LUG and SEU genes, mRNA was isolated from either C. richardii sporophytes or
from P. patens gametophytes using the kit ,NucleoSpin RNA Plant and Fungi“. For MADS-
box genes, mRNA was isolated using the kits ,RNeasy Mini Kit“ and ,RNase-free DNase
Set” from C. richardii gametophytes and from P. patens whole plants, respectively. Addi-
tionally, P patens protonema were harvested from liquid culture via cell strainers and
used for mRNA isolation with these Kits, too. Isolated mRNA was used for cDNA synthe-
sis using the ,RevertAid H minus First Strand cDNA Synthesis Kit", which in turn was used
to amplify the CDSs using Phusion polymerase (Table 1B) and the cloning primers listed
in Supplementary Table 11.
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The PCR-amplified CDSs were then either directly ligated into the Y2H vectors pGADT7
and pGBKT7, using the compatible restriction sites added by the PCR primers (Clontech,
2008), or cloned into a Gateway-reaction compatible pENTR4 vector (Invitrogen, 2003).
For the latter, a LR reaction using Gateway LR Clonase II was then used to subclone the
CDSs into Gateway-sites containing pGADT7 /pGBKT?7 variants pGADT7-GW and pGBKT?7-
GW, respectively (Luetal.,, 2010). All cloned plasmids were sequenced to verify the inserts
and the open reading frame, using the sequencing primers listed in Supplementary Tables
14 and 15.

For A. thaliana, C. richardii and M. polymorpha, several plasmids containing selected CDSs
were obtained from multiple cooperation partners, which are noted in Supplementary
Tables 5,7,and 9. Missing Y2H constructs were cloned as described above, using the gifted

plasmids as PCR templates.

Due to technical difficulties and time constraints, the CDSs of K. nitens genes and of P
patens PpLUG?2, PpLUG3, PpSEU1 and PpSEUZ could not be amplified from cDNA. There-
fore, these sequences were synthesized by the GeneArt Custom Gene Synthesis service,
using their annotated CDSs as basis. The synthesized sequences were then cloned into

the Y2H vectors as described above.

Alist of all plasmids cloned and used during this dissertation can be found in the Supple-

mentary Tables 5 - 11.

3.3.4 Transformation of competent yeast cells

The finished pGADT7 and pGBKT7 vectors were transformed into S. cerevisiae, using a
modified approach based on both the Yeast Protocols Handbook (Clontech, 2008) and
the Yeast Transformation Systems 2 User Manual (Clontech, 2010). Two different types
of transformations were performed, either single transformation of one plasmid at a time,
or co-transformation of one pGADT7 and one pGBKT7 plasmid simultaneously. For sin-
gle transformations, S. cerevisiae strains AH109 or Y187 were transformed with either
pGADT?7 or pGBKT7 plasmids, respectively, while co-transformations were performed in
AH109.

As a preliminary step, both S. cerevisiae strains were plated on solid YPAD media plates
from glycerol stocks (see section 2.7) and incubated for three days at 30 °C. These colonies

could then be used for yeast transformations for roughly four weeks.

To perform the transformation, two to three yeast colonies were picked from the appro-
priate plates and used to inoculate 25 ml YPAD medium (Hanahan, 1983) each as starter
cultures that were incubated overnight at 30 °C and 180 rpm. The next day, the ODg¢q( of
these cultures was measured to determine cell density, and one culture with a suitable

ODggp between two and five was chosen. 15 to 25 ml of the selected overnight culture
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were used to inoculate 300 ml YPAD medium, which was then incubated at 30 °C and
180 rpm for 2 to 3 h, until its OD¢ reached 0.4 to 0.6. At this point, the yeast cells were
harvested by centrifugation at 1000 g and RT for 5 min. The supernatant was discarded,
while the pellets were resuspended in 1x TE, pooled, and centrifuged again at 1000 g and
RT for 5 min. The resulting yeast pellet was resuspended in 0.5 to 1.5 ml 1x TE/1x LiAc, de-
pending on the amount of transformations performed. Meanwhile, ssDNA was denatured
by boiling at 99 °C for 5 min and immediately put on ice, to act as carrier DNA during the
transformation.

For each transformation, the following components were mixed in a chilled reaction tube:

e 50 pl denatured ssDNA

e 1 pgplasmid (either pGADT7 or pGBKT?7 plasmid for single transformation, or both
for co-transformation)

e 50 pl yeast cells in 1x TE/1x LiAc

e 600 ul PEG/LiAc

The components were mixed and incubated at 30 °C and 50 rpm for 30 min. Afterwards,
70 pul DMSO were added and the reactions mixed by inverting. A heat shock was per-
formed by incubating the tubes in a 42 °C water bath for 15 min, with occasional mixing.
The tubes were subsequently placed on ice for 2 min, after which the cells were pelleted
by using the ,pulse” setting of a centrifuge for 5 s. The supernatants were discarded and
cells resuspended in 1x TE each and streaked onto the appropriate SD dropout media:

e Single pGADT7 transformation: SD -L dropout medium
 Single pGBKT?7 transformation: SD -W dropout medium
e Double pGADT7 and pGBKT?7 transformation: SD -LW dropout medium

Media plates were incubated at 30 °C for three days. For easier handling, master plates
were created by picking and transferring transformed colonies onto fresh SD dropout
medium, which were incubated at 30 °C for three days. Usually, two or three replicates of

each master plate were created.

Single transformations were performed for most C. richardii and for M. polymorpha and
P, patens interactions, while co-transformations were performed for A. thaliana, K. nitens
and the remaining C. richardii interactions, due to problems during the mating process

for these species.

3.3.5 Robot-assisted Y2H assay

The Y2H assay was based on the Matchmaker Gold Yeast Two-Hybrid system (Clontech,
2008) and performed as described by Luck et al. (2020) and Striebinger et al. (2013)
on ,Singer Plus Plates”. For single transformations, mating of yeast strains had to be per-

formed first, while co-transformed yeast colonies could be used directly for the assay.

Mating of yeast cells was performed by picking transformed colonies from the master
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plates and resuspending them to an ODg of 0.5 with H,0. For each interaction, the ap-
propriate pGADT7 and pGBKT?7 plasmids were combined by either plating 4 pl of each
cellular suspension on top of each other on YPAD medium plates and incubating them
at 30 °C for two to three days (Hanahan, 1983); or by mixing 5 pl of each suspension in
100 pl liquid YPAD medium and incubating them overnight at 30 °C and 30 rpm. Both

variations were performed using the , Assist Plus Pipetting Robot"

To select mated yeast cells containing both plasmids, they were transferred onto SD -LW
dropout plates, either by replica plating using the ,RoToR HDA Colony Pinning Robot", or
by transferring 5 pl of the liquid YPAD medium using the ,Assist Plus Pipetting Robot"
These plates were then incubated at 30 °C for three days, resulting in the growth of yeast

colonies containing both pGADT7 and pGBKT?7 plasmids.

The Y2H assay was performed in a 96 spot format with three replicates each. For each 96
spot plate, a schematic was created depicting colony position and plasmids tested. Both
mated and co-transformed colonies were placed into the 96 spot format on SD -LW plates
via the ,Assist Plus Pipetting Robot“, which were then incubated at 30 °C for three days.
Afterwards, the ,RoToR HDA Colony Pinning Robot“ was used to transfer each 96 spot
plate onto three assay medium plates: One SD -LW plate as control, one SD -LWH triple
dropout plate, and one SD -LWH plate containing 2 mM of the competitive inhibitor 3-AT,
which inhibits expression of the yeast HIS3 gene at low levels (Clontech, 2008). The assay

plates were incubated at 30 °C for three days.

As negative protein controls, all proteins were paired with both empty pGADT7 and with
empty pGBKT7 plasmids. To control the assay itself, empty pGADT7 and pGBKT?7 plas-
mids were paired as negative control, while the positive control was constituted of the
proteins DEFICIENS1 (DEF1) and SEIRANA (SEI; previously EScaGLO) from Eschscholzia
californica (Lange et al., 2013).

3.3.6 Documentation and analysis of results

The Y2H assay plates were documented by taking pictures of the plates from a fixed dis-
tance using a mounted camera. The images were then cropped using Fiji (Schindelin et al,
2012), and colony sizes were measured using the R package gitter (Wagih & Parts, 2014;
Scripts 6 and 7). In case of measurement failure, caused by either background noise or
color differences within colonies, Fiji was used to convertimages to grayscale, after which
a rolling ball background subtraction using a 50 pixel ball radius was performed. Then,
a median filter of two pixels was applied, followed by the Fiji Lookup Table ,Fire“. These
transformations allowed a correct, noise free gitter analysis, without negatively affecting

analysis precision.

Measured spots with a size below 900 pixels on the SD -LW control plates were discarded

as absent colonies or artifacts created by the plating robot. This cutoff value was deter-

42



3 Methods

mined by analyzing the mean size of actual colonies, which was considerably larger than
900 pixels, while most visual artifacts fell well below this value. The size of the colonies
grown on the SD -LWH plates were divided by the size of the identical clones on the SD
-LW control plates, to calculate the relative colony growth on the assay plates for each in-
dividual colony / interaction tested. Values above one were capped at one. Colonies with
arelative growth rate of 0.5 or above were considered to contain interacting proteins. See

Supplementary Fig. 2 for a graphical overview of the Y2H analysis.

Proteins where the pGBKT?7 plasmid showed protein interaction when paired with empty
pGADT7 were deemed autoactivating proteins; and all interactions with autoactivating
proteins were removed from the results. Additionally, interactions that were only ob-
served in one of three replicates were also removed. The resulting protein interaction

networks were visualized using Cytoscape 3.10.1 (Shannon et al, 2003).

3.4 Verification of selected protein interactions using bimolecular

fluorescence complementation

Due to the large scale of the performed Y2H analysis, only selected interactions could
be verified via second, independent means: For A. thaliana, the observed results were
cross-referenced with already published literature, especially with Y2H assays described
in independent publications (see Shrestha et al., 2014; Sitaraman et al., 2008; Stahle et
al., 2009). M. polymorpha results could be verified by Co-Immunoprecipitation (ColP) and
by bimolecular fluorescence complementation (BiFC) assays performed by Q. Li (2022).
Finally, for interactions between C. richardii LUG and SEU proteins, BiFC assays were per-

formed in Nicotiana benthamiana (tobacco) leaves:

3.4.1 Creation of BiFC-compatible plasmids

The C. richardii cDNA created in section 3.3.3 was used to amplify the CDSs of CrLUG,
CrSEU1, CrSEUZ, CrSEU3 and CrSEU4, using the cloning primers listed in Supplementary
Table 12. The amplified CDSs were then firstly cloned into the Gateway-reaction compat-
ible pENTR4 vector (Invitrogen, 2003), which was then used to subclone the CDSs into
the BiFC plasmids pGTQL1211YN and pGTQL1221YC (Lu et al,, 2010) using Gateway LR
Clonase II. These plasmids contain the N-terminal or the C-terminal domain of yellow fluo-
rescent protein (YFP), respectively, at the 3’ end of the open reading frame, thus requiring
the CDSs to lack a stop codon. The cloned plasmids were sequenced to verify the inserts
and the open reading frame, using the sequencing primers listed in Supplementary Table
15.

An overview of the cloned BiFC plasmids can be found in Supplementary Table 7.
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3.4.2 N. benthamiana growth and transformation

Seeds of N. benthamiana were sowed on soil and grown in a greenhouse at long-day con-
ditions at 22 °C with 16 h of 100 whlte light for around four weeks. Their leaves were
then infiltrated by transformed A. tumefaczens GV3101 containing the desired plasmids.

The BiFC assay was performed as described by Lange et al. (2013): To prepare the infiltra-
tion, electrocompetent A. tumefaciens GV3101 cells were transformed with the BiFC plas-
mids using electroporation (see section 3.1.2). The transformed cells were then streaked

0L gentamycm and 50 &

on 2x YT medium plates (Sambrook et al., 1989) containing 5
kanamycin, and incubated at 28 °C for three days. Additionally, helper plasmid p19 from
the tomato bushy stunt virus was also transformed, which suppresses RNA silencing in
host cells (Lange et al.,, 2013; Walter et al., 2004 ). Afterwards, the resulting colonies were
used to inoculate 10 ml liquid 2x YT medium each and incubated at 28 °C and 180 rpm
overnight. For every three BiFC assays performed, one 10 ml p19 culture was created.
The next day, the ODg¢( of the individual cultures was measured and the cultures har-
vested by centrifugation at 2000 rpm for 15 min. The supernatants were removed, and
the pellets resuspended in 10 mM MgCl, containing acetosyringone, to an ODg¢q of 1.2;
except for the p19 cultures, which were set to an ODg( of 2.4. The resuspended cells were

incubated at RT for 2 h and then mixed together using the following formula:

e 250 ul p19
e 500 pl pGTQL1211YN plasmid
e 500 pl pGTQL1221YC plasmid

These mixtures were used to infiltrate N. benthamiana leaves by filling them into needle-
less syringes, placing them on the abaxial side of the leaves, and pushing the A. tume-
faciens solution into the leaves. For each tested combination, several independent leaf
infiltrations were performed. The BiFC assay and the tobacco plants were then incubated
for two days at RT.

Empty pGTQL1211YN and pGTQL1221YC plasmids were used as negative control, and
pMLBART vectors expressing YC/YN-tagged 35S::bZIP63 were used as positive controls
(Lange et al., 2013; Walter et al., 2004), which where transformed onto 2x YT medium
oL (= spectlnomycm (see Supplementary Table 6).

containing 5 — gentamycin and 10

3.4.3 Imaging and analysis of BiFC results

For visualization of the BiFC assays, small leaf discs were excised from the tobacco plants
after two days. The discs were washed in 1x PBS buffer and stained with 100 ;—% DAPI
solution for 5 min. Afterwards, the DAPI solution was removed and the discs washed sev-
eral times with 1x PBS buffer. The stained discs were observed and documented using a

Leica DCM5500 fluorescence microscope, using filter blocks L5 for YFP fluorescence and
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A4 for DAPI stains. Pictures of the observed fluorescence were taken and visualized using
Fiji (Schindelin et al.,, 2012): Firstly, the pictures were cropped and split along the colour
channels. Secondly, the green channel containing the YFP fluorescence and the blue chan-
nel of the respective DAPI stain were merged, resulting in a composite picture containing
both fluorescences (Script 8). These pictures were then used to assess the presence or

absence of protein interaction.

3.5 CRISPR/Cas9-mediated mutagenesis of P. patens

The CRISPR/Cas9-mediated mutagenesis was performed for the P. patens LUG and SEU
homologs PpLUG1, PpLUGZ, PpLUG3, PpLUG4, PpSEU1, and PpSEUZ in double (pplug1 pp-
lug2; pplug3 pplug4; ppseul ppseuZ2), quadruple (pplug1 pplug2 pplug3 pplug4) and sextu-
ple (pplug1 pplug2 pplug3 pplug4 ppseul ppseuZ) configurations. Due to time constraints
and technical difficulties, only the pplug3 pplug4 double mutantline could be analyzed for
this dissertation. To keep the thesis concise, only work relating to this mutant line will be

described in detail.

3.5.1 Creation of CRISPR/Cas9 vectors targeting P. patens LUG and SEU genes

Protospacer for mutagenesis of the selected PpLUG and PpSEU genes were designed us-
ing CRISPOR (Concordet & Haeussler, 2018). ,,Physcomitrium patens - Phascum patens
- NCBI GCF_000002425.4 (Phypa V3)“ was set as reference genome to screen for off-tar-
gets, and ,,20bp-NGG - Sp Cas9, SpCas9-HF1, eSpCas9 1.1“ as protospacer adjacent motif
(PAM). The exons plus ~15 bp of the surrounding intron regions were loaded into the
tool, to search for exon-located protospacer motifs. From the resulting lists of possible

guide sequences, two for each gene that fulfilled the following criteria were picked:

e No possible off-target sites with three or fewer mismatches present.

No possible off-targets present where all mismatches are distal to PAM site, beyond
12 bp away (Concordet & Haeussler, 2018).

Not deemed , inefficient” by CRISPOR (Concordet & Haeussler, 2018).

As close to the 5’ end of the gene as possible.

Sequences that can affect multiple target genes at once due to sequence similarity.
o Highly similar gene pairs:
e PpLUGI - PpLUGZ: similarity: 80.9 %, gaps: 18.8 %
e PpLUG3 - PpLUG4: similarity: 96.7 %, gaps: 2.1 %
e PpSEU1 - PpSEUZ: similarity: 78.6 %, gaps: 21.4 %

Similarity score between highly similar gene pairs was calculated by pairwise alignment
of CDSs, using a Smith-Waterman algorithm with a gap penalty of 10.0 and an extension
penalty of 0.5 (Madeira et al., 2024; Smith & Waterman, 1981).

For each selected gene, two protospacers were chosen: One that was specific for that gene

alone, and one thatalso targeted the highly similar partner gene. Complementary primers
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with added adapter sequences for cloning of the protospacer into the CRISPR-vectors
were created (see Supplementary Table 13) and denatured at 98 °C for 3 min. The tem-
perature was then lowered slowly to the melting temperatures of the primer pairs, where
they were annealed for 10 min. Finally, the temperature was slowly reduced to RT to ob-

tain usable protospacers.

The used CRISPR/Cas9 system was based on Mallett et al. (2019): The three entry vectors
pENTR-PpU6P-sgRNA-L1L4, pENTR-PpU6P-sgRNA-R4R3 and pENTR-PpU6P-sgRNA-L3-
L2 were digested using Bsal, as described in section 3.1.2. Each of the annealed proto-
spacers were ligated into one of the entry vectors, which were then used in a multiplex
Gateway reaction, using Gateway LR Clonase II to subclone all three protospacers from
the entry vectors into destination vector pMK-Cas9-gate, resulting in a multiplex Cas9 vec-
tor containing PpLUG3 and PpLUG4 protospacer, each flanked by a PpU6 promoter and
the sgRNA scaffold sequence.

Alist of all cloned CRISPR plasmids can be found in Supplementary Tables 6 and 10. Plas-
mids were sequenced with the primers listed in Supplementary Table 15.

3.5.2 P patens transformation and culture maintenance

Transformation of P. patens Reute and selection of transgenic lines was kindly performed
by the lab of Prof. Miiller-Schiissele in Kaiserslautern, according to a procedure modified
after Hohe et al. (2004) & Schween et al. (2003).

The resulting axenic P patens mutant lines and wildtype (WT) control plants were grown
on KNOP-ME mediumat 16 hof 60 - 70 ;LZZI white light and 8 h of darkness at 22 °C for op-
timal growth (Hiss et al., 2017; Meyberg et al., 2020). The mutant lines were continuously
maintained by transferring material onto fresh KNOP-ME plates under sterile conditions
every few months, and older plates were stored in darkness at 4 °C to inhibit further
growth, while keeping the lines alive (Egener et al., 2002; Reski & Abel, 1985; Schween
etal,2003).

3.5.3 Genotyping of CRISPR mutant lines

For genotyping of P. patens mutant lines, DNA was isolated from P. patens plants by pick-
ing material (usually two to three gametophores) from the KNOP-ME plates and transfer-
ring them into screw-cap tubes containing a few ceramic beads each. The material was
disrupted in a tissue homogenizer twice at 4.000 rpm for 90 s each. Edwards-buffer was
added to the tubes, and the samples were centrifuged at 17.000 g for 2 min. 150 pl of the
supernatants were transferred into fresh tubes, mixed with 150 pl isopropanol, and incu-
bated at RT for 10 min. Afterwards, the samples were centrifuged for 10 min at 17.000 g
and the supernatants removed. 200 pl cold 75 % EtOH were added and the samples again
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centrifuged at 17.000 g for 5 min. The EtOH was removed and the DNA pellets dried at
60 °C for 5 min. Finally, the pellets were resuspended in 20 pl H,0 containing RNase A
and incubated at 60 °C for 2 min to obtain DNA samples.

Genotyping of mutant loci was performed using either DreamTaq DNA polymerase or
Phire Hot Start Il DNA Polymerase, as described in Table 1. The primers used are de-
scribed in Supplementary Table 16 and were usually located around 200 bp up- and
downstream of the CRISPR target site. Generally, PCRs were either performed for indi-
vidual target sites, or spanning both CRISPR target sites at once.

Amplified PCR fragments were screened on 1 % agarose gels for detection of large dele-
tions, encompassing the whole region between the two CRISPR target sites. Alternatively,
5 ul PCR fragments of mutant lines were mixed with 5 pl fragments amplified from wild-
type using identical primers. The mixtures were boiled at 98 °C for 5 min and slowly
cooled to RT, which allowed the formation of homo- and heteroduplexes between mu-
tant and wildtype DNA fragments. These duplexes were then applied onto 4 % agarose
gels and run for around 2 h, which permitted visualization of = 2 bp mismatches between
mutant and wildtype DNA fragments (Bhattacharya & van Meir, 2019).

DNA fragments were purified using the ,NucleoSpin Gel and PCR Clean-up“ kit and se-
quenced using Sanger sequencing. For lines with verified mutations, all other targeted
CRISPR sites were sequenced as well, and a visual alignment of the mutant sites was cre-
ated.

Additionally, AlphaFold 3 models of the PpLUG3 protein and of the resulting protein of
the L3_2 deletion line were created and used to create a comparison of the first 130 aa of
both proteins in PyMol 3.0 (Abramson et al., 2024; Schrodinger, 2010).

3.5.4 Phenoytping of the P. patens reproductive cycle and phytohormone signal-
ing defects

Due to time constraints, only the reproductive cycle of P. patens and the influence of the
phytohormones auxin and cytokinin on eleven individual pplug3 pplug4 mutants and on
WT plants were phenotyped in greater detail:

For the analysis of the reproductive cycle, singular gametophores were transferred onto
fresh KNOP-ME medium and grown for four weeks under long-day conditions at 16 h
60 - 70 %Zl white light and 22 °C (Hiss et al., 2017; Meyberg et al, 2020). Both the
Leica DM5500 microscope as well as the M165 C stereo microscope were used to mea-
sure the sizes of the individual P patens gametophytes, which were calculated using Fiji
(Schindelin et al.,, 2012). To determine significant differences, Student’s t-test was per-
formed in R, using the Benjamini-Hochberg procedure to correct for multiple testing
(Benjamini & Hochberg, 1995; Student, 1908). Besides colony sizes, the following charac-

teristics were recorded and categorized after both four weeks and eight weeks of growth
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under long-day conditions: Protonema types observable, protonema growth and distri-
bution, as well as protonema cell structure and chloroplast distribution. For protonema
growth, the length and width of 20 to 40 individual chloronema cells of each mutant line
were measured in Fiji and visualized in R using ggplot2 (Wickham, 2016), excluding ter-
minal cells. Pairwise Student’s t-test with Benjamini-Hochberg correction was used to
determine significant differences in cell length and width (Benjamini & Hochberg, 1995;
Student, 1908). Gametophore growth and development was categorized by presence, ga-
metophore coverage and development, leaflet shape and cell structure and chloroplast

distribution.

The formation of gametangia was induced by transferring four week old P. patens plants
to short-day conditions at 15 °C, with 8 h of 20 - 30 %Zl white light and 16 h of darkness.
Gametangia formation was documented after three weeks, and the plants flooded with
sterilized tap water to induce fertilization. Growth under short-day conditions was con-
tinued for four weeks, after which the rate of sporophyte formation was measured (Hiss
etal,2017; Meyberg et al., 2020): The total amount of gametophores carrying no sporo-
phytes, green sporophytes or brown sporophytes were counted and a pairwise Fisher’s
exact test with Benjamini-Hochberg correction performed to analyze statistical differ-
ences between WT and mutant line sporophyte distributions (Benjamini & Hochberg,

1995; Fisher, 1970). Additionally, the presence and structure of spores was documented.

The influence of the phytohormones auxin and cytokinin on the growth and development
of the P patens mutants was determined by growing them on KNOP-ME medium contain-
ing either 5 uM auxin (NAA) or 5 uM Cytokinin (6-BAP) under long-day conditions for
four weeks (Ashton et al., 1979). Afterwards, the effects of the phytohormones were docu-
mented using a Leica M165 C stereo microscope and a DM5500 microscope, as described
above. The following characteristics were documented: Overall plant habit, gametophyte
growth, and protonema characteristics such as protonema types, growth and distribution.
For mutants grown on exogenous auxin, chloronema cell length and width was measured
as described above, and compared to chloronema sizes of WT lines or to those grown on
normal growth medium, using Student’s t-test and Benjamini-Hochberg multiple testing
correction (Benjamini & Hochberg, 1995; Student, 1908).
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4 Results

The results of the sections 4.1 to 4.4 are largely parts of the submitted, but, as of the
08.04.2026, still unpublished paper ,800 million years of co-evolution in the green plant
lineage - the case of LEUNIG and SEUSS transcriptional co-regulators” (Garrecht et al.,
2026). Contributions of the individual coauthors are noted or cited at the appropriate
sections. The P. patens pplug mutant lines described in section 4.5 have neither been pub-
lished nor submitted so far.

4.1 Homologs of LUG and SEU can be found in all major land plant

lineages and in streptophyte algae

The analyses described in the following section have been performed by Clemens Réssner

for Garrecht et al. (2026), and were kindly provided for this dissertation as well.

While the phylogenetic relationships of LUG and SEU homologs are well known in an-
giosperms (Pfannebecker et al.,, 2017), considerably less is known both about their re-
lation in lycophytes and bryophytes, and whether their families emerged in the lineage
leading to land plants, or if they predate it. Therefore, representative species of all major
land plant and streptophyte algae lineages were picked for an expansive phylogenetic re-
construction of LUG (Supplementary Fig. 3) and SEU homologs (Supplementary Fig. 4)
throughout the evolution of the streptophytes. These comprehensive phylogenies were
then simplified and used for an analysis of conserved protein domains (Fig. 5). Both fam-
ilies possess at least one homolog in all lineages examined, as well as similar patterns of
conserved protein domains and secondary structures.

Land plant LUG homologs represent a sister group to algae LUG homologs, and consist
of the LUG-clade, the LUH-clade, and an unresolved polytomy (Fig. 5A). Both the LUG-
and LUH-clades are monophyletic clades with 100 % bootstrap support each, and only
contain homologs from seed plants, which is consistent with previously described an-
giosperm LUG- and LUH-clades (Pfannebecker et al., 2017). However, the relationship of
bryophyte, lycophyte, and monilophyte LUG homologs in respect to the LUG- and LUH-
clades couldn’t be resolved fully.

All analyzed LUG homologs contain between two to five annotated, conserved WD40 do-
mains at the C-terminal end of the proteins. While the propeller-like structure created
by WD40 domains usually consists of seven individual WD40 domains, each with a set of
four B-sheets, they have been reported to be highly divergent and thus difficult to anno-
tate using sequence conservation (Xu & Min, 2011). Indeed, when looking at the identified
B-sheets alone, most LUG homologs contain seven sets of four (3-sheets with a high pIDDT
confidence above 70 at their C-terminus, revealing a structural, but not a sequence con-
servation of the WD40 propeller. Furthermore, all LUG homologs are rich in glutamine,

especially near the N-terminus, where large stretches consisting entirely out of Q residues
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can be found. Finally, the LisH domain, which consists of two short a-helices, can be found
atthe N-terminus of mostland plant LUG homologs, usually followed by a long a-helix. No-
tably, the LUG homolog of K. nitens is the only algae LUG protein containing this domain.
A separate BLAST using only the K. nitens LUFS domain as query wasn’t able to identify
any additional algae LUFS domains as well. Generally, missing LisH domains in land plant
and algae proteins could be explained by improper genome annotation, especially consid-
ering the conservation of the LisH motif across eukaryotes (Gerlitz et al., 2005; Z. Liu &
Karmarkar, 2008), and the lower quality genomes present for most algae (see viridiplan-
tae BUSCO scores of used genomes, Priyam et al.,, 2019; Roessner et al., 2024). The con-
servation of the whole LUFS domain could not be checked, as it is currently not present

in the Conserved Domain Database used for this analysis (J. Wang et al., 2023).

The phylogeny of the SEU family can be resolved into three larger monophyletic clades
and an unresolved polytomy (Fig. 5B): Both the SEU-clade and the SLK-clade contain only
seed plant homologs with 84 % and 100 % bootstrap support, respectively, while the ho-
mologs of monilophytes and bryophytes belong to the polytomy. Both clades and the poly-
tomy form a phylum underpinned by 79 % bootstrap support, which is in line with pre-
ceding phylogenies (Pfannebecker et al., 2017), and several algae SEU homologs are 96 %
supported sisters to them. Finally, there is the SEU/SLK-sister-clade with 97 % bootstrap
support, which represents a sister lineage to all other SEU homologs and incorporates
sequences of all major land plant lineages besides angiosperms, suggesting a loss of their

members in flowering plants.

A centrally located LDB domain is present for all analyzed SEU homologs, usually folding
into several (-sheets flanked by a-helices, with the notable exception of PpSEU2 and a S.
moellendorffiihomolog. For some homologs, additional high-confidence a-helices beyond
the LDB domain region can be found, too, but large parts of the N- and C- termini lack
fixed secondary protein structures in confirmation with their roles as IDRs (B. Wang et al.,
2022). Similar to the LUG homologs, all SEU proteins are glutamine rich, with the majority
of Q residues usually being located N-terminal of the LDB domain, especially in SEU- and
SLK-clade members.

In summary, these phylogenetic reconstructions and domain analyses demonstrate both
the well supported presence of LUG and SEU homologs in not only all major land plant
species, but also in streptophyte algae, as well as the conservation of functional domains
and secondary structures across most members of these families, with the notable excep-
tion of the LisH domain. However, for both families, algae sequences are confined to sister

clades of land plant sequences.
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Figure 5: Simplified phylogenies and conserved protein domains of LUG and SEU family proteins.
Reduced phylogenies of A) LUG, LUH, and LUG-sister proteins, and B) SEU, SLK, and SEU/SLK-sister pro-
teins, with bootstrap-support shown on selected nodes. Branches with bootstrap support below 75 were
collapsed. The position of conserved domains (LisH in lime, WD40 in light blue, and LDB in orange), high-
confidence secondary protein structures (a-helices in purple, 3-sheets in red), and Q residues (dark blue)
within the proteins are shown on the right.
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4.2 LUG and SEU functional domain regions are under notable puri-

fying selection across plant evolution

To further examine the observed conservation of LUG and SEU domains and of secondary
protein structures, the selective pressure extorted upon their genes during evolution was
calculated by determining the ratio between non-synonymous (K,) to synonymous (Ky)
substitutions between distant homologs. A K, /K, ratio < 1 indicates a purifying selec-
tion removing deleterious alleles, while ratios > 1 depict adaptive selection of genes. Se-
quences with values = 1 show neutral selection (Z. Zhang, 2022). K, /K, ratios were calcu-
lated for LUG and SEU homologs of A. thaliana, C. richardii, M. polymorpha, and P. patens
in relation to their respective homologs in the streptophyte algae K. nitens, thus spanning
800 million years of independent evolution (Bierenbroodspot et al., 2024). The K, /K, ra-
tios were calculated for both full-length genes, and for the individual identified protein
domain regions (Fig. 6A - B). The strength of observed purifying selection was catego-
rized according to Dong et al. (2019): Strong purifying selection: K, /K, < 0.1; moderate
selection: 0.1 < K, /K < 0.5; weak negative selection: 0.5 < K, /K < 0.9.

Both LUG and SEU homologs showed a moderate purifying selection across their whole
sequence (K, /K, ratio < 0.2 and < 0.4, respectively), and a generally strong purifying se-
lection of K, /K, = 0.1 for the regions corresponding to functional protein domains. The
intermediate region of LUG and the IDRs of SEU displayed comparatively higher K, /K, ra-
tios with > 0.4 and = 0.6, indicating a moderate or weak purifying selection, respectively.
As a control of the K, /K, analysis, a second analysis comparing full length LUG and SEU
sequences against the respective C. richardii CrLUG and CrSEU1 homologs was performed,
covering 450 million years of independent land plant evolution (Harris et al., 2022). Simi-
larly to the previous analysis, the LUG family exhibited a strong purifying selection (K, /K,

< 0.1), while SEU showed a moderate negative selection of = 0.3.

However, a closer look at the actual K, and K values, and not only the calculated ratios,
revealed that the synonymous substitution rates were quite high, ranging from 1.5 to 3.3
across all samples, with especially groups exhibiting low ratios possessing high K rates
(Supplementary Table 1). Under high amounts of synonymous substitutions, a saturation
of K, values can occur, where the values can’t be accurately calculated anymore, due to
multiple substitutions covering each other. It has been suggested that this saturation only
becomes noticeable at around K = 2 (Vanneste et al., 2013), and causes underestimation
of K, values, with true rates of synonymous substitutions being higher than calculated
(Gharib & Robinson-Rechavi, 2013; Vanneste et al., 2013). Therefore, K, /K ratios tend
to be inflated under saturation, causing an elevated false positive rate when screening
for genes under adaptive selection with K, /K¢ > 1 (Anisimova & Yang, 2007; Gharib &
Robinson-Rechavi, 2013). Genes under neutral or purifying selection however have been
suggested to be more robust against saturation effects, with little changes in the false

positive rate under even high sequence divergence and thus amount of synonymous sub-
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stitutions (Gharib & Robinson-Rechavi, 2013). Therefore, whilst the power of the K, /K
analysis is doubtlessly decreased under high K values, the general evidence of medium
to strong purifying selection of LUG and SEU sequence across the green lineage should be
supportable, even if only cautiously.

Given the relevance of the LUFS domain of LUG as a necessary and sufficient domain for
SEU binding (Shrestha et al., 2014; Sridhar et al.,, 2004), and its absence as a detectable
conserved domain in the Conserved Domain Database (J. Wang et al., 2023), a consensus
sequence of the LUFS domain was created. For this, the first 80 aa of 108 LUG homologs
across streptophyte evolution were used as basis for the consensus (Fig. 7). As corrob-
orated by the K, /K analysis (Fig. 6A), large areas of the LUFS domain are strongly con-
served across vast evolutionary distances, and remain largely invariant for a majority of
analyzed LUG proteins. Especially noteworthy are two regions of strong sequence conser-
vation: One is located directly at the N-terminus of the proteins from 6W to 19Y, while the
other one ranges from 42P to 72S. Interestingly, the majority of the LisH domain, which
is annotated to the residues 11 to 35, not only comprises a region with higher sequence
variation than the surrounding LUFS region, but additionally shows considerable differ-
ences to the consensus of eukaryotic LisH domains (Gerlitz et al., 2005). Several residues
that are flexible in eukaryotes became more rigid in the plant LisH, such as L25 and F32,
inferring information about the ancestral state of the LisH domain in the green plant lin-
eage.

Taken together, both LUG and SEU genes and their proteins, and especially their func-
tional domains like the LUFS region or the LDB domain, show considerable purifying se-
lection and structural conservation for at least 800 million years of evolution, providing
insight into the persistent selective pressure exerted upon both of these families through-
out streptophyte algae and land plant evolution.
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Figure 6: K, /K, analysis of LUG and SEU homologs across plant evolution. K, /K analysis of A) full-
length LUG sequences and individual protein domain regions, and of B) full-length SEU sequences and
individual protein domain regions, in relation to K. nitens KnLUG and KnSEU, respectively. A comparative
K, /K analysis of whole LUG and SEU genes to C. richardii CrLUG or CrSEU1, respectively, was performed as
well (striped plots).
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Figure 7: LUFS consensus sequence of 108 LUG homologs. Consensus sequence of the first 80 aa of the
LUG N-terminus, showing predominant residues and residue frequencies at every position (Schneider &
Stephens, 1990). The position of the LisH motif is colored lime. Bars on top signify consistently interact-
ing residues in LUG - SEU complexes. Blue bars: Consistently interacting residues across one or two LUG
homologs. Green bars: Consistently interacting residues across three to six LUG homologs.

4.3 The formation of the LUG - SEU module emerged at least 800

million years ago

So far, in vivo interaction between LUG and SEU homologs have been shown for the an-
giosperm species A. thaliana (Sitaraman et al., 2008; Stahle et al., 2009), A. majus (Navarro
et al., 2004), and rice (Oriza sativa; Yang et al., 2019), but neither in a complete manner,
testing the interaction between all present homologs with each other, nor for represen-
tatives outside of the angiosperms. Therefore, both in silico and in vivo analyses of the
formation of the LUG - SEU module were performed across major land plant lineages,

and for selected streptophyte algae lineages.

4.3.1 Digital gene expression analysis revealed a general, mostly uniform expres-
sion of both LUG and SEU homologs throughout major land plant lineages

As a first step, digital gene expression analysis was performed, to assess the general pos-
sibility of a formation of the LUG - SEU module in various tissues, and to see if differential
expression between LUG or SEU homologs was present within the different species. For
this, the expression levels of LUG and SEU homologs as transcripts per million (TPM) from
published transcriptomes of A. thaliana, C. richardii, M. polymorpha, and P. patens (see
section 3.2.6) were analyzed across both developmental stages, and in various different

plant tissues (Fig. 8):

In A. thaliana, AtLUH was the overall strongest expressed LUG or SEU gene across all ana-
lyzed tissues, followed by AtLUG and AtSLKZ (Fig. 8A). AtSEU and AtSLK1 were expressed
at a similar level to each other, while AtSLK3 showed the lowest expression in compari-
son. Generally, both the LUG and the SEU families were tendentially stronger expressed
in developing and mature flowers, and especially in the carpels, than in vegetative tissue,
with a notably reduced expression in the embryo and stamen, and a nearly complete lack
of gene expression in pollen. Interestingly however, analyzing the protein abundance in
A. thaliana tissues (Mergner et al., 2020) painted a slightly different picture: As expected
from its expression levels, AtLUH was the most abundant LUG or SEU protein overall,
while AtLUG and AtSEU showed slightly lower abundance levels (Fig. 8E). The three At-

SLKs exhibited even lower protein levels, with especially AtSLK3 only being present in a
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low quantity, at least in tissues were analysis was possible. While the exact scale range
of iBAQ values depends on multiple different factors, the LUG and SEU proteins neverthe-
less showed an at least medium protein abundance level, with usually upwards of one
million (log,(20)) copies per tissue (Mergner et al., 2020; Zubarev, 2013). Interestingly,
presence of low to medium amounts of all proteins could also be detected in stamen and
pollen, indicating either a higher translation than surmised from the expression values

of the genes alone, or some amount of protein movement between these tissues.

The fern C. richardii possessed a high, prominent expression of the LUG homolog CrLUG,
while the CrSEU genes all showed a largely uniform expression across all tissues, with
only CrSEUZ being slightly more expressed than the others (Fig. 8B). Generally, no notice-

able tissue specific expression patterns were present for either gene family.

While the P patens gene PpLUG1 showed the overall strongest gene expression, nearly
no expression was recorded for its highly similar homolog PpLUGZ (Fig. 8C). This could
indicate a process of pseudogenization or gene silencing for PpLUGZ after a duplication
of the PpLUG1/2 ancestor gene following a WGD event during the last 70 million years
(Lang et al, 2018), resulting in loss of expression, for example by accumulation of mu-
tations in its promoter region due to relaxed selective pressure (Lynch & Conery, 2000;
Soltis et al, 2016). The PpLUG3 and PpLUG4 genes on the other hand were seemingly
both maintained, with similar expression levels to each other, and to PpSEUZ, while the
other SEU homologs of P, patens, PpSEU1, PpSEU3, PpSEU4, PpSEU5, and PpSEU6, showed
a comparatively slightly elevated expression overall. Similar to C. richardii, no general tis-

sue specific PpLUG or PpSEU expression patterns were observable.

Finally, the expression of MpLUG in M. polymorpha was generally stronger than expres-
sion of MpSEU1 and of MpSEUZ; and expression of both families was elevated in develop-
ing, reproductive tissues, especially in antheridia and archegonia (Fig. 8D). Conversely,

they were expressed at a lower level in vegetative tissues, and particularly in sperm cells.

Across land plants, both LUG and SEU homologs are usually expressed throughout the
whole plant, with a sometimes elevated expression in reproductive tissues in compari-
son to vegetative ones. However, while LUG homologs show a tendentially stronger over-
all gene expression than SEU genes, no strong differential expression patterns between
the LUG and the SEU families, nor within them, are noticeable beyond general global ex-

pression differences.
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Figure 8: Comparative gene expression and proteome analysis of LUG and SEU homologs. A) - D)
Gene expression of LUG and SEU homologs across different developmental tissues and stages, as log, (TPM
+ 1) values, and with identical color scales. A) Gene expression values for A. thaliana Col-0 (Mergner et al.,
2020); B) for C. richardii strain Hn-n (D. B. Marchant et al.,, 2022); C) for P. patens Gransden 2004 (Lang
etal, 2018; Sreedasyam et al.,, 2023); and for D) M. polymorpha 15 d male and female thallus (Melbourne
strain) (Briginshaw et al.,, 2022); Tak-1 sperm cells (Julca et al., 2021), antheridiophores, and antheridia
(Higo et al,, 2016); Tak-2 archegoniophores (Higo et al., 2016) and archegonia (Hisanaga et al, 2021); BC3
x Tak-1 13 d old sporophytes (Frank & Scanlon, 2015); and Cam1 x Cam2 spores (Bowman et al,, 2017). E)
Protein abundance as log, (iBAQ) for A. thaliana Col-0 tissues (Mergner et al, 2020).
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4.3.2 In silico analysis of LUG - SEU complexes reveal conserved interacting pro-
tein regions and consistently interacting amino acid residues

Visualization and in silico analysis of LUG - SEU dimers across both major land plant
and streptophyte algae lineages was performed, using AlphaFold modeling for all pos-
sible LUG and SEU homolog combinations of A. thaliana, C. richardii, the Charophyceae
Chara braunii, K. nitens, and M. polymorpha, as well as for the P. patens homologs PpLUG1,
PpLUG4, PpSEU1, PpSEU2, and PpSEU6 (Fig. 9; Supplementary Fig. 5 and 6; Abramson et
al., 2024). For dimer visualization, only the first 160 aa of the LUFS domains and interact-
ing regions of the SEU homologs were pictured, as the LUFS region is necessary and suffi-
cient for binding SEU (Shrestha et al., 2014; Sridhar et al., 2004), and the large stretches
lacking defined structures present for both protein created a high amount of visual noise
(Fig. 9A).

Generally, the interaction between the LUFS domains and SEU occurred mainly in the
region of the LDB domain, and along the third and fourth a-helix of LUG (Fig. 9B - F;
Supplementary Fig. 5). The third a-helix of LUG homologs usually had a lower positional
confidence score than the other a-helices in this region (50 < pIDDT confidence < 70), and
thus was not included in Fig. 5A. It mainly interacted with short a-helices located near
the central B-sheets of SEU, while the fourth a-helix of LUG was consistently significantly
longer than the other LUG helices present, and interacted with one to two long a-helices
of SEU, as well as sometimes with the LDB domain [3-sheets. Interestingly, no interacting
residues between SEU and the LisH domain were observed across multiple LUG homologs.
However, as the LisH motif has been suggested to be a dimerization motif forming stable
homodimers between two LisH domains (Gerlitz et al, 2005; M. H. Kim et al., 2004), a
lack of interaction with SEU is not unexpected. Indeed, this analysis strongly suggests
that the interaction between LUG and SEU proteins is mainly dependent on the conserved
sequence region of the LUFS domain, rather than the LisH motif.

When mapping the position of interacting residues across the whole protein dimers, a
conserved pattern can be observed (Fig. 9G; Supplementary Fig. 6): For LUG homologs,
two areas of interaction are present across all analyzed dimers, namely the conserved
region of the LUFS domain described above, and a secondary region of predicted inter-
acting residues at the WD40 domains. For SEU homologs on the other hand, mapped in-
teracting residues are located centrally within the protein, scattered in and around the
LDB domain across a distance of approximately 250 aa. However, due to the general low
positional confidence scores of IDRs and the cutoff values chosen for this analysis, inter-
acting residues located within these IDRs can’t be reliably detected using this method,
and as such, further assessment of the reported necessity of the IDRs for the LUG - SEU
module interaction requires different means (Sridhar et al., 2004).

Mapping the position of LUFS-located residues that consistently interact with SEU across

multiple LUG homologs, SEU interaction partners, and even tested species revealed that
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a majority of these consistently interacting residues are located between 54E to 63F and
interact within at least three different LUG homologs (Fig. 7). As these residues are lo-
cated within a region of the LUFS domain showing extreme sequence conservation across
the green lineage, they are prime candidates for being critical residues in the LUG - SEU

module formation.

In summary, in silico analysis of various LUG - SEU modules not only emphasized the
general regions of LUG and SEU homologs crucial for dimer formation, but also revealed
an important, conserved set of interacting residues within the LUFS domain that is vital

for the binding of SEU homologs.
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Figure 9: In silico prediction of LUG - SEU dimer interaction. Overview of interacting amino acid
residues of LUG and SEU homologs within close proximity (< 4.5 &) to partner chain. A) - F): Modeled
LUG (blue) - SEU (orange) protein complexes with visible interacting residues. Interacting residues have
a pIDDT confidence of > 50 within 4.5 A of a residue with a pIDDT confidence of > 50 of the partner pro-
tein chain (see Parvathy et al, 2024). Grey regions have a pIDDT confidence < 50. A) Full length AtLUG -
AtSEU dimer. B) - F): First 160 N-terminal residues of LUG homologs and interacting SEU residues plus
20 surrounding atoms in both directions. B) AtLUG - AtSEU dimer; C) CrLUG - CrSEU1 dimer; D) PpLUG1
- PpSEU2 dimer; E) MpLUG - MpSEU1 dimer; F) KnLUG - KnSEU dimer. G) Position of interacting amino
acid residues in LUG (upper) and SEU (lower) protein sequence. Grey residues are either not interacting,
or have a pIDDT confidence of < 50. Blue residues: Residues within 4.5 A to partner chain, with pIDDT con-
fidence between 50 and 70. Green residues: Residues within 4.5 A to partner chain, with pIDDT confidence
>70.
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4.3.3 Interactions between LUG and SEU homologs can be traced back to the Kleb-
sormidiophyceae lineage of streptophyte algae

To systematically test homo- and heterodimerization between various LUG and SEU ho-
mologs of selected major green plant lineages in vivo, Y2H assays were performed (Fig.
10). All possible pairwise combinations within each species were tested on both normal
triple dropout medium, and on dropout medium containing 2 mM of the competitive in-
hibitor 3-AT, which requires stronger protein interaction to allow growth of yeast cells.
The only exception to this were the P. patens PpSEU3/4/5/6 proteins, as they were not
present in the previous genome annotation v3.3 used as basis for identifying Y2H candi-
dates (Lang et al., 2018; see section 3.3.1).

A. thaliana possesses one LUG-, LUH-, and SEU-clade member each, as well as three SLK-
clade proteins (Fig. 5). All six proteins showed extensive heterodimer formation in nearly
all possible combinations and in both interaction directions, where possible (Fig. 10A).
A lack of interaction was only observed for the combinations of AtLUH - AtSEU and for
AtLUH - AtSLK3, the latter of which couldn’t be tested due to autoactivation of both pro-
teins. Most interactions between non-autoactivating proteins were visible in both com-
binations of activation domain (AD)- and binding domain (BD)-tagged proteins, and ad-
ditionally, both AtLUG and AtSLK1 showed formation of homodimers. Assaying the in-
teractions on more restrictive 3-AT containing medium abolished the autoactivation of
AtLUH and AtSEU, and revealed strong protein interaction between those two proteins,
as well as homodimer formation of AtSLK3 (Fig. 10B). Generally, most of the observed
heterodimers, and the homodimer of AtSLK1, persistent under competitive yeast growth
inhibition, indicating an overarching high strength of interaction for these protein dimers.
Only six interactions were absent under these conditions, namely those between AtLUG
- AtLUG, AtLUG - AtLUH, AtLUG -AtSLK2, AtSEU - AtSLK1, AtSLK1 - AtSLK2, and AtSLK2
- AtSLK3.

While many of these results validate previously published Y2H assays (Sitaraman et al,
2008; Stahle et al., 2009), there are differences present, too: Previous assays neither ob-
served AtLUG - AtLUH interaction, nor AtLUG homodimers (Sitaraman et al., 2008), or
autoactivation of BD AtLUH constructs (Sitaraman et al., 2008; Stahle et al., 2009). More-
over, the absent interaction between AtLUH - AtSEU conflicts with previous reports as
well (Sitaraman et al.,, 2008; Stahle et al., 2009). Some of these discrepancies can be ex-
plained by the differences in the employed assay media, as Sitaraman et al. (2008) used a
quadruple dropout medium additionally lacking adenine, as well as an increased amount
of 3-AT, thus requiring overall stronger interactions between the tested proteins to re-
sult in visible interaction. Unfortunately however, the exact medium composition used
by Stahle et al. (2009) was not specified.

The singular LUG homolog of C. richardii, CrLUG, belonged to the LUG polytomy and inter-
acted with both the SEU polytomy proteins CrSEU1, CrSEU2, and CrSEU3, as well as with
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the SEU/SLK-sister-clade member CrSEU4 in a weak fashion (Fig. 10C). Additionally, it
was the only tested C. richardii protein to show homodimerization, while CrSEU4 pos-
sessed weak autoactivation that was abolished under the influence of 3-AT. Contrastingly
to A. thaliana or M. polymorpha SEU homologs, no homo- or heterodimerization between
any CrSEU proteins was observed, and no protein interactions were present on 3-AT con-

taining medium.

All four P. patens LUG homologs belong to the unresolved polytomy of bryophyte LUG
proteins, and strikingly possessed only few interactions between each other, and with
the SEU polytomy PpSEU1 and PpSEU2 proteins (Fig. 10D): Only PpLUG1, PpLUG4, and
PpSEU2 showed any interactions at all, with all three proteins interacting with each other
in all possible combinations, and both PpLUG4 and PpSEU2 additionally forming homod-
imers. In contrast, neither PpLUG2, nor PpLUG3 or PpSEU1 showed any dimerization at
all. Further, all protein interactions were inhibited by the presence of 3-AT,, similar to C.
richardii.

The liverwort M. polymorpha possesses one bryophyte LUG protein and two SEU homo-
logs, with MpSEU1 belonging to the SEU polytomy, while MpSEUZ2 is a member of the
SEU/SLK-sister-clade. All three proteins formed heterodimers with each other, with Mp-
LUG and MpSEU1 additionally forming homodimers (Fig. 10E). Due to autoactivation of
MpSEU2, presence or absence of homodimer formation couldn’t be elucidated. Although
all heterodimers persisted on 3-AT containing medium, both homodimer formation and
autoactivation were abolished under these conditions (Fig. 10F). The interactions be-
tween MpLUG with MpSEU1, and with MpSEU2, as well as the formation of MpLUG and
MpSEU1 homodimers can also be corroborated by a Y2H assay performed by Q. Li (2022).

Finally, one algae LUG homolog and one algae SEU homolog are present in K. nitens. Kn-
LUG and KnSEU interacted on both normal assay medium (Fig. 10G), and on medium con-
taining 3-AT with each other (Fig. 10H). Autoactivation of KnLUG was abolished under

presence of 3-AT, which additionally revealed the formation of a KnLUG homodimer.

To summarize, both the age and conservation of the LUG - SEU module across land plants
and streptophyte algae could be demonstrated with an extensive degree of heterodimer-
ization between LUG and SEU homologs in all representative species, spanning 800 mil-
lion years of evolution in the green lineage (Bierenbroodspot et al., 2024). This preser-
vation of the interaction in combination with the observed purifying selection makes it a
prime example of coevolution through strong reciprocal selective pressure, keeping both
protein partners functional across vast time scales and ensuring the continued function-
ality of the LUG - SEU module (Lovell & Robertson, 2010). Additionally, extensive homod-
imerization could be observed for both families, which has not been described in previous
interaction assays. Membership to specific phylogenetic clades however seemed indepen-

dent from the ability of the homologs to form protein dimers.
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Figure 10: Interaction networks of LUG - SEU homologs across plant evolution. Networks of LUG and
SEU homolog interactions analyzed in robot-assisted Y2H screening. Interactions for A) and B) A. thaliana;
C) C. richardii; D) P. patens; E) and F) M. polymorpha; and G) and H) K. nitens. Interactions shown in A), C),
D), E), and G) were observed on SD -LWH medium (grey lines), interactions in B), F), and H) on SD -LWH + 2
mM 3-AT (black lines). LUG and SEU homologs are distinguished by node color and shape, while edge type
depicts interaction direction. One-directional growth: Growth of yeast colonies for one combination of AD
protein Xand BD protein Y, but not for AD protein Y - BD protein X. Two-directional growth: Growth of yeast
colonies observed for both combinations of AD and BD plasmids. Yellow stars depict autoactivating BD
constructs and were removed from the results. Autoactivation was only observed in on SD -LWH medium.
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4.3.4 Independent BiFC assays verify several observed protein interactions for C.
richardii and M. polymorpha

As Y2H assays are limited by their tendency to produce false positive and false negative re-
sults, both strict controls during the assay and independent verification of results are nec-
essary to improve the quality of Y2H screens (Briickner et al.,, 2009). Therefore, selected
observed interactions were confirmed using a separated BiFC assay, and by referencing
non-Y2H experiments in independent publications.

To support the Y2H results of the C. richardii LUG and SEU homologs, a BiFC assay of all
possible combinations of CrLUG and CrSEU proteins with C-terminally fused YN or YC
split-YFP tags was performed (Fig. 11). The negative controls and the full results of the
assay can be found in Supplementary Fig. 7. Most observed fluorescence signals of recon-
stituted split-YFP following protein interaction were comparatively weak, especially in
contrast to the fluorescence of the positive control, but BiFC assays are known to gener-
ally exhibit a wide range of fluorescence intensities between different protein partners
(Kerppola, 2008).

Protein interactions were detected between CrLUG - CrSEU1, CrLUG - CrSEU2, and Cr-
LUG - CrSEU3, verifying the results of the Y2H assay. Additionally, homodimerization
of CrSEU2 and CrSEU4 proteins could be observed in the assay, both of which were not
present in the yeast system. In case of CrSEUZ, this might have been caused by a false neg-
ative result of the Y2H assay, while CrSEU4 homodimerization was not detectable due to
autoactivation of CrSEU4 in yeast. Conversely, neither CrLUG homodimerization nor Cr-
LUG - CrSEU4 interaction were observed in the BiFC assay, which might be caused by
steric hindrance of the YC and YN tags, interfering in the reconstitution of the split-YFP
protein (Kerppola, 2008).

The interaction between M. polymorpha MpLUG and MpSEU1 was previously verified by Q.

Li(2022), viaboth a BiFC assay, and by Co-Immunoprecipitation (ColP) in N. benthamiana
leaves.
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Figure 11: Independent BiFC assay of C. richardii CrLUG and CrSEU interactions. Selected results of
BiFC assays of C. richardii CrLUG and CrSEU homolog interactions in N. benthamiana, with row-wise protein
combinations as YC-tagged protein X - YN-tagged protein Y. ,DAPI“ column: Fluorescence signal of nuclei
stained with 100 ﬁ DAPIL. ,Split-YFP“ column: Split-YFP protein fluorescence. ,Merged“: Overlay between
DAPI and split-YFP fluorescences, with row-wise scale bars. White arrows depict difficult to see YFP fluores-
cence signals. bZIP63 was used as a positive control, while negative controls are shown in Supplementary
Fig. 7.
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4.4 Heterodimerization between LUG homologs and MADS-box pro-

teins predates the emergence of land plants

Given the presence and conservation of the LUG - SEU module throughout the green
lineage, the question arises if their interaction with other known interaction partners
was a conserved function since at least the Klebsormidiophyceae, or if such interactions
emerged later during the evolution of land plants. Therefore, Y2H assays partnering LUG
and SEU homologs with MIKC type MADS-box proteins were performed, as especially
MIKCC types like AP1 and SEP3 are known to be critical interaction partners of the LUG -
SEU module in A. thaliana flower development (Conner & Liu, 2000; Franks et al., 2002;
Sridhar et al., 2006). As, up until recently, the MIKC groups were considered to be more
closely related to each other than to the M-type (Gramzow & Theissen, 2010; Qiu & Koh-
ler, 2026), the interaction between LUG, SEU, and MIKC* proteins across streptophytes
were analyzed as well, especially since their interactions in A. thaliana remain largely un-

explored.

The MADS-box proteins for this assay were chosen either to allow comparison with al-
ready published interactions, especially with independent Y2H assays in A. thaliana, or
picked randomly from a list of published MADS-box proteins. Both MIKC® and MIKC*
types were chosen, and for P. patens, two M-type MADS-box proteins, PPTIM2 and PP-
TIM3, were selected too, due to their notably strong, localized expression in sporophytes

(Supplementary Fig. 1D).

In A. thaliana, both protein and genetic interactions between AtLUG and AtSEU with dif-
ferent MIKC®s are well studied, however, comparatively little is known about protein in-
teractions for AtLUH and the AtSLKs, and with the MIKC* group (Di Marzo et al.,, 2022;
Gregis et al.,, 2006; Herrera-Ubaldo et al.,, 2023; Sridhar et al., 2006). Most of the tested
MADS-box proteins showed interactions with multiple LUG or SEU homologs (Fig. 12A),
except for the MIKC® group protein AtSTK, which failed to interact with any tested LUG or
SEU protein, as previously reported (Di Marzo et al., 2022; Herrera-Ubaldo et al., 2023).
The MIKC® type AtSEP2 exhibited heterodimer formation with all tested proteins except
with AtLUG and AtSLK2, and similarly, AtSEP3 interacted with all LUG and SEU homologs
besides AtLUH. AtAG however only interacted with the SLK proteins AtSLK1 and AtSLK3,
but neither with AtLUG nor with AtSEU, as previously established (Conner & Liu, 2000).
Both of the MIKC* type proteins AGAMOUS-LIKE 66 (AtAGL66) and AtAGL104 possessed
identical interaction patterns, forming protein heterodimers with all tested LUG and SEU
homologs. Due to autoactivation of all involved proteins, interactions between the MIKC*
group members and AtLUH or AtSLK3 couldn’t be elucidated. When performing the Y2H
assay on 3-AT containing medium, only the dimer formation between AtSLK1 with either
AtAGL66 or AtAGL104 persisted, indicating a stronger binding between those proteins
than present in any other LUG / SEU - MADS-box dimer tested. Additionally, the MADS-
box TFs AtSEP2, AtAG, and AtAGL104 showed yeast growth when paired with an empty
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BD vector, indicating capacity for false-positive results. While several tested MADS-box
proteins possessed this autoactivation of yeast growth when paired with an empty BD
vector, it was not present for all possible protein partners in the assay, placing it in stark
contrast to autoactivation with empty AD vectors. The latter consistently caused yeast
growth across all replicates regardless of the tested partner protein, thus rendering the
results unusable, while empty BD autoactivators didn’t exhibit this pervasive spurious
yeast growth. Therefore, it was decided to not outright remove them from the analysis
across the board, but instead to mark such empty BD autoactivators accordingly, to keep

it in mind during the analysis of their results.

Both MIKC® and MIKC* proteins of C. richardii formed heterodimers with C-fern SEU ho-
mologs, while binding to CrLUG was generally absent, with the exception of the MIKC*
group member CRM13 (Fig. 12B). Overall, only a low number of interactions were visi-
ble, most of which were between the SEU/SLK-sister protein CrSEU4 and both types of
MADS-box proteins. Only the MIKC® type protein CMADS1 and the MIKC* member CRM16
lacked heterodimer formation with CrSEU4, with the former showing no protein interac-
tions at all, and the latter interacting with CrSEU1 and CrSEU3 instead. Additionally, an
interaction between CrSEU3 and CRM13 was present, too. Interestingly, no heterodimers
could be recorded between any MADS-box proteins and CrSEU2. Both CRM1 and CRM13
showed empty BD autoactivation, and none of the tested protein dimers persisted on 3-

AT containing medium.

Nearly all observed interactions for P. patens MADS-box proteins occurred with PpLUG4
and with PpSEU2 (Fig. 12C): The MIKC® group members PPM1 and PPM2 interacted with
both of those proteins, while PPMADS1 only interacted with PpSEU2. Additionally, both
PPM1 and PPMADS1 showed autoactivation with empty BD vectors. For the MIKC* pro-
teins, PPM3 and PPM9 formed heterodimers with PpLUG4 and with PpSEU2, while PPM3
further interacted with PpLUG1 as well. Interestingly, PPMADS2 showed protein inter-
action with PpLUG3 and PpSEU2 instead, as well as autoactivation in BD position. Fi-
nally, the M-type MADS-box protein PPTIM2 didn’t exhibit any protein dimer formation,
while PPTIM3 was an autoactivator in BD position and interacted with PpLUG1, PpLUG4,
PpSEU1, and PpSEU2. None of the described interactions were present on the more strin-
gent medium containing 3-AT.

M. polymorpha encodes for only two MADS-box proteins, the MIKC® protein MpMADS?2
and the MIKC* protein MpMADS1. While the former only interacted weakly with MpSEU1,
extensive heterodimer formation with all tested LUG and SEU homologs could be shown
for MpMADS1, which also persisted on 3-AT containing medium, suggesting a certain
strength of the formed protein dimers (Fig. 12D). While MpMADS1 possessed autoacti-
vation when paired with an empty AD vector, it was abolished under the influence of
3-AT.

The streptophyte algae K. nitens possesses only a single MIKC type protein predating the

divergences in the lineage leading to land plants (Kaufmann et al., 2005; Kwantes et al,
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2012; Qiu & Kohler, 2026). This KnMADS protein exhibited weak heterodimer formation
with KnLUG, but interestingly not with KnSEU (Fig. 12E).

In summary, interactions between LUG homologs and MIKC type MADS-box proteins were
present across the streptophyte lineage, while interactions with the SEU family can be
traced back to at least the MRCA of land plants. The vast majority of tested MADS-box
proteins interacted with at least one LUG or SEU homolog, and oftentimes with both fam-
ilies. Likewise, nearly all LUG and SEU homologs interacted with at least one MADS-box
proteins, without any detectable preference for either the MIKC® or the MIKC* family. As
seen in their gene expression, the expression patterns between LUG, SEU, and MADS-box
proteins generally overlap in most tissues (Fig. 8, Supplementary Fig. 1), indicating a sta-
ble, albeit weak, interaction between these families across hundreds of million of years

of plant evolution, and potentially across most tissues and developmental stages.
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Figure 12: LUG / SEU - MADS-box protein interaction networks. Protein interaction networks of LUG /
SEU proteins with MADS-box TFs. Interactions were analyzed in robot-assisted Y2H screening on SD -LWH
(grey lines) and SD -LWH + 2 mM 3-AT (black lines) media. Interactions for A) A. thaliana; B) C. richardii; C)
P, patens; D) M. polymorpha; and E) K. nitens. LUG and SEU homologs and MADS-box types are distinguished
by node color and shape, while edge type depicts interaction direction. One-directional growth: Growth of
yeast colonies for one combination of AD protein X and BD protein Y, but not for AD protein Y - BD protein X.
Two-directional growth: Growth of yeast colonies observed for both combinations of AD and BD plasmids.
Yellow stars depict autoactivating BD constructs and were removed from the results. Blue stars signify
autoactivation of the AD construct. Autoactivation was only observed in on SD -LWH medium.
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4.5 The PpLUG3 and PpLUG4 genes of P. patens function together

with auxin in crucial protonema developmental transitions

To elucidate the functions of LUG and SEU proteins in planta, CRISPR/Cas9-mediated mu-
tagenesis of LUG and SEU homologs of P. patens was performed. Due to time constraints,
only mutants of the pplug3 pplug4 double target CRISPR line could be analyzed; as such,
mutant lines of the other PpLUG and PpSEU genes, as well as higher order mutant lines
can’t be covered here (see section

4.5.1 Analyzed P. patens pplug3 pplug4 mutant lines encompass both short dele-
tions and full protein knockouts

Both PpLUG3 and PpLUG4 genes were targeted by two sgRNAs each, whose complemen-
tary sequences were located within the first three exons of the respective gene. Due to
the high sequence similarity of the PpLUG3 and PpLUG4 CDSs (96.7 % similarity, 2.1 %
gaps in alignment; Madeira et al., 2024; Smith & Waterman, 1981), their sgRNAs also pos-
sessed capacity for off-target effects in the respective other gene, with the sgRNA1 target
of PpLUG3 also affecting PpLUG4, and vice versa (Fig. 13A).

In total, eight individual pplug3 pplug4 mutant lines were analyzed, which can be split
into five different genotype groups regarding their effects on the PpLUG3 and PpLUG4
proteins (Fig. 13E):

1) Line #070: Loss of a region of the PpLUG3 LUFS domain and six mutated aa in
PpLUG#4, including a 3 aa deletion.

2) Lines #105, #106, #107, and #110: Loss of a region of the PpLUG3 LUFS domain
and knockout of PpLUG4 due to a frameshift mutation 40 aa upstream of the N-
terminus.

3) Line #211: Loss of a region of the PpLUG3 LUFS domain paired with a frameshift
mutation of PpLUG4, similar to but differing from the previous group.

4) Line #212: Frameshift mutations of both PpLUG3 and PpLUG#4 after around 40 aa,
leading to a knockout of both genes.

5) Line #214: Deletion and frameshift mutation in PpLUG3 at the start of the gene, re-
sulting in a complete loss of PpLUG3, plus an insertion in the second exon of PpLUG4,

leading to a frameshift mutation.

Each individual mutant allele was assigned an ID (Fig. 13B - C); and Fig. 13D contains
an overview over the effects of the individual mutations on the overall protein structure
and especially the conserved functional domains of PpLUG3 and PpLUG4. Briefly, three
different mutant alleles for PpLUG3 and five for PpLUG4 were observed: The PpLUG3 mu-
tations either caused a frameshift and subsequent loss of PpLUG3 in the region following
the LisH motif (ID L3_1; group 4)), a loss of the LisH domain and of the surrounding re-
gion, but an otherwise intact PpLUG3 protein (ID L3_2; groups 1), 2) and 3), Fig. 13F),
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or a complete loss of PpLUG3 beyond the first four aa (ID L3_4; group 5)). For PpLUG4,
mutations either caused a short, six aa long mutation in the LUFS domain encompassing
a three aa long deletion (ID L4_1; group 1)), or a frameshift mutation directly after the
LisH motif. For this second mutation, four different variations were observed (IDs L4_2,
L4_3,L4_6,L4_7; groups 3), 5), 4), and 2), respectively). Fig. 13F depicts the first 130 aa

of WT PpLUG3 in comparison to the protein of the L3_2 deletion, exhibiting a notable loss
of N-terminal a-helices.
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Figure 13: Position, structure, and effects of pplug3 and pplug4 mutant alleles. A) Whole PpLUG3 and PpLUG4 genes with exon (grey box), intron (dashed line), and
untranslated region (UTR, white box) positions. Purple arrows indicate sgRNA target sites, while mauve arrows show potential off-target sites of sgRNAs belonging to the
respective other gene. B) Alignment of the first ~180 bp of PpLUG3 and PpLUG4 CDSs, and of observed mutations of these sequences. Each mutation was assigned an unique
ID, and differences to WT CDSs are marked in red. C) Alignment of the first 88 aa of PpLUG3 and PpLUG4, and of translated mutant sequences. Differences in aa sequence
between WT and mutants were marked in red. D) Visualization of the effects of the recorded mutant alleles on the protein sequences, with marked Q residues (dark blue
lines), secondary protein structures at a pIDDT confidence = 70 (purple = a-helices; dark red = $-sheets), and conserved protein domains (green = LisH domain, light blue =
WD40 domains). Regions with aa substitutions were marked in red, while aa deletions were marked with red and grey stripes. E) Table of all eight mutant lines used, listing
the respective mutant allele IDs and brief descriptions for both PpLUG3 and PpLUG4 loci, as well as a simplified plant habit phenotype. F) AlphaFold model of the first 130 aa
of PpLUG3 (orange) and of the L3_2 deletion (brown), with residues below a pIDDT confidence of 50 colored grey (Abramson et al., 2024).
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4.5.2 Vegetative and reproductive phenotyping of P. patens mutants revealed two
principal pplug3 pplug4 phenotypes

The eight pplug3 pplug4 mutant lines exhibited two main phenotypes (Fig. 13E and 14A
- C): The mutant plants of groups 1) and 2) that lack the LisH domain of PpLUG3 and
show either a disruption of the PpLUG4 LUFS domain, or absence of PpLUG4, were small,
densely packed clumps of protonema-similar cells, and therefore dubbed ,balls of pro-
tonema tissue®, or ,ball“ phenotypes, for short. Those mutants belonging to groups 3), 4),
and 5) however, which lacked PpLUG4 and either only the PpLUG3 LisH domain, or the
whole PpLUG3 protein, appeared outwardly similar to the P. patens wildtype and were
consequently named ,wildtype similar” or ,WT similar. To analyze the exact effects of
the pplug3 pplug4 mutations on the development of P. patens in more detail, and to elu-
cidate if there were more nuanced differences within these two principal phenotypes
present, in depth phenotyping of protonema and gametophore growth parameters and
of the reproductive cycle was performed.

WT pplug3 pplug4 pplug3ALisH pplugd
»Wildtype similar” »Ball of protonema tissue”

Figure 14: Phenotypic analysis of vegetative tissues of the two principal pplug3 pplug4 P. patens mu-
tant phenotypes. Left column (A); D); G)): WT plants. Middle column (B); E); H)): pplug3 pplug4 mutants
showing a ,WT similar” phenotype. Right column (C); F); I); ])): pplug3ALUFS pplug4 mutants resembling
small ,balls of protonema tissue”. Depicted are A) - C) the whole gametophyte, D) - I) chloronema (white
arrows) and caulonema (black arrows) cells, and F) the two zones of the ,ball“ phenotypes: (C)enter and
(P)eriphery. J) Protonema cells with unclear identity.
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4.5.2.1 PpLUG3 and PpLUG4 govern protonema development, transition, and ga-
metophore initiation in P. patens

As a first step, the area covered by the gametophyte after four weeks of growth was mea-
sured, to obtain a parameter for gametophyte spreading. The coverage of three individual
gametophytes for each line was determined and compared against the size of the area cov-
ered by the WT gametophytes, revealing that all , ball of protonema tissue“ mutant lines
exhibited a significantly reduced gametophyte growth, spreading across only ~ 5—10 of the
area covered by WT gametophytes (Fig. 14A - B). Thus, these ,ball“ phenotype lines exhib-
ited a strongly diminished ability to colonize their surroundings. In contrast, ,WT similar*
mutant lines showed no significant differences in gametophyte growth rates compared
to the WT gametophyte.

As protonema are the first emerging tissue during P. patens development, and among
other things responsible for colonization and foraging (Jaeger & Moody, 2021; Rensing
etal, 2020), the growth and developmental characteristics of protonema for the different
mutant lines were analyzed: Generally, the protonema of the ,WT similar mutant lines
closely resembled the protonema of the WT, while those of the ,balls of protonema tissue”
noticeably differed from WT protonema cells and from their behaviour (Fig. 15C). For one,
the protonema of WT and ,, WT similar” gametophytes grew freely through the medium in
a primarily two dimensional (2D) fashion, with no protonema growth above the culture
medium or straight downwards (Fig. 14D - E, G - H). The protonema of , ball“ phenotypes
however grew in a pronounced three dimensional (3D) manner, forming dense ,balls”
of clumped cells, and even growing outside of the medium (Fig. 14C). These ,balls“ can
be divided into two sections, namely the tightly packed center of the clump, containing
the majority of protonema cells, and the periphery of the gametophyte (Fig. 14F). From
the periphery, cells were able to grow outwards in all directions, but only for a short
distance. However, during prolonged growth, and especially under short day conditions,
outgrowth of longer chains of protonema away from the periphery could be observed
(Fig. 141).

There are multiple types of protonema tissue, with especially chloronema and caulonema
playing major roles during the early stages of the P. patens life cycle. They differ in mul-
tiple characteristics, like cell wall orientation, chloroplast content, or function (Jaeger &
Moody, 2021; Rensing et al.,, 2020). For all mutant lines and the WT, the presence of pro-
tonema cells with transverse cell plates and a high chloroplast content was observed,
indicating that these cells were most likely chloronema (Fig. 14D - I and 15C). How-
ever, the chloronema cells of both principal phenotypes are not entirely identical to WT
chloronema, with especially the cell sizes of ,ball“ phenotype lines diverging significantly
from the WT (Fig. 15D - E): With only % to 2 of the WT length, their chloronema cells
were consistently significantly shorter, as well as significantly thicker by a few pum than

WT chloronema. Similarly, while the chloronema of ,WT similar” lines were not always
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significantly different in both length and width to the WT, those that exhibited differences
tended to be slightly longer and wider than WT chloronema.

Caulonema, the second main type of protonema, were identified in WT and ,WT simi-
lar” lines due to their oblique cell plates and low chloroplast numbers (Fig. 15C; Jaeger &
Moody, 2021; Rensing et al., 2020). Additionally, for both groups, rhizoids were present
as well, which emerge from the base of the gametophores and are similar to caulonema,
but contain immature plastids and show a brown pigmentation (Kofuji & Hasebe, 2014).
For the ,ball of protonema tissue“ phenotypes however, neither caulonema nor rhizoids
could be unequivocally identified. While there were cells present resembling caulonema,
especially after eight weeks of growth, they exhibited critical deviations from the nor-
mal caulonema characteristics (Fig. 14]): Many of the potential caulonema cells contained
only few chloroplasts, but also a brownish coloration and transverse cell plates, instead
of oblique ones. Therefore, the exact identity of these cells remains ambiguous, which
together with the prevalence of chloronema cells indicates a severe defect in caulonema

identity establishment for these mutant lines.

Another major difference between the two pplug3 pplug4 mutants to the P patens WT
was the presence and initiation of gametophores. None of the studied , ball of protonema
tissue“ lines exhibited the formation of any structures resembling either gametophores,
stems, or leaflets at all (Fig. 14C and 15F). ,WT similar” mutants on the other hand exhib-
ited a noticeable delay in gametophore initiation from protonema: While the whole game-
tophyte area was covered by mature gametophores for the WT (Fig. 14A), only the inner
region of the gametophyte was covered for ,WT similar” lines, leaving an outer ,ring“ of
spread-out protonema, but without visible gametophore growth (Fig. 14B). Additionally,
many of the present gametophores were immature and still developing. Full coverage
of the gametophyte with mature gametophores was only achieved after eight weeks of
growth, and no further differences between ,WT similar mutant and the WT regarding
the overall structure or specific organs of the gametophores themselves were present
(Fig. 15F).

In summary, mutations of PpLUG3 and PpLUG4 affect chloronema growth, protonema
identity specification, and the initiation of gametophores from protonema, with espe-
cially the ,ball“ phenotype negatively influencing the ability of the gametophyte to col-
onize their surroundings, the establishment of caulonema identity, and abolishing game-

tophore initiation altogether.
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. . P. patens gametophyte growth [4 weeks]
Line Simplified genotype Habit . —

PpLUG3 PpLUG4 1501 Mutant line
wr o — — Wildtype < =
#070 pplug3ALUFS  pplug4A3aa Ball of protonema tissue - 100, §j B3 #10s
#105 pplug3ALUFS  pplug4 Ball of protonema tissue % * E3 #106
#106 pplug3ALUFS  pplug4 Ball of protonema tissue z g ::’;
#107 pplug3ALUFS  pplug4 Ball of protonema tissue ‘é o BS s
#110 pplug3ALUES  pplug4 Ball of protonema tissue 3 ES w2
#211 pplug3ALUES  pplug4 Wildtype similar B w214
#212 pplug3 pplug4 Wildtype similar o] ———t e —— ——

#214 pp[ug3 pp[ug4 Wildtype similar WT  #070 #105 #106 #107 #110 #211 #212 #214
Line

A) Simplified genotype and plant habit of pplug3 pplug4 P. patens mutants. B) Gametophyte spread after four weeks of growth

Line Presence Growth dimension Growth pattern Cell types
4 weeks 8 weeks Short day 4 weeks 8 weeks

WT Present 2D growth Free Free Free Chl,; Cau.; Rhi.  Chl,; Cau.; Rhi.
#070 Present 3D growth Clumped Clumped Outgrowing Chl.* Chl.*; Cau.*
#105 Present 3D growth Clumped Clumped - Outgrowing Outgrowing Chl.*; Cau.* Chl.*; Cau.*
#106 Present 3D growth Clumped Clumped - Outgrowing Outgrowing Chl.* Chl.*; Cau.*
#107 Present 3D growth Clumped Clumped Outgrowing Chl.* Chl.*; Cau.*
#110 Present 3D growth Clumped Clumped - Outgrowing Outgrowing Chl.* Chl.*; Cau.*
#211 Present 2D growth Free Free Free Chl.*; Cau.; Rhi. Chl*; Cau.; Rhi.
#212 Present 2D growth Free Free Free Chl.*; Cau.; Rhi. Chl.*; Cau.; Rhi.
#214 Present 2D growth Free Free Free Chl.*; Cau.; Rhi. Chl.*; Cau.; Rhi.

C) Protonema growth characteristics of pplug3 pplug4 mutants.
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D) Measurement of chloronema length in pplug3 pplug4 mutants.

Cell width [um]

P. patens chloronema width

p.signif 4
n=-

501

254

3]

bbbt £

*kk ok kkkk  kkkk  kkkk ns * *kkk

40 40 40 40 40 40 20 27 30
Mutant line

E3 wr
o B3 #o7o
E3 #105
E3 #106

B3 #2112
ES #214

WT  #070 #105 #106 #107 #110 #211 #212 #214
Line

E) Measurement of chloronema width in pplug3 pplug4 mutants.

: Coverage Development Leaflets
Lines Presence
4 weeks 8 weeks 4 weeks 8 weeks 4 weeks 8 weeks

WT Yes Complete Complete Adult Adult WT WT
#070 No — — — — — —
#105 No — — — — — —
#106 No — — — — — —
#107 No — — — — — —
#110 No — — — — — —
#211 Yes Reduced Complete Mixed Adult WT WT
#212 Yes Reduced Complete Mixed Adult WT WT
#214 Yes Reduced Complete Adult Adult WT WT

F) Gametophore characteristics of pplug3 pplug4 mutants.
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Figure 15: Phenotypic analysis of the overall plant habit, the size of the gametophyte after four
weeks of growth, and over protonema and gametophore growth characteristics. Categories that differ
from the WT are colored light grey.

A) General gametophyte parameters. Genotype: simplified genotype for both PpLUG3 and PpLUG4, listing
the effects of the mutations on the protein sequence. Habit: overall, simplified plant habit.

B) Size measurements of the gametophyte area after four weeks of growth, for three gametophytes each.
Mean area sizes were calculated, followed by pairwise Student’s t-tests against the WT size distribution,
using Benjamini-Hochberg multiple testing correction and displaying significance values via asterisks or
as not significant (ns) (Benjamini & Hochberg, 1995; Student, 1908).

C) Protonema growth parameters. Presence and growth dimensions of protonema cells: [2D] growth
of protonema within agar plates, or [3D] growth of protonema above medium. Growth pattern: growth
characteristics after four weeks or after eight weeks under long day conditions, and after three weeks un-
der short day conditions: [Free]: free growth of protonema through medium. [Clumped]: protonema cells
formed dense clumps of cells with only very short protrusions from periphery. [Outgrowing]: compact
clumps of protonema with chains of outward-growing cells. Protonema cell types present after four or
eight weeks of growth: (Chl)oronema, (cau)lonema, and/or (rhi)zoid cells were observed. Asterisks indi-
cate presence of cells that resembled chloronema or caulonema, but showed visible abnormalities.

D) Measurements of chloronema cell length and E) cell width in pm after four weeks of growth. Mean and
standard deviation (SD) were calculated and used for pairwise Student’s t-test analysis against WT to infer
significant differences between size distributions. Benjamini-Hochberg correction was used for multiple
testing correction.

F) Analysis of gametophore developmental parameters. Coverage: gametophyte area covered by game-
tophores. [Complete]: the whole gametophyte was covered by gametophores. [Reduced]: the gametophyte
colonized a larger area via protonema than was covered by gametophores. Development: gametophore
development. [Adult]: most gametophores were fully developed. [Mixed]: gametophores at the center of
the gametophyte were fully developed, while those at the gametophyte periphery were younger and still
growing. Leaflets: Leaflet size and shape.

4.5.2.2 Reproductive capabilities and sporophyte development are largely inde-
pendent of PpLUG3 and PpLUG4

Next, phenotyping of the reproductive cycle was performed, by inducing the formation
of gametangia, followed by triggering fertilization and documenting the development of
the sporophytes. As the development of mature gametophores is a necessary precursor
for reproductive development in P. patens (Rensing et al., 2020), neither the formation
of gametangia nor of sporophytes was observed for any ,ball of protonema tissue“ mu-
tant lines (Fig. 17A). The ,WT similar” lines however exhibited the development of both
antheridia and of archegonia, which were not perceptibly different from WT gametangia
(Fig. 16A - D and 17A). Similarly, the development and maturation of their sporophytes
was comparable to the WT , with the exception of mutant line pplug3 pplug4 #214 of
genotype group 5), which exhibited severe developmental delays (Fig. 16E - F and 17B).
For WT plants, around 75 % of all gametophores carried mature, brown sporophytes
four weeks after fertilization, with an additional 18 % possessing immature green sporo-
phytes. Similar distributions were also observed for the ,WT similar” mutant lines #211
and #212, while the developmental distribution for line #214 was significantly altered:
There, only 16.7 % of all gametophores carried mature brown sporophytes, with the re-
maining 83.3 % showing no indication of sporophyte development. This observation indi-
cates arole of PpLUG3 and / or PpLUG4 in the regulation of reproduction and the overall

reproductive success, as loss of these proteins can cause reduced sporophyte formation.

77



4 Results

However, given that two of the three ,WT similar mutant lines lack any visible effects on
sporophyte development, this reproductive function of PpLUG3 and PpLUG4 is likely an
ancillary effect, without forming a critical component of sporophyte initiation as a whole.

No differences between pplug3 pplug4 mutants and the WT were observed in regards to

spore formation and the spore coat (Fig. 16G - H).

WT pplug3 pplug4
»Wildtype similar”

A) » R | o))

Figure 16: Gametangia and sporophyte development of pplug3 pplug4 P. patens mutants. Left col-
umn (A); C); E); G)): WT plants. Right column (B); D); F); H)): pplug3 pplug4 mutants showing a ,WT
similar” phenotype. Depicted are A) - B) isolated antheridia, C) - D) isolated archegonia, E) - F) sporo-
phytes growing on gametophores, and G) - H) spores. For the pplug3ALUFS pplug4 ,ball“ mutants, neither
gametangia nor sporophytes were present (see Fig. 17).
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Lines Antheridia Archegonia Sporophytes Spores

WT Present Present Present Present

#070 Absent Absent Absent Absent

#105 Absent Absent Absent Absent

#106 Absent Absent Absent Absent

#107 Absent Absent Absent Absent

#110 Absent Absent Absent Absent

#211 Present Present Present Present, WT looking
#212 Present Present Present Present, WT looking
#214 Present Present Present Present, WT looking

A) Presence or absence of reproductive organs and sporophytes in pplug3 pplug4 mutant lines.

P. patens sporophyte distribution [4 weeks]
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B) Normalized distribution of sporophyte developmental stages across pplug3
pplug4 mutants four weeks after fertilization.

Figure 17: Reproductive phenotyping of pplug3 pplug4 P. patens mutant lines. A) Classification of [presence] or [absence] of antheridia and archegonia, sporophytes,
and spores across mutant lines. Categories that differ from the WT are colored light grey. B) Normalized sporophyte developmental distribution. All gametophores present
were counted and categorized according to sporophyte presence and developmental stage (no, green, or brown sporophytes), and frequencies of each category were cal-
culated. Mutant lines without gametophores were not included. For the sporophyte distribution, pairwise Fisher’s exact test was employed, to test for differences between
frequency distributions. Benjamini-Hochberg multiple testing correction was used and significance labels were displayed on top, either as asterisks or not significant (Ben-

jamini & Hochberg, 1995; Fisher, 1970).

synsay ¥



4 Results

4.5.3 PpLUG3 and PpLUG4 function in phytohormone-driven developmental path-
ways of P. patens

The ,ball of protonema tissue“ mutant lines bear strong resemblances to auxin and cy-
tokinin insensitive mutants described by Ashton et al. (1979), to PIN overexpression lines
(Viaene et al, 2014), and to mutants of certain auxin-controlled genes like PpRSLs and
PpLRLs (Jang & Dolan, 2011; Tam et al., 2015). Therefore, the pplug3 pplug4 mutant lines
were grown for four weeks on KNOP-ME medium containing high (5 pM) amounts of the
synthetic auxin NAA, or of the cytokinin 6-BAP, to illuminate their possible connection to

these phytohormone signaling pathways in P. patens.

4.5.3.1 The,ball of protonema tissue“ pplug3ALisH pplug4 mutant lines are large-
ly insensitive to exogenous auxin

When grown on high concentrations of exogenous auxin, WT plants exhibited a strongly
enhanced growth of protonema tissue and a complete loss of gametophore initiation and
growth (Fig. 18A, D, and 19A). Most of the present protonema consisted of pigmented
caulonema, resulting in an overall notable brownish green coloration, instead of the nor-
mal green color of P. patens, which was in line with previous reports of the effects of
high NAA concentrations (Ashton et al., 1979). In contrast to untreated P. patens WT, pro-
tonema grew freely in all dimension, even above the medium, and were also induced on
top of the initially transplanted gametophore, most likely in the form of rhizoids (Fig. 19B;
Lavy et al.,, 2016). Given the structural similarities between caulonema and rhizoids, it
was not possible to differentiate between these two protonema types, especially due to
the auxin-induced coloration of caulonema (Ashton et al., 1979). Independently of spe-
cific identities however, protonema were generally misshapen, often exhibiting bumps
and ridges, as well as bends and sharp turns (Fig. 18D). Additionally, chloronema grown
on NAA were significantly shorter by around 10 to 20 %, and also wider by a few pm (Fig.
19C-D).

The ,WT similar” mutant plants behaved largely the same to the WT, also showing an
exclusive, 3D growth of protonema, which were often misshapen and consisted of an es-
pecially high amount of caulonema or rhizoids, and a brownish green color (Fig. 18B, E,
and 19). Further, chloronema cells were significantly shorter than without exogenous
auxin, and oftentimes a bit wider, albeit with a low degree of significance (Fig. 19C - D).
When comparing the size distributions of auxin-treated WT chloronema against those of
the ,WT similar” mutant lines, only the chloronema of mutant line #214 showed signifi-
cant differences in length and width to the WT chloronema, while those of lines #211 and
#212 behaved identical to the WT (Supplementary Table 2).

The ,ball of protonema tissue“ phenotype lines however formed a stark contrast to the
WT and the ,WT similar mutant lines, as they appeared to be largely insensitive to ex-
ogenous NAA (Fig. 18C, F). They exhibited their previously described ,ball“ phenotype,

80



4 Results

consisting of densely packed chloronema-like cells with only short protrusion of chains
of cells from the ball periphery, and the usual green color of P. patens plants (Fig. 19A
- B). Caulonema, rhizoids, and gametophores were absent from these lines as well. Nev-
ertheless, there were auxin-induced effects on the growth of chloronema present: For
one, chloronema cells appeared often misshapen, as described for WT protonema, and
their size also deviated from that of untreated chloronema. Interestingly however, while
auxin-grown WT chloronema grew significantly shorter and wider than untreated ones,
the chloronema cells of the ,ball“ phenotypes showed an inverse behaviour; instead grow-
ing longer than without auxin, and often a bit narrower, too (Fig. 19C - D). Overall, while
the chloronema of WT and , ball“ phenotypes were highly divergent under normal growth
conditions, they became more similar to each other under the influence of exogenous
auxin, with especially the width of most ,ball“ mutant chloronema showing no significant

difference to the width of auxin-treated WT chloronema (Supplementary Table 2).

In summary, the ,ball of protonema tissue“ pplug3ALisH pplug4 mutant lines were largely
insensitive to exogenous auxin, indicating that PpLUG3 and PpLUG4 play an important
role during the auxin-mediated transcriptional regulatory pathway, and especially for the
differentiation of caulonema identity (Jaeger & Moody, 2021; Thelander et al., 2018). As
the complete knockout of PpLUG3 and PpLUG4 behaved similarly to the WT, some redun-
dancy between all four P patens LUG homologs within this pathway is suggested. How-
ever, given the modulation of chloronema shape by exogenous auxin for both principal
phenotypes, the LUG homologs are most likely not connected to acidic cell growth via the

transcriptionally independent rapid auxin response (Kumar et al., 2025).

WT pplug3 pplug4 pplug3DLisH pplug4
»Wildtype similar” ,Ball of protonema tissue”

Figure 18: The effect of 5 M exogenous NAA on pplug3 pplug4 P. patens mutants. Left column (A);
D)): WT plants. Middle column (B); E)): pplug3 pplug4 mutants showing a ,WT similar” phenotype. Right
column (C); F)): pplug3ALUFS pplug4 mutants resembling ,balls of protonema tissue*. Depicted are A) - C)
the whole gametophyte and D) - F) protonema cells.
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Lines Phenotype Gametophores
Observations Coloration

WT Exclusive growth of protonema Brownish green Only transplanted present

#070 Similar to untreated ,balls of protonema tissue“ Green Absent

#105 Similar to untreated ,balls of protonema tissue“ Green Absent

#106 Similar to untreated ,balls of protonema tissue“ Green Absent

#107 Similar to untreated ,balls of protonema tissue“ Green Absent

#110 Similar to untreated ,balls of protonema tissue“ Green Absent

#211 Exclusive growth of protonema Brownish green Only transplanted present

#212 Exclusive growth of protonema Brownish green Only transplanted present

#214 Exclusive growth of protonema Brownish green Only transplanted present

A) General phenotypes of pplug3 pplug4 P. patens mutants treated with 5 pM NAA.
. Protonema
Lines
Growth Distribution Types Form Notes

WT 3D growth Free Chl; Cau. / Rhi.  Uneven, misshapen Elevated amount of caulonema / rhizoids
#070 3D growth Clumped ChlL* Uneven, misshapen —
#105 3D growth Clumped Chl.* Uneven, misshapen —
#106 3D growth Clumped Chl.* Uneven, misshapen —
#107 3D growth Clumped Chl.* Uneven, misshapen —
#110 3D growth Clumped ChlL* Uneven, misshapen —
#211 3D growth Free Chl; Cau. / Rhi.  Uneven, misshapen Elevated amount of caulonema / rhizoids
#212 3D growth Free Chl; Cau. / Rhi.  Uneven, misshapen Elevated amount of caulonema / rhizoids
#214 3D growth Free Chl*; Cau. / Rhi. Uneven, misshapen Elevated amount of caulonema / rhizoids

B) Protonema characteristics of pplug3 pplug4 P. patens mutants treated with 5 pM exogenous NAA.
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C) Measurement and comparison of chloronema length in pplug3 pplug4 mutants grown with
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4 Results

Figure 19: Phenotypic analysis of pplug3 pplug4 P. patens mutants treated with 5 pM NAA. Charac-
teristics differing from WT are colored light grey.

A) General phenotype and gametophore parameters of plants grown on 5 pM exogenous auxin. Mutants
either exhibited an exclusive growth of protonema cells and a brownish green colour, or resembled un-
treated ,balls of protonema tissue“ (Fig. 15). No growth of new gametophores beyond those transplanted
on NAA-containing medium was observed.

B) Protonema characteristics of auxin-grown plants. Growth: [3D] growth of protonema above medium.
Distribution: [Free]: free growth of protonema through medium. [Clumped]: protonema cells formed
dense clumps of cells with only very short protrusions from periphery. Protonema cell types present after
four weeks of growth: (Chl)oronema, (cau)lonema, and/or (rhi)zoid cells were observed. Asterisks indi-
cate presence of cells resembling chloronema or caulonema, but showed visible abnormalities. Form: Pro-
tonema cells were generally slightly misshapen.

C) Measurements of chloronema cell length and D) width for chloronema grown without exogenous auxin
(left boxplots, see Fig. 15D and 15E, respectively), and in presence of 5 uM NAA (right boxplots, striped),
for each mutant line. Significance values were calculated using Student’s t-test between the two treatments
within each mutant line, and corrected using Benjamini-Hochberg multiple testing correction. Significance
levels were displayed on top, either as asterisks or not significant (Benjamini & Hochberg, 1995; Student,
1908).

4.5.3.2 The principal pplug3 pplug4 phenotypes differ in the formation of leaflets
from cytokinin-induced callus-like clusters

The presence of exogenous cytokinin caused the proliferation of callus-like tissue clusters
throughout the WT plants, as described previously (Fig. 20A, D - E; Ashton et al., 1979).
These callus-like clusters consisted of clumps of densely packed cells that notably devi-
ated from the structure of protonema cells, as they were small, roundish cells, often ex-
hibiting only few chloroplasts. These clusters were growing from both protonema and ga-
metophore tissue with a high frequency, and often contained outgrowth of gametophore
leaflets lacking midribs (Fig. 21). Indeed, these callus-like clusters have been suggested
to replace gametophore buds under high cytokinin concentrations, consisting of ectopic
stem cells that fail to form stems, but often develop modified leaflets directly from the
clusters (Ashton et al, 1979; Cammarata et al., 2023). As such, it was difficult to deter-
mine if the plants exhibited multiple gametophores, or merely the outgrowth of leaflets
from callus-like clusters. Regarding protonema, both chloronema and caulonema were
present, but neither type was noticeably enriched within the gametophyte. However, it
was not possible to differentiate between caulonema and rhizoids (Fig. 21A). Protonema
were generally freely growing across the gametophyte in a 3D fashion, and were often
noticeably malformed (Fig. 20E). Additionally, due to technical difficulties and the preva-
lence of callus-like clusters, the growth parameters of chloronema cells couldn’t be mea-

sured.

For the ,WT similar” pplug3 pplug4 mutant lines, both the high proliferation of callus-like
clusters and the strong reduction of gametophore formation were observed. In contrast to
WT plants however, only the transplanted gametophores were present, and no formation
of other possible gametophores was discovered (Fig. 20B, F, and 21). Both chloronema
and caulonema were present and growing freely, albeit slightly misshapen; and the out-

growth of leaflets lacking midribs from callus-like clusters was observed as well.

84



4 Results

While the ,balls of protonema tissue“ lines were affected by exogenous cytokinin, they re-
tained some of their usual characteristics (Fig. 20C, G,and 21): As such, they still exhibited
their distinctive ,ball“ phenotype and consisted mainly of clumped chloronema cells with
only short protrusions from the ball periphery, and a complete lack of both caulonema
and rhizoid cells. However, clusters of callus-like cells were interspersed both within the
core of the ball, and at its periphery. Additionally, the outgrowth of leaflets was noticeably
absent from these callus-like clusters, indicating a critical difference between the ,ball of

protonema tissue“ phenotypes and the ,WT similar” and WT lines.

In conclusion, while all tested mutant lines were sensitive to the effects of exogenous cy-
tokinin within their usual phenotypes, there were notable differences between the ,WT
similar and ,ball“ mutant lines present, namely in the lack of leaflet outgrowth from
callus-like tissue clusters. As the formation of leaflets from cytokinin-induced stem cells
has been shown to depend on auxin as well (Cammarata et al., 2023), these results cor-
roborate the previous hypothesis of a role of PpLUG3 and PpLUG4 in the auxin signaling
pathway of P. patens.

WT pplug3 pplug4 pplug3ALisH pplug4
»Wildtype similar” ,Ball of protonema tissue”

5'“\

Figure 20: The effect of exogenous 6-BAP on pplug3 pplug4 P. patens mutant lines. Left column (A);
D) - E)): WT plants. Middle column (B); E)): pplug3 pplug4 mutants showing a ,WT similar” phenotype.
Right column (C); F)): pplug3ALUFS pplug4 mutants resembling ,balls of protonema tissue“. Depicted are
A) - C) the whole gametophyte and D) - G) protonema cells, clusters of (C)allus-like tissue, and outgrowth
of (L)eaflets.
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Lines Phenotype Protonema
Growth Distribution Types Form
WT Strong proliferation of callus-like tissue across gametophyte 3D growth Free Chl; Cau. / Rhi. Uneven, misshapen
#070 »Balls of protonema tissue“ with callus inclusions 3D growth Clumped ChlL* Uneven, misshapen
#105 ,Balls of protonema tissue“ with callus inclusions 3D growth Clumped Chl.* Uneven, misshapen
#106 ,Balls of protonema tissue“ with callus inclusions 3D growth Clumped Chl.* Uneven, misshapen
#107 ,Balls of protonema tissue“ with callus inclusions 3D growth Clumped Chl.* Uneven, misshapen
#110 »Balls of protonema tissue“ with callus inclusions 3D growth Clumped ChlL* Uneven, misshapen
#211 Strong proliferation of callus-like tissue across gametophyte 3D growth Free Chl; Cau. / Rhi. Uneven, misshapen
#212 Strong proliferation of callus-like tissue across gametophyte 3D growth Free Chl; Cau. / Rhi. Uneven, misshapen
#214 Strong proliferation of callus-like tissue across gametophyte 3D growth Free Chl; Cau. / Rhi. Uneven, misshapen
A) General phenotype of pplug3 pplug4 P. patens mutants treated with 5 pM exogenous 6-BAP .
Lines Gametophores Callus-like tissue
Present Tissue structure Outgrowth

WT Likely multiple gametophores Yes Small, round, densely packed cells Outgrowth of leaflets lacking midribs

#070 Absent Yes Small, round, densely packed cells No outgrowth

#105 Absent Yes Small, round, densely packed cells No outgrowth

#106 Absent Yes Small, round, densely packed cells No outgrowth

#107 Absent Yes Small, round, densely packed cells No outgrowth

#110 Absent Yes Small, round, densely packed cells No outgrowth

#211 Only transplanted Yes Small, round, densely packed cells Outgrowth of leaflets lacking midribs

#212 Only transplanted Yes Small, round, densely packed cells Outgrowth of leaflets lacking midribs

#214 Only transplanted Yes Small, round, densely packed cells Outgrowth of leaflets lacking midribs

B) Gametophore and callus characteristics of pplug3 pplug4 P. patens mutants treated with 5 pM 6-BAP.

synsey ¥



4 Results

Figure 21: Phenotypic analysis of pplug3 pplug4 P. patens mutants treated with 5 uM 6-BAP. Charac-
teristics differing from WT are colored light grey.

A) General phenotype and protonema characteristics of mutants grown on 5 pM cytokinin. Two principal
phenotypes were present: plants with strong growth of callus-like tissue across the whole gametophyte,
or ,balls of protonema tissue“ with inclusions of callus-like clusters. Growth: [3D] growth of protonema
above medium. Distribution: [Free]: free growth of protonema through medium. [Clumped]: protonema
cells formed dense clumps of cells with only very short protrusions from periphery. Protonema cell types
present after four weeks of growth: (Chl)oronema, (cau)lonema, and/or (rhi)zoid cells were observed. As-
terisks indicate presence of cells resembling chloronema or caulonema, but showed visible abnormalities.
Form: Protonema cells were generally slightly misshapen.

B) Characteristics of gametophores and callus-like clusters. [Multiple gametophores]: Growth of addi-
tional gametophores besides the transplanted one. [Only transplanted]: only the transplanted gametophore
was present, no further induction of more gametophores observed. Tissue structure: Overall phenotype
of callus-like cluster and of cells within the clusters. Outgrowth: Some mutant lines showed outgrowth of
leaflet organs from callus-like clusters.
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5 Discussion

5.1 The interaction between the LUG and SEU families coevolved
by reciprocal selective pressure since at least 800 million years
ago

Peptides and proteins are one of the earliest fundamental aspects of life, and as such func-
tion as corner stones of living system in concert with other proteins, DNA, RNA, or other
factors like signaling molecules or nutrients. Their interplay forms the foundation of bi-
ological complexity and variability, with especially specificity, localization, and timing of
interactions being a critical component across all aspects of life (Konieczny et al., 2023).
The evolution of these interactions between various factors plays an important role in
understanding the ancestral state and the evolutionary trajectory of such interactions,
as well as their extant functions and capabilities. Oftentimes, evolutionary changes in
one interacting element enable or force cascading changes in another element, which
has been described as ,reciprocal evolutionary changes in evolutionary interacting loci*,
or coevolution between elements. Alternatively, high reciprocal selective pressure be-
tween elements can force a strong coevolution as well, keeping both elements conserved
and their interaction maintained across vast evolutionary distances (Lovell & Robert-
son, 2010; Thompson, 1994). Especially for protein - protein interactions, it has been
assumed that the overwhelming majority of protein sites can’t readily accept amino acid
substitutions at any given time without prior permissive changes at other loci (Povolot-
skaya & Kondrashov, 2010), and that especially interaction interfaces of permanent inter-
actions are among the strongest conserved protein regions (Andreani & Guerois, 2014;
Lovell & Robertson, 2010; Rodriguez-Rivas et al., 2016).

In the case of the LUG and SEU families of transcriptional regulators, there are multiple
pieces of evidence indicating coevolution by strong reciprocal conservation of the core in-
teraction between the two families: The LUG and SEU families are prevalent throughout
the streptophyte lineage (Supplementary Fig. 3 and 4), with at least the LUG family hav-
ing been independently dated to the MRCA of the streptophyte algae, roughly one billion
years ago (Bierenbroodspot et al., 2024; Wilhelmsson et al., 2017). It is therefore quite re-
markable that the vast majority of analyzed LUG and SEU homologs show a strong similar-
ity between each other in regards to both their canonical domains and in secondary pro-
tein folding, even across different sub-clades and between sister lineages (Fig. 5). While
there are some variations present, especially the absence of the LisH motif for some algae
and bryophyte species, or differences in the LUG C-termini, many of these differences are
caused by either incomplete genome annotation of affected species (see section 4.1), or
by the positional confidence cutoff used for secondary protein structure annotation (see
section 3.2.3). Alternatively, differences might be caused by lineage-specific mutations, as

can be seen for example in the bryophyte P. patens, where especially PpSEU2 exhibits an
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aberrant folding of the LDB-domain. As all species with multiple LUG and SEU homologs
exhibit at least one homolog with the preserved canonical LUG or SEU structure, respec-
tively, such differences can potentially be compensated by the function of canonical pro-
teins, thus opening up additional ways of interaction and regulation by allowing sub- and
neofunctionalization for these deviating homologs.

Secondly, analysis of the ratio of non-synonymous to synonymous substitutions between
algae and land plant LUG and SEU homologs (Fig. 6) revealed a moderately to strong pu-
rifying selection for not only regions encoding functional protein domains (K, /K < 0.2),
but also for the intermediate region of LUG and the IDRs of SEU. Even though the high ob-
served K rates (Supplementary Table 1) reduce the power of the K, /K analysis by not
accurately modeling real substitution rates due to saturation of K (Vanneste et al., 2013),
the general purifying selection across LUG and SEU sequences can still be supported: As
this behaviour results in an inflation of the K, /K, ratio (Anisimova & Yang, 2007; Gharib
& Robinson-Rechavi, 2013; Vanneste et al, 2013), the real rate of non-synonymous to
synonymous substitutions is likely lower than calculated, and indeed, it has been shown
that ratios supporting purifying selection are more robust to K saturation (Gharib &
Robinson-Rechavi, 2013).

In addition to sequence and structural conservation of the LUG and SEU families, both
in silico and in vitro analyses demonstrated a conservation of their interaction across at
least 800 million years of independent evolution as well (Fig. 9 and 10): In all tested ma-
jor land plant lineages and in Klebsormidiophyceae, LUG and SEU homologs physically
interacted with each other, indicating that the formation of the LUG - SEU module orig-
inated in the MRCA of these lineages at the latest. Additionally, multiple residues of the
LUFS domain could be identified that consistently interacted with SEU homologs residues
across the streptophyte lineage (Fig. 7), which together with the strict conservation of the
aa residues in this domain and the absence of any preferential interactions between spe-
cific phylogenetic clades support the coevolution of this interaction by strong reciprocal
conservation. While there were LUG and SEU homologs that didn’t show any interaction
with each other, lack of dimer formation was probably caused by lineage specific muta-
tions, such as gene or genome duplications, leading to a rapid divergence of one of the
duplicated genes. This often causes partial loss of inherited interaction, while the non-
diverging homolog usually retains its previous interactions (Andreani & Guerois, 2014;
Sun & Kim, 2011). This mechanism is likely especially pronounced in P. patens, both in
regards of its limited LUG - SEU dimerization capabilities, and in the context of the nearly
total absence of PpLUG2 expression (Fig. 8C), as it experienced two ancestral WGDs dur-
ing the last 70 million years (Bi et al., 2024; Lang et al., 2018).

Taken together, while there were some lineage specific duplications or losses of structural

components or interactions for and between the LUG and SEU homologs, the general for-

mation of the LUG - SEU module was highly maintained across at least 800 million years
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of streptophyte evolution (Bierenbroodspot et al, 2024). Their evolution is marked by
a strong selective pressure to maintain their interaction, which functions as a gene reg-
ulatory platform connecting a multitude of different TFs to histone remodels and other

transcription regulating processes (Fig. 4; Gonzalez et al.,, 2007; Sridhar et al., 2004).

However, these observation and their various known roles in A. thaliana development
raise several questions: For one, how exactly is the module controlled, and what are the
underlying dynamics that ensure its correct regulation across these vastly different func-
tions? When did their interaction with the diverse set of TF families and histone modifiers
emerge, and are these interactions conserved as well? And lastly, how did the the func-
tions of the LUG - SEU module expand and evolve, especially in connection with their
roles in novel gene regulatory networks like in plant stress response (Geng et al., 2017;
Shrestha et al.,, 2014; You et al, 2019), phytohormone signaling (]. E. Lee et al, 2014;
Pfluger & Zambryski, 2004), and sexual development in the flower (Azhakanandam et
al, 2008; Bao et al, 2010; Conner & Liu, 2000; Franks et al., 2006; Z. Liu et al., 2000; Shi
etal, 2024; M. K. Simon et al., 2017; Stahle et al., 2009)?

5.2 The LUG - SEU module represents a conserved protein interac-

tion hub coordinating a variety of different regulatory networks

5.2.1 The breadth and mode of interactions mediated by the module signify its
role as a regulatory ,date“ hub

One important feature of protein interaction networks is the fact that, due to the dynam-
ics of continuous growth and preferential attachment, older parts of the network are
more densely connected than evolutionary younger ones, and a relative small number
of proteins are involved in a majority of interactions present (Albert & Barabasi, 2002;
Barabasi, 2013; Batada et al.,, 2006; Eisenberg & Levanon, 2003; Ramos et al., 2024; Stelzl
et al, 2005). Additionally, a negative correlation between the degree of connection and
the evolutionary rate of proteins has been described (Fraser et al.,, 2002). When looking
at known protein interactions for AtLUG and AtSEU in A. thaliana, even when focusing
only on low-throughput studies with a high degree of certainty (Supplementary Table 3),
both proteins exhibit a high amount of individual interactions with a variety of different
partners, like histone modifiers such as HDA19 (Gonzalez et al.,2007) or SDG4 (Zhai et al.,
2020), patterning factors like the YABBY family (Franks et al., 2006; Stahle et al., 2009),
or MADS-box TFs (Balanza et al.,, 2016; Sridhar et al., 2004). Similarly, even though they
are not as well studied as their respective family members, both AtLUH and the AtSLKs
exhibit some overlap with, but also distinctive interactions from their homologs, like be-
tween AtLUH with histones H2B and H3 (Shrestha et al,, 2014) or with PHYTOCHROME-
INTERACTING FACTOR 1 (PIF1) (N. Lee et al, 2015).

Interaction networks follow a power law distribution with f(x) ~ x*, where the exponent
a is a constant that significantly shapes the distribution (Ng & Huang, 2004). The range of
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the exponent has been estimated to span between 1.5 and 2.4 (Ng & Huang, 2004; Stelzl
et al, 2005), with some proteome interaction databases showing extreme values of up
to 5.3 (Ramos et al., 2024). General approximations of the mean number of interactions
each protein in a network possesses have been ranged between two and six, especially
when removing the top few interacting proteins, as they tend to inflate the mean signifi-
cantly (Arabidopsis Interactome Mapping Consortium et al., 2011; Grigoriev, 2003; L.-P.
Lietal, 2022; Ng & Huang, 2004). When combining the results of the Y2H assays (Fig.
10 and 12) with the interaction partners known from of low-throughput studies (Supple-
mentary Table 3), AtLUG exhibits 22 known interaction partners, while AtSEU interacts
with 29 different proteins. This places both proteins among the top 22 % of interacting
proteins in biological interaction networks, when assuming an « value of 1.5, while they
place among the top 5 % for higher a values (Fig. 22). However, it is important to note
that the curated list of interaction partners is likely not complete, and that not all inter-
actions AtLUG and AtSEU partake in are known, which causes an underestimation of the

true amount of interaction partners both proteins possess.

Therefore, the LUG and SEU families represent not only an old, conserved, and coevolving
set of transcriptional regulators, but are also highly connected within protein regulatory
networks. While a unified definition of hub proteins in interaction networks is still miss-
ing, both LUG and SEU can be regarded as such interaction hubs under multiple popular
descriptions (Meng et al., 2022).
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Figure 22: Exemplary power law functions for different a values. X-axis: logarithmic scale represent-
ing the values (number of interaction partners) each point (protein) possesses. The y-axis displays the per-
centile for each point, ranked by decreasing value. 1000 data points were plotted for each function. Black
function: power law with a = 1.5; Green function: Power law with a = 2; Purple function: Power law with a
= 2.5. Vertical lines depict the position of AtLUG with 22 and of AtSEU with 29 interaction partners, respec-
tively, while horizontal lines depict the percentile of points below these thresholds for the different power
law functions. AtLUG percentiles are depicted on the left site, AtSEU on the right site. The functions were
created using the poweRlaw package in R (Gillespie, 2015).
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Therefore, it is of interest to analyze the general dynamics and control of such protein
interaction hubs, and how they apply to the functional LUG - SEU module. Previous stud-
ies have identified several behavioral patterns and connected control mechanisms for
protein interaction networks as a whole, and for hub proteins specifically. Protein inter-
actions and complexes are generally considered as dynamic states depending on a va-
riety of spatial, temporal, and contextual variations, and thus avenues of control (Meng
et al., 2022; Przytycka et al, 2010). They can be controlled by a combination of three
distinct mechanisms: By temporal and spatial control of protein encounters, by local con-
centration regulated via gene expression, degradation, and similar mechanisms, and by
the physicochemical environment (Nooren, 2003). Hub proteins in particular possess dis-
crete behaviours and regulatory traits, due to their importance in protein networks: De-
pending on their characteristics, they are often divided into , party“ hubs that possess mul-
tiple interaction interfaces and bind most of their interaction partners simultaneously,
and into ,date“ hubs that bind different protein partners at distinct times and locations,
often only exhibiting one or two interaction interfaces (Han et al, 2004; P. M. Kim et al,
2006). The interaction partners of such ,date” hubs are usually mutually exclusive, and
the control of specific interactions relies on precise spatiotemporal expression of specific
components (Goel & Wilkins, 2012; P. M. Kim et al,, 2006). Two behaviours are preva-
lent for such hubs, either a dynamically expressed protein hub that relies on competitive
binding of their interaction partners to enable distinct interactions, or a static hub whose
binding partners are controlled via dynamic expression, but not through mutual compet-
itiveness (Goel & Wilkins, 2012).

When applying these characteristics to the LUG - SEU module, it becomes apparent that
these proteins most likely form a ,date“ hub with static expression, relying on dynamic
control of their interaction partners for targeted gene regulation: For one, the examined
LUG and SEU homologs showed a high degree of interaction with both types of MADS-
box TFs in the Y2H assay, with no apparent preferences for either type (Fig. 12). Their
homologs are broadly expressed throughout land plants, with only some selective tis-
sues or developmental stages showing reduced expression, such as A. thaliana pollen and
embryo, or M. polymorpha sperm cells (Fig. 8). Contrastingly, the expression of the tar-
get specifying MADS-box genes exhibits a noticeably higher variation in their expression
across the various tissues and developmental stages, thus allowing for the formation of
different regulatory complexes in diverse contexts (Supplementary Fig. 1). Additionally,
both LUG and SEU homologs in A. thaliana have been mostly implicated to interact with
only one or two proteins at a time, with only a few pathways like the interaction with
YABBYs or with the mediator complex exhibiting higher order complexes (Gonzalez et al.,
2007; Stahle et al.,, 2009).
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5.2.2 Both LUG and SEU exhibit specific behaviours and structural features sup-
porting their diverse regulatory functions

One aspect highly likely enabling the function of LUG and SEU homologs to act as regu-
latory hubs are their IDRs. In recent years, research into the characteristics of IDRs in
general has revealed their rich functional possibilities, as they allow and govern an im-
mense breadth of roles, from substrate or partner recognition, to abiotic sensoring, and
transcriptional regulation (Holehouse & Kragelund, 2024). They often exhibit the abil-
ity to dynamically interact with other proteins or DNA in multiple different, mutually ex-
clusive confirmations, called fuzzy binding; and together with their prevalence for post-
translational modifications, high association rates, and possibility for small linear motifs
increasing affinity for specific protein domains, they represent a critical backbone for reg-
ulatory networks, that can be relatively easily fine-tuned and shaped by evolution (Hole-
house & Kragelund, 2024; Mar et al., 2023; van der Lee et al, 2014). One especially no-
table ability of IDRs is the formation of phase-separated, liquid-like condensates that can
alter gene expression patterns upon forming or dissolution. These condensates are often
triggered by abiotic factors like temperature, osmolarity, or mechanical stress, but also
by protein concentration, and post-translational modifications (Holehouse & Kragelund,
2024; Mar et al., 2023; Xiao & Xia, 2025). For example, formation of such liquid-like con-
densates has been demonstrated for SEU homologs across land plants, resulting in al-
tered gene expression upon hyperosmotic stress, while SLK proteins are interestingly
incapable of condensation (B. Wang et al., 2022).

Of course, there are more structural features and behaviours that aid in the establishment
of LUG and SEU as a regulatory hub, with especially the WD40 domain being of note, as
it facilitates the formation of larger protein complexes throughout eukaryotes (Xu & Min,
2011). Another example can be seen by the strong degree of homo- and heterodimeriza-
tion observed within both the LUG and SEU families for multiple species (Fig. 10): It has
been previously described that the probability of a protein to self-interact increases lin-
early with its connectivity in protein interaction networks, and that proteins exhibiting
homodimer formation interact with twice as many partners on average than those with-
out self-interaction. This behaviour has been attributed to the ,stickiness” of proteins,
which expresses their disposition for forming protein dimers and multimers in general,
with a higher ,stickiness“ correlating to an increase in homodimer formation (Ispolatov,
2005). Additionally, it has been reported that homologs of homodimer-forming proteins
often also display the formation of heterodimers with their family members, due to the in-
heritance and subsequent modification of homodimer capability, allowing for the binding
between different homologs instead (A. Marchant et al,, 2019). For the LUG family, homo-
and heterodimerization is most likely facilitated by the LisH motif, given its function as
general dimerization motif across eukaryotes (Gerlitz et al,, 2005; M. H. Kim et al., 2004),
and / or by the LUFS domain, which has been suggested to even allow homotetramer for-
mation (H. Wang et al.,, 2019). While the exact mechanism is still unknown for the SEU

94



5 Discussion

family, it is likely connected to their IDRs, which have been shown to generally modulate
both protein interaction as well as dimerization (Mar et al., 2023). Therefore, these ob-
served homo- and heterodimers within the LUG and SEU families not only underscore
their function as regulatory hubs by indicating their propensity as highly interacting pro-
teins, but could potentially also function in regulatory pathways as well, for example by
requiring dimerization ahead of interaction partner binding. However, the possible roles
of LUG and SEU homo- and intrafamily heterodimers in their gene regulatory networks
remain to be studied.

In conclusion, the connection of LUG and SEU homologs both individually and as a mod-
ule to a variety of interaction partners in a plethora of regulatory pathways, ranging from
reproduction to phytohormone signaling and stress response, are the results of their role
as ,date” hubs in gene regulatory networks, and likely modulated by their functional
domains, their ,stickiness” for protein interactions, and by operative motifs in and be-
haviours of their IDRs (Fig. 4; Azhakanandam et al.,, 2008; Conner & Liu, 2000; J. E. Lee
et al., 2014; Shrestha et al.,, 2014; Sitaraman et al., 2008; B. Wang et al., 2022).

5.3 The recruitment of the functional LUG - SEU module to floral
developmental regulation by the MADS-box TFs

The origin of the evolutionary trajectory of the LUG - SEU module as a regulatory plat-
form can be traced back at least 800 million years ago, to the MRCA of the Klebsormid-
iophyceae and the ZCC-grade streptophyte lineages (Bierenbroodspot et al., 2024): Both
the formation of the LUG - SEU module, as well as the interaction of LUG homologs with
the MADS-box MIKC family could be dated to this ancestor; indicating a deeply conserved
interaction between these proteins. Interestingly, no heterodimer formation could be ob-
served between the K. nitens KnSEU and KnMADS homologs, while extensive interactions
between their homologs in land plants were present (Fig. 12), indicating either a lineage-
specific loss of this interaction for K. nitens, or a gain during the evolution of the ZCC-grade
and / or the embryophyte lineages. Similarly, some lineage-specific losses between pro-
tein binding of the LUG homologs with MIKC® could be observed, like in C. richardii and
M. polymorpha, while interactions between LUG and the MIKC* group were maintained

across land plants.

MADS-box genes have been implicated in reproductive processes across both land plants
and the ZCC-grade, for example functioning in reproductive cell differentiation in multi-
ple charophyceae species (Tanabe et al, 2005). While little is known about their exact
regulatory mechanism in algae or their functions beyond the ZCC-grade, the conserved
interaction between LUG and MADS-box homologs suggest that at least some of the MADS-
box target genes across streptophyte algae evolution were regulated in concert with LUG
proteins. Additionally, multiple families of proteins that are known to act jointly with LUG

and / or SEU homologs have been shown to be present across eukaryotes in general, such
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as the class I histone deacetylase and the histone acetyltransferase families, to which the
A. thaliana homologs AtHDA19 and AtHAC1, respectively, belong to (Alinsug et al., 2009;
Pandey, 2002). Additionally, multiple components of the mediator complex exist through-
out eukaryotes as well (Nagulapalli et al., 2016), while members of the SDG family could
be traced to the MRCA of the streptophytes at the latest (Supplementary Fig. 8). Taken
together, there is a high probability that the functional gene regulatory complex between
target-specifying MADS-box TFs, LUG and possibly SEU homologs, and histone modifiers
or other regulatory proteins was already formed during the evolution of the streptophyte
lineage, governing aspects of reproductive regulation (Fig. 23). This in turn could have
laid the foundation for the subsequent evolution of function of the LUG - SEU module in
the land plant lineage.

During land plant evolution, gene regulatory networks were rewired and expanded by
gene neo- or subfunctionalization, the occurrence of novel genes, and by co-option of al-
ready present regulatory networks, to support the development of new pathways, tissues
and organs, such as the auxin signaling pathway, desiccation tolerance mechanisms, or
stomata and vascular tissues (Artur & Kajala, 2021; Bowles et al., 2022; Mutte et al., 2018).
For example, in the lineage leading to land plants, a split of the MIKC family into the type
[ and type II MADS-box groups occurred, with the type I family subsequently diverging
into the MIKC* and M-type genes (Kaufmann et al., 2005; Kwantes et al., 2012; Qiu et al.,
2023; Qiu & Koéhler, 2026). Similarly, the emergence of land plant specific clades for both
the LUG and SEU families can be detected (Fig. 5). Interactions between SEU homologs
with both MIKC® and MIKC* type proteins could be observed across all tested land plant
lineages, as well as interaction with M-type proteins in P. patens, without a noticeable
bias for either group (Fig. 12). Together with the lineage-specific losses of LUG - MIKC®
interaction mentioned above, it is quite likely that in land plants, the binding of MADS-
box TFs to SEU homologs is the primary mechanism of targeting the LUG - SEU module
to specific genes, while binding to LUG functions as a secondary option in specific situa-
tions (Fig. 23). During the divergence of the MADS-box lineage, MIKC® proteins became
primarily associated with reproductive regulation in sporophytes, while the type I pro-
teins primarily function in regulation of the gametophyte, with MIKC* ones controlling
the male gametophyte, and M-types regulating the female gametophyte and the embryo,
respectively (Gramzow & Theissen, 2010; Qiu & Koéhler, 2022; Qiu & Koéhler, 2026; M.-X.
Zhangetal, 2020; L. Zhang et al., 2024). Therefore, the recruitment of the LUG - SEU mod-
ule to multiple aspects of angiosperm reproduction, such as general flower development
(Conner & Liu, 2000; Franks et al., 2002; Sridhar et al., 2006) or regulation of ovule initia-
tion and development (Azhakanandam etal., 2008; Bao etal.,2010; Z. Liu et al., 2000; M. K.
Simon et al.,, 2017) was likely mediated by the continued interaction with the MADS-box
family, whose diversification and expansion was a critical cornerstone for the evolution
of these reproductive structures (Kaufmann et al., 2005; Qiu & Kohler, 2026). Addition-
ally, this also allowed subsequent secondary co-option of LUG and / or SEU functions, for
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example in anther development (Shi et al, 2024), and likely aided in the connection be-
tween stress responses and the regulation of sexual development (Geng et al., 2017; Qiu
& Kohler, 2026; Shrestha et al., 2014).

As the LUG - SEU complex functions as a static ,date“ hub, fine-tuning of specific regula-
tory complexes is likely mediated primarily by the specific expression and binding dynam-
ics of individual MADS-box genes and other protein partners. Multiple MADS-box genes
show strong differential expression in various tissues and developmental stages (Supple-
mentary Fig. 1), and additionally, differences in predicted interaction sites between var-
ious SEU homologs and selected MIKC® and MIKC* proteins could be observed (Supple-
mentary Fig. 9). Interacting residues in dimers between SEU homologs with both MIKC®
members, and the MIKC protein of K. nitens, are predicted to be primarily located in the
K-domain, while they were distributed across both the I- and K-domain for MIKC* con-
taining dimers. Further,; interactions between the CrSEUs of C. richardii with the MIKC*
protein CRM13, and binding for both MADS-box types in P. patens were predicted to in-
volve the M-domain as well. Interactions between MADS-box TFs with both MADS-box
and non-MADS-box proteins are thought to be mediated primarily by the K-domain, and
to alesser extend the [-domain (Melzer & Theif3en, 2009; Z. Zhang et al., 2024). Therefore,
such lineage- and group-specific differences could signify a certain level of independent
evolution and fine-tuning between the different groups of MADS-box proteins in regards
to their interaction with LUG and SEU homologs, allowing for more precise modulation
of binding specificity and target gene regulation. The functions of the more weakly con-
served C-domains are less clear, but they have been suggested to play arole in some inter-
actions with other protein classes as well, and indeed, in A. thaliana, AtSEP3 and AtAP1
both rely to a certain extend on the presence of their respective C-domains to bind to
AtSEU (Melzer & Theifden, 2009; Sridhar et al.,, 2006; Z. Zhang et al., 2024)

Another possible avenue for controlling the regulatory effects of the LUG - SEU module is
the activity and affinity of their interacting histone modulators and other regulatory pro-
teins. Although there is not much known about the exact functional dynamics of these
proteins in plants outside angiosperms, there have been reports that the regulatory ef-
fects of certain histone modifications depend on the specific plant lineage: For example,
H3K4me3 trimethylation, which can be conveyed by the activity of SDG4 homologs, was
shown to cause transcriptional repression in M. polymorpha, but is associated with activa-
tion in P, patens (Hisanaga et al., 2023; Zhai et al., 2020). Similarly, single methylation of
histone 3 (H3K9me1l) in gymnosperms correlates with euchromatin, while it represents
a heterochromatin mark in angiosperms (Fuchs et al., 2008). Therefore, the readout of
the various histone modifications caused by the LUG - SEU module is another malleable

pathway that influences its precise regulatory effects on various target genes.

In summary, the interaction between components of the LUG - SEU module with the

MADS-box TFs was maintained for at least 800 million years of evolution in the green lin-
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eage (Bierenbroodspot et al.,, 2024), and likely played an important role in reproductive
control in the lineages leading to the ZCC-grade and the embryophytes. After the transi-
tion to land, the continued function of MADS-box TFs in all aspects of reproduction an-
chored the LUG - SEU module to a position as a central regulator of land plant sexual
reproduction. Further, this position also aided in the recruitment of the module or of sin-
gular components to a variety of different processes, thereby establishing a connection
between the regulation of reproduction and additional pathways, such as auxin signaling

or stress response.

D <> W

2

Targets Targets

1 1
i i
v \ 4
g Q o Q O O b
§ $ F L EPE
F&Fe&FFeFFFFIeEes
g ¢ & & & & & E &S I 9
S EL L £ £ & ¥ 8§ E & &
X o ¢ & &
F & & & EE ¢ § & ¥
Lo 0y &5 s ~ \>§GQ’
¢ § F & £ 9 S S
§ & &§ & & § @ ¥
N o QL
5 & 5 e S
o & 9 L N
g O @ o A
Q0 O
S <

Figure 23: Proposed evolution of the LUG - SEU - MADS-box TF interaction in the streptophyte lin-
eage. Interaction between MIKC type MADS-box TFs, LUG homologs and histone modifiers like HDAs and
HACs is suspected to have originated in the MRCA of Klebsormidiophyceae and the ZCC-grade at the latest,
governing reproductive processes, and with unclear involvement of SEU homologs. In the lineage leading
to land plants, both MIKC® and MIKC* proteins primarily interact with SEU homologs in the context of the
LUG - SEU module. MADS-box TFs are still suspected to govern reproductive regulation, for example flower
development in angiosperms. Major lineages for streptophyte algae are colored blue, bryophyte lineages
green, and tracheophyte lineages lime (Bierenbroodspotetal, 2024; G.-Q. Liu et al., 2022). Estimated crown
ages for selected branches based on Harris et al. (2022).
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5.4 LUG homologs function in phytohormone signaling and organ

identity specification since the origin of land plants

Analyzing the roles of LUG homologs in the developmental regulation of mosses like P,
patens can not only yield information about the evolution of their functions in the bryo-
phyte lineage, but together with known regulatory pathways from angiosperms, can also
aid in reconstructing the ancestral functions of the LUG family during the transition to
land 500 million years ago (Harris et al., 2022). Here, it can be shown that LUG homologs
function in the regulation of the auxin signaling pathway and of downstream organ spec-
ification since the emergence of this pathway, thus functioning in both sexual regulation,

but also phytohormone-mediated signaling during plant development.

5.4.1 The P. patens pplug phenotypes exhibit a bistable switch between the two
principal phenotypes

The genotype - phenotype combinations of the P. patens pplug3 pplug4 mutants can be di-
vided into four different categories (section 4.5.1): There were two double pplug3 pplug4
knockouts exhibiting a ,WT similar” phenotype (groups 4) and 5)), four individual lines
possessing a deletion in the PpLUG3 LUFS domain and a full pplug4 knockout that dis-
played a ,ball of protonema tissue“ phenotype (group 2)), as well as two intermediate
mutants. Of those, line #070 of group 1) lacked fragments of both the PpLUG3 and the
PpLUG4 LUFS regions, resulting in a ,ball“ phenotype, while line #211 (group 3)) con-
sisted of a similar genotype to 2), but exhibited the ,WT similar” phenotype instead. To-
gether, these results suggest that partial deletions in the LUFS interaction domain of es-
pecially PpLUG3, and to a lesser extend of PpLUG4, are the main driver of the ,ball“ pheno-
type, while complete knockouts of both PpLUG3 and PpLUG4 result in a ,WT similar” phe-
notype. However, line #211, which possessed a ,WT similar” phenotype, but unexpect-
edly, a pplug3ALUFS pplug4 genotype, demonstrates that the exact connection between

PpLUG genotype and phenotype is more complex than initially surmised.

To precisely explain the precise mechanistic foundation of the observed phenotypes, four
assumptions about LUG homologs in P. patens were made: For one, it was postulated that
both PpLUG3 and PpLUG4 possess gene regulatory functions in P, patens, as the LUG fam-
ily is not known to act outside of gene regulation (Gonzalez et al., 2007; Sridhar et al,
2004; Vega-Leon et al.,, 2025). Secondly, the general functions and therefore also the si-
multaneous loss of PpLUG3 and PpLUG4 can be compensated by activity of PpLUG1. In
contrast to PpLUGZ2, it is not only the most strongly expressed LUG homolog in P. patens
(Fig. 8), but also showed protein interactions with PpSEU2 and with some MADS-box TFs
in the Y2H assays, which were absent for PpLUG2 (Fig. 10 and 12). Additionally, at least
partial compensation of the loss of LUG proteins by other LUG homologs has been de-
scribed previously, for example for A. thaliana (Sitaraman et al, 2008). Thirdly, it was
assumed that mutations of the LUFS domain primarily result in disruption of the LUG -
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SEU complex, as the LUFS domain is not only necessary for interaction with SEU homologs
in plants (Shrestha et al., 2014; Sridhar et al.,, 2004 ), but also with LDB domain containing
proteins across eukaryotes (Bao et al., 2010; van Meyel et al., 2003). Indeed, the deletion
observed for the L3_2 mutant for example causes a loss of several of the short N-terminal
a-helices of the LUFS domain, which partially overlaps with the region of consistently in-
teracting residues between LUG and SEU homologs (Fig. 7 and 13F). As other proteins
bind LUG mostly via the intermediate region or the WD40 domains however (Gonzalez
etal, 2007; Vega-Leon et al.,, 2025; Xu & Min, 2011), their interactions are unaffected. As
discussed in section 5.3, multiple components known to interact with LUG and / or SEU
homologs were already present and, in the case of the MADS-box TFs, shown to interactin
the MRCA of land plants and the Klebsormidiophyceae lineage. Therefore, it is reasonable
to, fourthly, assume that the general mechanism of interaction and target gene regulation
by the LUG - SEU complex in the bryophyte lineage is comparable to the pathway known

in angiosperms.

Combining all four assumption, the following model for target gene regulation by PpLUG3
and PpLUG4 in P, patens is proposed, using the canonical regulation in angiosperms as
a basis (Fig. 24): Under normal conditions, PpLUG3 and / or PpLUG4 can interact with
PpSEU proteins to bring TFs specifying genetic targets together with histone deacetylases
or other histone modifiers (Fig. 24A; Gonzalez et al.,, 2007; Sridhar et al, 2004; Sridhar et
al., 2006). Although no interaction between PpLUG3 and the two tested PpSEU homologs
has been observed in the Y2H assay (Fig. 10), the general conservation of the LUG - SEU
interaction and the presence of strong phenotypes for P. patens pplug3 mutants suggest
interactions between PpLUG3 with at least some of the PpSEU homologs present. Addi-
tionally, Y2H assays are prone to false negative results that can’t easily be detected (Briick-
ner et al., 2009), further underscoring a possibility for PpLUG3 - PpSEU interactions.

The loss of both PpLUG3 and PpLUG#4 causes the remaining PpLUG homologs, primarily
PpLUG1, to compensate the loss by acting in the LUG - SEU module in their stead (Fig.
24B). However, disruption of only the LUFS domain of PpLUG3 and / or PpLUG4 causes
competitive binding between the mutated and the remaining PpLUG homologs to their
shared interaction partners (Fig. 24C). In combination with the inability of mutated Pp-
LUG3/4 to bind to PpSEU, a reduction of the overall efficiency of the PpLUG mediated gene
regulation occurs, causing an increased expression of normally repressed genes, and vice
versa. Subsequently, downstream regulatory pathways are compromised, causing a cas-
cade effect that results in a switch from the ,WT similar” configuration of P. patens to
the severely disrupted ,ball“ phenotype. Such bistable switches between two highly sta-
ble, but fundamentally different states are quite common throughout biological systems,
like for enzymatic proteins or positive feedback loops. Perturbations of such systems, for
example by changes in transcriptional regulation, can cause the stability and balance of
stable states to change, or can even outright eliminate certain states, thus pushing the
system into a different state of stability (D. Huang et al,, 2012; Kadiyala et al., 2025). In
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the case of P. patens pplug3 pplug4 mutants, there seem to be two principal stable states,
namely the WT state, and the ,ball of protonema tissue“ state. Depending on the competi-
tive strengths between intact PpLUG1 and the mutated PpLUG3 and PpLUG4, phenotypes
fall into one of these two stable states (Fig. 24D).

This model can also explain the paradoxical genotype - phenotype combination of line
#211, and some phenotypic observations of line #214: For the former, even though only
the LUFS domain of PpLUG3 was disrupted, with the remaining protein staying intact, a
»WT similar” phenotype was present, indicating that the intact PpLUG homologs might
have been competitively stronger than the mutated PpLUG3, thus being able to compen-
sate the compromised PpLUG mediated gene regulation at a higher level than in other
mutant lines, preventing a switch to the ,ball“ mutant phenotype by adding stability to
the WT state. Similarly, while both PpLUG3 and PpLUG4 were lost in line #214, result-
ing in a ,WT similar” phenotype, it behaved differently than the other two ,WT similar*
lines: For example, line #214 exhibited a reduced reproductive success, with a strong de-
crease in sporophyte formation compared to the other mutant lines (Fig. 17B). Addition-
ally, their chloronema length and width were significantly different from the WT, under
both normal growth conditions, and with exogenous auxin (Fig. 15D - E, Supplementary
Table 1). These observations indicate a reduced ability of PpLUG1 to compensate the loss
of PpLUG3 and PpLUG4, resulting in some regulatory downstream effects, but not strong
enough to overcome the region of high instability between the ,WT similar” and the ,ball
of protonema tissue“ phenotype.

However, the exact reasons one or the other PpLUG homolog might be more successful in
recruiting their binding partners or to compensate for gene loss remains unknown, but
could yield an interesting avenue for further research into the mechanistic details of the
LUG - SEU module gene regulation in P. patens.
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Figure 24: Proposed mechanistical model for the pplug3 pplug4 P. patens mutant phenotypes. A)
Function of the LUG - SEU complex in WT plants, causing deacetylation and repression of target gene ex-
pression. B) Compensation of the simultaneous loss of PpLUG3 and PpLUG4 in knockout lines by PpLUG1.
C) Disruption of the LUFS domain for PpLUG3 and loss of PpLUG#4 or its LUFS domain prevents formation of
the LUG - SEU complex. In combination with competitive binding of LUG interaction partners like histone
deacetylases to PpLUG3/PpLUG4 and to intact PpLUG1, the effectiveness of the target gene regulation of
the LUG - SEU module is weakened, allowing for expression of otherwise repressed genes, disrupting the
stable state. D) Model of the bistability of pplug3 pplug4 mutant lines. Both the ,WT similar” and the ,ball
of protonema tissue” phenotype are stable states divided by a region with low stability. Depending on the
competitive strength of intact PpLUG1 and PpLUG3ALUFS, the mutant phenotypes fall into one or the other
state.

5.4.2 PpLUG homologs are critical for establishing caulonema identity in concert
with the auxin signaling pathway

The P. patens ,ball of protonema tissue“ mutant lines primarily consisted of tissue with
high similarity to chloronema, but aberrant cell sizes and shapes (Fig. 15C - E). Given
that chloronema are the first emergent tissue type in the P, patens life cycle, and that
the observed cells shared several critical similarities with chloronema, like the signature
transverse cell plates and the high amount of chloroplasts (Jaeger & Moody, 2021; Moody,
2022; Rensingetal, 2020), itis reasonable to assume that the primary tissue type of ,ball”
mutants was indeed comprised of chloronema cells. Under prolonged growth, some ,ball*
phenotype lines exhibited the formation of protonema cells of questionable caulonema
identity, and considering that the transition from chloronema to caulonema in general is
only established during the development of the gametophyte (Moody, 2022; Rensing et
al, 2020), it is highly likely that the observed phenotype is caused by a severe disruption
of either caulonema identity specification, or protonema differentiation. Indeed, three
sets of mutants that resemble many aspects of the ,ball“ mutant phenotypes have been
described so far, and all three are connected to the establishment of the chloronema -

caulonema transition, which is governed by the auxin signaling pathway:

Double knockouts of the bHLH TF genes PpRSL1 and PpRSLZ2 result in small gametophytes
with considerably shorter chloronema cells and an inability to form caulonema, and sub-
sequently gametophores (Jang & Dolan, 2011). The auxin-promoted activity of both Pp-
RSL1 and PpRSLZ2 is required for establishing polar caulonema identity along the pro-
tonema filament, and as such, overexpression of PpRSL1 and PpRSLZ2 leads to an increased
formation of caulonema cells, resembling WT plants grown on exogenous auxin (Jang &
Dolan, 2011). In a similar vein, knockouts of the PpLRL1 and PpLRLZ genes have been de-
scribed to exhibit defects in both rhizoid formation and caulonema differentiation, with
double mutants forming significantly smaller gametophytes described as ,a dense mat of
chloronemal...]“ (Tam et al., 2015), with a notable absence of caulonema cells. Like the
PpRSL genes, the expression of the PpLRLs is promoted by auxin, and consequently, dou-
ble knockouts are auxin-resistant (Tam et al., 2015). Interestingly however, while both set
of genes are required to correctly establish caulonema identity, they have been shown to
actindependently from each other (Jaeger & Moody, 2021; Jang & Dolan, 2011; Tam et al,
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2015; Thelander et al., 2018).

Additionally, overexpression of the PIN proteins of P. patens has also been reported to re-
sultin a comparable phenotype (Viaene et al., 2014). P. patens contains four PIN proteins,
and overexpression of the long PIN PpPINA or of PpPINB results in the formation of small,
dense gametophytes that show a considerable delay in the establishment of caulonema
identity, while pin knockouts show elongated protonema cells and an earlier transition to
caulonema identity. Additionally, overexpression of A. thaliana PIN proteins in P. patens
also disrupts the chloronema - caulonema transition. Is has been suggested that these
phenotypes are caused by an increased polar export of cellular auxin into the surround-
ing medium, thus reducing and delaying the buildup of the local auxin maximum needed
for the developmental transition to caulonema identity. In case of pin mutants, the inverse
effect occurs, with an increased auxin buildup resulting in cell elongation and enhanced
caulonema establishment (Viaene et al., 2014).

The common denominator of all three previously described mutants it the auxin signal-
ing pathway, which is the main driver of the chloronema - caulonema transition and as
such the most likely pathway affected by the PpLUG mutants (Jaeger & Moody, 2021; Ko-
fuji & Hasebe, 2014). While the PpLUGs could theoretically regulate the expression of
the PpRSLs or PpLRLs in addition to, but independently from the auxin pathway, several
pieces of evidence refute this hypothesis and indicate a direct regulation of the auxin path-
way: For one, while the gametophytes of of both the pprsl1 pprsi2 and pplrl1 pplri2 double
mutant lines have been reported to be of around half the size of WT gametophytes (Jang
& Dolan, 2011; Tam et al., 2015), the ,ball“ gametophytes were considerably smaller than
either line, with only around ~ 5—10 of the size of WT gametophytes (Fig. 14B). Secondly,
the callus-like structures of cytokinin-treated ,ball“ mutant lines showed a notable ab-
sence of leaflet outgrowth, which was present for the WT and the ,WT similar” lines (Fig.
21), and is a hallmark effect of high exogenous cytokinin in P. patens (Ashton et al.,, 1979).
Not only are neither PpRSLs nor PpLRLs known to function during gametophore devel-
opment outside of rhizoids (Jang & Dolan, 2011; Tam et al., 2015; Thelander et al., 2018),
but the presence of auxin has been described as a necessary prerequisite for leaflet out-
growth from cytokinin-induced stem cells (Cammarata et al., 2023), indicating a disrup-
tion of the auxin pathway in these lines. Thirdly, the ,WT similar” lines exhibited a delay
in gametophore induction, a process that is governed by and dependent on both auxin-
and cytokinin-mediated regulation (Fig. 15F; Moody, 2022). Finally, the ,WT similar” mu-
tant line #214 showed a significant reduction in sporophyte initiation on top of the game-
tophores (Fig. 17B). Auxin has previously been linked to both opening of antheridia and
archegonia, and to developmental processes in the egg cell and sporophyte (Thelander

et al.,, 2018), which all could explain this striking reduction of reproductive success.

Therefore, it is quite plausible that the PpLUG homologs directly regulate aspects of the

auxin signaling pathway, instead of individual gene or gene families. Further, the for-
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mation of bistable switches by auxin have been described before: For one, the auxin-
mediated regulation via its canonical pathway itself is an example for such a bistable
switch (Leyser, 2018). Additionally, there are known feedback loops between auxin sig-
naling and other factors, such as with the SCR - SHORT ROOT protein complex in the root
tip stem cell region that regulates asymmetric cell division (Cruz-Ramirez et al.,, 2012),
or with the protein EPIDERMAL PATTERNING FACTOR-LIKE 2, which suppresses cellu-
lar auxin response, but without affecting the actual cellular auxin level, to space out the
effect of auxin maxima in the leaf margin, thus creating a bistable system for leaf serra-
tion regulation (Tameshige et al., 2025). While these examples are precisely coordinated
switches instead of resulting from disrupted auxin coordination, they nevertheless set a
precedent for the formation of different stable states in conjunction with the auxin sig-

naling pathway.

5.4.3 The LUG - SEU module potentially regulates both auxin homeostasis and
components of its canonical signaling pathway

In mosses, auxin is known to to only affect transcription through the TIR1/AFB - Aux/IAA
- ARF pathway (Fig. 25A - B; Lavy et al.,, 2016), while not much is known about the tran-
scriptionally independent rapid auxin response via cCAMP signals. In total, there are four
TIR1/AFB receptors, three Aux/IAA genes, and up to 17 ARFs present in the P. patens
genome, alongside three long PIN and one short PIN genes (Thelander et al., 2018; Vi-
aene et al., 2014). Thus, there are multiple potential points of regulation that could be
governed by the LUG - SEU module:

For one, LUG and SEU could regulate the expression of one or more ARFs, especially by
repressing the expression of class B ARFs (Fig. 25C). As these ARFs are generally consid-
ered to be transcriptional repressors (Lavy et al., 2016; Mutte et al., 2018; Prigge et al,,
2025), loss of LUG and SEU based repression would yield an enhanced class B ARF ex-
pression and subsequently increased downregulation of their target genes. Indeed, dom-
inant mutants of the class B ARFs PpARFb2 and PpARFb4 that increase the stability of
the proteins against proteasomal degradation have been demonstrated to negatively af-
fect the chloronema - caulonema transition, resulting in phenotypes resembling pprsi1
pprsi2 and pplrll pplrl2 mutants (Prigge et al., 2025). For the PpARFZb stability mutant
specifically, the expression of PpRSL6, which is also involved in establishing caulonema
identity in protonema filaments, is abolished, thus directly linking this repressive class B
ARF to the developmental regulation of caulonema establishment (Jaeger & Moody, 2021;
Prigge et al.,, 2025). Therefore, an increased expression of class B ARFs overall can very
likely cause a repression of caulonema identity, and depending on the rates of expression
and dynamic of auxin-mediated degradation of these ARFs, this repression might also

persist under high auxin conditions (Lavy et al., 2016).

Alternatively, the LUG - SEU module could also repress the expression of Aux/IAA genes,

which in the pplug mutant lines would result in a strong transcriptional repression of
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class A ARF target genes by the increased presence of Aux/IAA and the subsequent en-
hanced recruitment of the TPL and TPR corepressors (Fig. 25D; Causier et al., 2012; Lavy
etal, 2016; Taylor & Bargmann, 2025). Previous P. patens mutants exhibiting mutations
in the degron motifs of Aux/IAA genes rendering them more stable against proteasomal
degradation were reported to both arrest in the chloronema stage, and to be resistant to
auxin (Prigge et al, 2010), similar to the PpARF2b stability mutants (Prigge et al., 2025).
While the general effects of Aux/IAA overexpression are scarcely researched, available
studies in A. thaliana and in O. sativa report auxin-insensitive phenotypes for such over-

expression lines (Sato & Yamamoto, 2008; Song & Xu, 2013).

Due to the fact the the disruption of caulonema identity specification happens at the first
developmental transition in P, patens (Jaeger & Moody, 2021), and that all of the Aux/IAA
degron motif mutants, the pprsi1 pprsi2 knockouts, and the pplrll pplrl2 mutants were
described as completely insensitive to auxin (Jang & Dolan, 2011; Prigge et al,, 2010; Tam
etal, 2015), itis unfortunately not easily distinguishable whether the LUG - SEU module
targets specific class B ARF's only, regulates the expression of Aux/IAA and therefore in-
directly of class A ARFs, or functions in both pathways. For A. thaliana, AtSEU has been
shown to promote expression of the Aux/IAA homolog IAA19, and atseu atslk1 double mu-
tants exhibited reduced expression of several components of the auxin signaling pathway
in inflorescence meristems and carpels, like the class A ARF MONOPTEROS, the class B
ARF ETT, or the Aux/IAA genes IAA1 and [AA17 (Bao et al, 2010; Huai et al.,, 2018). While
itisn’t known whether this reduction of expression is due to direct regulation of the genes
by AtSEU and AtSLK1, or indirect effects caused by, for example, auxin-based feedback
loops, or general disruption of flower development, it nevertheless creates a precedent

linking these transcriptional regulators to all levels of the auxin signaling pathway.
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Figure 25: Schematic function of the TIR1/AFB - Aux/IAA - ARF pathway and the role of the LUG
- SEU module in the regulation of PpRSLs and PpLRLs. A) Auxin signaling pathway under low auxin
conditions, with Aux/IAA and TPL/TPR repressors inhibiting PpRSL/PpLRL expression together with class
B ARFs. B) High auxin (IAA) conditions cause degradation of Aux/IAA proteins and dissociation of TPL/TPR,
resulting in activation of PpRSL/PpLRL expression by class A ARFs. C) Disruption of the LUG - SEU module
mediated repression of class B ARF's causes overexpression of class B ARFs and repression of PpRSL/PpLRL
expression, even under high auxin conditions. D) Loss of Aux/IAA repression by the LUG - SEU module
causes Aux/IAA overexpression and repression of class A ARF target genes even under the influence of
auxin, due to increased recruitment of TPL/TPR corepressors.

Another possible point of regulation of the auxin signaling pathway by the LUG - SEU
complex would be the expression of the PpPIN efflux carrier (Fig. 26A - B). A reduction
in PpPIN inhibition would result in an overproduction of PIN proteins in chloronema cells,
which has been demonstrated to delay chloronema - caulonema transition by disruption
local auxin maxima due to export of auxin into the surrounding medium (Fig. 26C; Viaene
et al, 2014). There are indeed several studies linking LUG and SEU homologs to the reg-
ulation of angiosperm PIN proteins: In A. thaliana, both AtSEU and AtSLK2 are known to
function in AtPIN1 expression and positioning, with atseu atslk2 double mutants showing
areduction in cellular auxin accumulation (J. E. Lee et al, 2014). Furthermore, AtLUG has
been implicated to regulate auxin homeostasis together with AtSEU by controlling auxin
biosynthesis and polar transport (Staldal et al, 2008). Likewise, the LUG homolog in A.
majus has been shown to directly or indirectly promote auxin transport (Navarro et al.,
2004).

However, this hypothesis is limited by the observation that ,ball“ mutants are insensitive
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to even high amounts of exogenous auxin (Fig. 19), as it would require the ability of the
amassed PIN proteins to reliably deplete cellular auxin under these conditions. Two stud-
ies looking at either the dynamic of PIN-mediated efflux or the growth of A. thaliana root
hairs in various AtPIN overexpression lines revealed that, while different PIN proteins do
exhibit different auxin efflux rates that are linear to the present auxin concentration, even
low amounts of exogenous auxin beneath 50 nM were enough to restore root hair length
to control parameters (Ganguly et al, 2010; Janacek et al.,, 2024). Furthermore, NAA es-
pecially has been suggested to passively diffuse into the cell rather than being actively im-
ported, implying that its cellular concentration can only be controlled by polar efflux (Del-
barre et al., 1996). Therefore, it is questionable whether an overexpression of P. patens
PINs would be potent enough to offset the high exogenous NAA concentration. However,
it is also important to note that the dynamics of different natural and synthetic auxin
variants regarding uptake, transport, and perception remain poorly explored in mosses,
as are the kinetics of the different P. patens PIN proteins (Thelander et al, 2018; Viaene
etal, 2014).
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Figure 26: Model for the role of the LUG - SEU module in long PIN efflux carrier function in P. patens.
A) Polar auxin transport through PIN proteins from cytosol to neighbouring cells or the medium. B), C)
Lack of PIN expression repression by the LUG - SEU module causes increased number of PIN proteins
and depletion of cellular auxin. C) Synthetic exogenous NAA in the medium can diffuse through plasma
membrane, following a concentration gradient (Delbarre et al., 1996). Subsequently, PIN proteins export
both IAA and NAA, thus possibly maintaining a auxin-depleted cellular state.

Finally, there are two other avenues of regulation of the auxin signaling pathway by the
LUG - SEU module, but for both options, no strong supporting evidence is known in nei-
ther mosses nor angiosperms: For one, the LUG - SEU complex might also affect the tran-
scriptional activation of TIR1/AFB genes, which in turn would reduce the sensitivity of
the pathway to auxin (Thelander et al,, 2018). Indeed, ppafp mutants have been shown to
result in loss of caulonema differentiation and auxin response (Prigge et al., 2010). How-
ever, no interplay between LUG, SEU, or TIR1/AFB homologs or genes is known across
land plants so far. Secondly, AtLUG and AtSEU have been implicated in auxin biosynthesis
in angiosperms via regulation of the auxin biosynthesis gene YUCCA 4, and of the SHI/STY

108



5 Discussion

family of TFs that further promote biosynthesis genes (Bao etal,, 2010; Staldal et al., 2008;
Vega-Leon et al,, 2025). While homologs of these families are present in P. patens (The-
lander et al., 2018), the auxin-insensitivity of the ,ball“ mutant lines suggest that auxin
biosynthesis is unlikely to be affected, or is at least acting in concert with one or more of
the other regulatory possibilities discussed above.

In conclusion, there are multiple different aspects of the auxin signaling pathway that
could be controlled by the LUG - SEU module. While an exact mechanistical model can’t
be formulated at this time due to the limited knowledge of auxin regulation by LUG and
SEU in angiosperms and in mosses, some substantiated guesses can be made: For one,
there is a good chance that the module is responsible for the regulation of multiple facets
of the auxin pathway, that together are critically important for auxin sensitivity and the
establishment of the caulonema identity during gametophyte development. In A. thaliana,
AtSEU and AtSLK1 regulate the expression of both class A and B ARFs, of multiple Aux/IAA
homologs, and of auxin synthesis genes (Bao et al,, 2010; Huai et al, 2018). Similarly, LUG
homologs have been shown to regulate auxin biosynthesis and various auxin signaling
factors (Staldal et al., 2008; Vega-Leon et al., 2025), emphasizing the multi-factored con-
trol of auxin signaling by LUG and SEU in angiosperms, which very well could have orig-
inated in the MRCA of land plants during the evolution of the auxin signaling pathway
(Hernandez-Garcia et al., 2024; Mutte et al., 2018; see section 5.4.4).

Secondly, the changes of chloronema length and width for otherwise auxin-insensitive
,ball“ mutant lines (Fig. 19C - D) suggest that cell elongation via the rapid auxin response
is also present in the bryophyte lineage. Current knowledge about this mechanisms in P
patens is scarce (Thelander et al, 2018), but in angiosperms, it is known that the rapid
response causes acidification of the apoplast followed by cellular expansion, and acts in
concert with, butindependently from the transcriptional auxin control of cell growth (Ku-
mar et al., 2025). As the auxin signaling pathway of , ball“ mutants is severely disrupted,
the observed increase in chloronema length and decrease in chloronema width under
high exogenous auxin conditions can best be explained by this separate auxin-mediated
response. Consequently, there are multiple different auxin-dependent pathways present

in P, patens, some of which are independent of the LUG - SEU module and its regulation.

5.4.4 Theregulatory functions of LUG and SEU proteins in auxin signaling evolved
in the MRCA of land plants

While some streptophyte algae species have been shown to respond to auxin, the emer-
gence of the functional canonical TIR1/AFB - Aux/IAA - ARF signaling pathway has been
dated to the MRCA of land plants (Feng et al., 2024; Hernandez-Garcia et al., 2024; Mutte
etal, 2018). Both the TIR1/AFB and the Aux/IAA families can be traced across the strep-
tophyte lineage, but the auxin-responding functional module was only gained in the em-
bryophytes, as was the corepression between the Aux/IAAs and the TPL and TPR fami-
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lies, as well as the role of the rapid auxin response in cell elongation (Causier et al., 2012;
Hernandez-Garcia et al., 2024; Mutte et al., 2018; Zeng et al., 2024). In contrast, the origin
of the ARF family predates the divergence of the Klebsormidiophyceae lineage, with the
three classes of ARFs sharing a common proto-ARF ancestor. Notably, while the class C
ARFs split from the proto-ARF ancestor during the evolution of the streptophyte lineage,
the class A and B ARFs only diverged in the lineage leading to land plants (Mutte et al.,
2018). Consequently, the gene activating regulatory function of class A ARFs was an em-
bryophyte exclusive gain, indicating that transcriptional repression might have been the
ancestral function of the ARF family (Hernandez-Garcia et al., 2024).

Similarly, the origin of the PIN family can also be traced back to the early streptophyte
evolution, with multiple Klebsormidium species exhibiting PIN efflux carriers (Skokan et
al,, 2019; Viaene et al.,, 2013). However, these PINs are not polarly localized at cell - cell
contact points, but generally distributed at the cell periphery instead. It has been hypoth-
esized that these early PINs might function in quorum sensing and detoxification, and

were only later recruited to mediated polar auxin transport (Skokan et al., 2019).

The ability of LUG and SEU homologs to directly or indirectly interact with and regulate
the auxin pathway has been demonstrated for several major land plant lineages, such as
the angiosperm species A. thaliana and O. sativa (Bao et al., 2010; J. E. Lee et al., 2014;
Pfluger & Zambryski, 2004; Staldal et al., 2008; Vega-Leon et al., 2025; Yang et al., 2019),
or the moss P, patens in this dissertation. Additionally, MpLUG and MpMADS1 have been
suggested to influence auxin biosynthesis and signaling in the hornwort M. polymorpha as
well (Q. Li, 2022), making it highly plausible this interplay emerged alongside the forma-
tion of the functional pathway in the MRCA of all land plants. One possibility for the evolu-
tion of this connection would be the incorporation, rewiring, and expansion of ancestral
regulatory functions LUG and SEU homologs possessed on different auxin pathway com-
ponents during the transition to land, especially considering that such co-option of avail-
able regulatory mechanisms happened multiple times throughout plant evolution (Artur
& Kajala, 2021; Bowles et al., 2022). The LUG, SEU, ARF, and PIN families all originated
before the MRCA of Klebsormidiophyceae and the ZCC-grade (Mutte et al., 2018; Skokan
et al., 2019; Wilhelmsson et al., 2017), and thus could have formed ancestral regulatory
pathways that got expanded during embryophyta evolution into governing a plethora of
different aspect of this novel signaling pathway. This option could also be supported by
the known regulation of both class A and class B ARFs by the LUG - SEU module in A. thali-
ana (Bao etal, 2010), as their divergence occurred during land plant transition (Mutte et
al., 2018). While the regulatory network of such genes tend to separate from each other,
there is nevertheless a certain overlap of retained regulatory factors present between
them (Maslov et al., 2004).

Another possibility would be the recruitment of the LUG - SEU module to the auxin path-
way due to the activity of MADS-box TFs, as several MADS-box proteins are known to
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regulate different aspects of auxin signaling in angiosperms, such as AtSEP3, which di-
rectly controls multiple IAA and ARF genes, or the upregulation of the auxin homeostasis
controlling GLYCOSIDE HYDROLASE 3 (GH3) family by AtAG (Kaufmann et al., 2009). Sim-
ilarly, the activity of a GH3 homolog is also controlled by a functional module of OsLUG -
OsSEU - 0sAP1 - OsSEP3 in O. sativa (Yang et al., 2019). However, there are currently no
known links between the regulation of the auxin signaling pathway and MADS-box TFs
outside of angiosperms, so this connection could also be a lineage-specific acquisition

instead of an ancestral function.

Thirdly, there is a known association between protein interaction clusters and biological
modules like pathways (Ramos et al., 2024), which could allow for secondary recruitment
of LUG and SEU proteins to the regulation of additional members of the pathway after the
initial establishment of LUG and / or SEU mediated regulation.

Unfortunately, the exact evolutionary trajectory of the regulation of the different elements
the auxin responsive pathway by LUG and SEU homologs can’t be elucidated in more de-
tail, due to the sparsity of information beyond the angiosperms and especially land plants.
However, the establishment of the pathway control can be unequivocally located in the
MRCA of embryophytes, underscoring the critical function of LUG and SEU homologs in
a variety of different developmental and regulatory functions throughout the green lin-

eage.
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6 Conclusion

The LUG and SEU families represent two evolutionary ancient groups of transcriptional
regulators that control a plethora of different gene and regulatory pathways. Their versa-
tility in acting both as a complex or independently, and in conveying both repressing and
activating transcriptional control (Gonzalez et al., 2007; Shi et al., 2024; You et al., 2019)
signifies their remarkable role as regulatory protein hubs throughout evolution in the
green lineage. With their ability to link various different TFs and thus pathways to both
histone modifiers and the RNA polymerase Il mediator complex (Gonzalez et al., 2007),
they became a core aspect of land plant developmental regulation, and possibly also in
the streptophyte algae. Their varied interactions with the MADS-box TFs showcase not
only the evolutionary conservation of the interaction since the MRCA of the Klebsormid-
iophyceae and the land plants, but also how their connection to the regulation of sexual
development expanded and evolved, rendering the LUG - SEU module a core component
in flower development of angiosperms. Similarly, their functions in the auxin signaling
pathway, while still only poorly understood, demonstrate well how such regulatory hubs
gained relevance in such vast pathways, either by successive recruitment from involved
genes into larger regulatory roles, or by co-option of present gene regulatory networks
during larger evolutionary shifts, such as the transition from water to land. Thereby, both
families represent an interface between sexual reproduction (Azhakanandam et al., 2008;
Baoetal,2010; Conner & Liu, 2000; Franks et al., 2006; Z. Liu et al.,, 2000; Shi et al., 2024;
M. K. Simon etal, 2017; Stahle et al., 2009), phytohormone signaling (J. E. Lee et al., 2014;
Pfluger & Zambryski, 2004; Staldal et al., 2008; Vega-Leo6n et al., 2025), stress response
(Gong et al., 2016; Shrestha et al., 2014), and more, allowing for a complex control of all
aspects of plant development. By taking a variety of different information into account,
they help to ensure the proper establishment of various plant organs, and arguably more

importantly, the correct formation of the next generation of plants.
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7 Outlook

This research into the conservation, interaction, and function of the LUG and SEU families
opened up a multitude of further questions about the functional and regulatory origin in
the streptophyte algae, their recruitment to various core process of different land plant
lineages, and the subsequent evolution of the deeply connected protein interaction net-
works.

For one, further analyses into the conservation of the interaction between LUG homologs
and various histone modifiers or mediator complex proteins could be used to more pre-
cisely understand the emergence, conservation, and modulation of this crucial aspect of
the LUG - SEU module, especially given the deep conservation of many of these protein
families (Alinsug et al., 2009; Nagulapalli et al., 2016). Similarly, analyzing the LUG - SEU
interaction in more detail, like the importance of the LisH dimerization motif, the rele-
vance of consistently interacting aa residues and generally of the conserved region of the
LUFS domain, or the precise functional roles of the IDRs of SEU for the interaction, could
yield a deeper understanding about the interaction as a whole, their evolution, and their

conservation.

Furthermore, while functional studies of LUG and SEU homologs in angiosperms and es-
pecially A. thaliana are well established, they are lacking in many non seed plant lineages.
As such, the P. patens pplug3 pplug4 mutants could be studied in more detail: For one,
protein interaction assays like Y2H and ColP could be used to study whether the pro-
posed disruption of the interaction between PpLUG3ALUFS and the PpSEU proteins hap-
pened in vitro, and to which extend other PpLUG homologs could compensate for this
disruption. In combination with an analysis of the general chromatin state and its differ-
ences between P. patens WT, ,WT similar®, and ,ball of protonema tissue“ mutant lines,
the strength and effects of the disruption on the overall transcriptional regulation could
be elucidated. Further, such an analysis could also help in identifying the exact genetic
targets of the LUG - SEU module in the auxin pathway. Similarly, an overexpression of
PpLUG1 in ,ball“ mutant lines could be performed, which together with the other meth-
ods could clarify the precise dynamics of the observed bistable state of the auxin signaling
pathway in the phenotypes.

Additionally, the creation of both higher order pplug and ppseu mutants, as well as of
inducible pplug3ALUFS mutant lines might be useful to elucidate further regulatory tar-
gets of these homologs (see for example Causier et al,, 2023). Especially the latter op-
tion would be precious in studying the effects of LUG and SEU homologs on both the
caulonema - gametophore transition, and on the development of the gametangia and the
sporophyte, given that all of these mechanisms are at least partially dependent on auxin
regulation, and are known to be affected in A. thaliana lug and seu mutants (Conner & Liu,
2000; Grigorova et al., 2011; Z. Liu et al., 2000; Moody, 2022; Shi et al., 2024; Thelander
etal, 2018).
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7 Outlook

Finally, functional studies of lug and seu mutants in tracheophytes and monilophytes like
C.richardii might be of interest, as they would allow for a better understanding of the evo-
lution of LUG and SEU mediated regulation in vascular plants, both in context of the auxin
signaling pathway, and together with the evolution of the MADS-box TFs throughout land
plants, especially considering their blooming relevance in the flower development of an-

giosperms.
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Supplementary Figure 1: Comparative gene expression and proteome analysis of LUG, SEU, and
MADS-box homologs. Gene expression and protein abundance of LUG, SEU, and MADS-box homologs
across different developmental tissues and stages, as log,(TPM + 1) or log,(iBAQ), with identical color
scales each. A) Gene expression and B) protein abundance values for A. thaliana Col-0 genes and proteins,
respectively (Mergner et al., 2020). The histone remodelers AtSDG4 and AtHDA19 were added as well. C)
Gene expression for C. richardii strain Hn-n (D. B. Marchant et al.,, 2022); for D) P. patens Gransden 2004
(Langetal, 2018; Sreedasyam et al., 2023); and for M. polymorpha 15 d male and female thallus (Melbourne
strain) (Briginshaw et al, 2022); Tak-1 sperm cells (Julca et al.,, 2021), antheridiophores, and antheridia
(Higo et al, 2016); Tak-2 archegoniophores (Higo et al., 2016) and archegonia (Hisanaga et al., 2021); BC3
x Tak-1 13 d old sporophytes (Frank & Scanlon, 2015); and Cam1 x Cam2 spores (Bowman et al., 2017).
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Supplementary Figure 2: Automated analysis of Y2H assays. Yeast colonies were grown on basic syn-
thetic dropout SD -LW medium as control, on SD -LWH medium, and on -LWH medium containing 2 mM
3-AT as competitive inhibitor. Each step was performed with three biological replicates and in a standard-
ized layout. Imaging of incubated plates was done from a fixed distance, followed by quantification of colony
growth. Relative colony sizes were calculated by dividing colony size on -LWH medium by colony size on
corresponding -LW control medium. Relative sizes = 0.5 were considered interacting proteins, while empty
spots were discarded prior to analysis. Results were compiled across all three replicates.
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Supplementary Figure 3: Comprehensive phylogeny of the LUG family across land plants and strep-
tophyte algae. Phylogeny with % bootstrap support per node and TOPLESS as outgroup. Phylogeny created
by Clemens Rossner.
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Supplementary Figure 4: Comprehensive phylogeny of the SEU family across land plants and strep-
tophyte algae. Phylogeny with % bootstrap support per node. Phylogeny created by Clemens Rossner.
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Supplementary Table 1: Mean values and standard deviation (SD) of K, /K, calculation. Mean and SD
values for K, and K scores, as well as the K, /K; ratios of each respective group

Gene Ka Ks Ka/Ks
Mean SD Mean SD Mean SD

LUG: Full length 0.445 0.227 2.906 0.902 0.202 0.170
LUG: LUFS 0.344 0.053 3.284 0.354 0.107 0.026
LUG: Intermediate 0.747 0.052 1.758 0.137 0.429 0.062
LUG: WD40 0.244 0.049 3.676 0.424 0.069 0.023
SEU: Full length 0.673 0.237 2.053 0.804 0.411 0.227
SEU:1DR1 0.829 0.050 1.541 0.192 0.548 0.091
SEU: LDB 0.364 0.104 3.080 0.404 0.123 0.050
SEU: IDR2 0.841 0.041 1.492 0.230 0.577 0.103
LUG - C.richardii  0.271 0.062 3.269 0.144 0.083 0.021
SEU - C. richardii  0.643 0.088 2.067 0.280 0.321 0.089
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Supplementary Figure 5: Expanded in silico prediction of LUG - SEU dimer interaction. Overview of
interacting aa residues of LUG (blue) and SEU (orange) homologs within close proximity (< 4.5 A) to partner
chain, with visible interacting residues. Interacting residues have a pIDDT confidence of > 50 within 4.5 A
of a residue with a pIDDT confidence of > 50 of the partner protein chain (see Parvathy et al.,, 2024). Grey
regions have a pIDDT confidence < 50. A) Full length AtLUG - AtSEU dimer. B) - W) First 160 N-terminal
residues of LUG homologs and interacting SEU residues plus 20 surrounding atoms in both directions. B)
AtLUG - AtSEU; C) AtLUG - AtSLK1; D) AtLUG - AtSLK2; E) AtLUG - AtSLK3; F) AtLUH - AtSEU; G) AtLUH
- AtSLK1; H) AtLUH - AtSLKZ; I) AtLUH - AtSLK3; J) CrLUG - CrSEU1; K) CrLUG - CrSEUZ2; L) CrLUG -
CrSEU3; M) CrLUG - CrSEU4; N) MpLUG - MpSEU1; 0) MpLUG - MpSEU2; P) PpLUG1 - PpSEU1; Q) PpLUG1
- PpSEU2; R) PpLUG1 - PpSEU6; S) PpLUG4 - PpSEU1; T) PpLUG4 - PpSEUZ2; U) PpLUG4 - PpSEU6; V)
KnLUG - KnSEU; W) CbLUG - CbSEU.
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Supplementary Figure 6: Expanded in silico mapping of interacting residues in LUG - SEU dimer.
Position of interacting aa residues in LUG (upper) and SEU (lower) protein sequence. Grey residues are
either not interacting, or have a pIDDT confidence of < 50. Blue residues: Residues within 4.5 A to partner

chain, with pIDDT confidence between 50 and 70. Green residues: Residues within 4.5 Ato partner chain,
with pIDDT confidence > 70.
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Supplementary Figure 7: Extended results of independent BiFC assay of C. richardii CrLUG and
CrSEU interactions. Positive (bZIP63) and negative (empty) controls of the BiFC assay, as well as visi-
ble YFP signals and important negative results. Results are depicted row-wise, with YC-tagged protein X -
YN-tagged protein Y. All omitted interactions showed no YFP fluorescence. ,DAPI“ column: Fluorescence
signal of nuclei stained with 100 % DAPI. ,Split-YFP“ column: Split-YFP protein fluorescence. ,Merged*:
Overlay between DAPI and split-YFP fluorescences, with row-wise scale bars. White arrows depict difficult
to see YFP fluorescence signals.
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Supplementary Table 2: t-test of WT chloronema length and width against pplug3 pplug4 mutant
line chloronema under the influence of 5 pM exogenous NAA. Measurements of length and width
taken from Fig. 19C and D, respectively. Significant differences between auxin-treated WT and mutant line
chloronema were calculated using Student’s ¢t-test, and corrected using Benjamini-Hochberg multiple test-
ing correction. Significance levels are displayed as asterisks or ns (Benjamini & Hochberg, 1995; Student,
1908).

. Chloronema length Chloronema width

WT against
t-test p-value Signif. t-test p-value Signif.

#070 5.5x 103 *k 0.33 ns
#105 3.7x107 ok 0.045 *
#106 3.2x103 ** 0.18 ns
#107 1.8x1073 *k 0.19 ns
#110 1.1x10* Hokk 5.6x107° ook
#211 0.4 ns 0.35 ns
#212 0.97 ns 0.35 ns
#214 1.1x10% ok 6.7x10* ok
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Supplementary Table 3: Selected published interactions between the LUG and SEU family members
and other proteins in A. thaliana.

Protein Partner Source Protein Partner Source
CDK8 Gonzalez et al. (2007) AP1 Sridhar et al. (2004)
ECAP Shi et al. (2024) AP2 Franks et al. (2002)
FIL Stahle et al. (2009) ARR14  Herrera-Ubaldo et al (2023)
HDA19 Gonzalez et al (2007) BP Herrera-Ubaldo et al. (2023)
IND Herrera-Ubaldo et al. (2023) CDK8 Gonzalez et al. (2007)
INO M. K. Simon et al. (2017) ETT Pfluger & Zambryski (2004)
JAG Herrera-Ubaldo et al. (2023) FAMA Mair et al. (2019)
MED14 Gonzalez et al (2007) GOA Herrera-Ubaldo et al. (2023)
LUG MED25 Youetal (2019) INO M. K. Simon et al. (2017)
PHV Herrera-Ubaldo et al. (2023) KNAT6  Herrera-Ubaldo et al (2023)
SEU Sitaraman et al. (2008) MED14 Gonzalez et al (2007)
SLK1 Stahle et al. (2009) SEU PIF4 (Huai et al, 2018)
SLK2 Stahle et al. (2009) SCR Herrera-Ubaldo et al. (2023)
SLK3 Stahle et al. (2009) SDG25  Zhaietal (2020)
YAB1 Herrera-Ubaldo et al. (2023) SDG4 Zhai et al. (2020)
YAB2 Stahle et al. (2009) SEP3 Sridhar et al. (2004)
YAB5 Stahle et al. (2009) SHP2 Balanza et al. (2016)
FAMA Mair et al. (2019) STK Balanza et al. (2016)
FIL Stahle et al. (2009) STM Herrera-Ubaldo et al. (2023)
H2B Shrestha et al. (2014) wus Herrera-Ubaldo et al. (2023)
H3 Shrestha et al. (2014) YAB1 Herrera-Ubaldo et al. (2023)
HAC1 You et al. (2019) YAB3 Stahle et al. (2009)
MED25 Youetal (2019) YAB5 Stahle et al. (2009)
LUH PIF1 J.E.Leeetal (2014) SLK2 MYB51 Frerigmann et al. (2014)
SEU Sitaraman et al. (2008) YAB2 Stahle et al. (2009)
SLK1 Shrestha et al. (2014) SLK1/2/3 YAB3 Stahle et al. (2009)
SLK2 Shrestha et al. (2014) YAB5 Stahle et al. (2009)
SLK3 Sitaraman et al. (2008)
YAB3 Stahle et al. (2009)
YAB5 Stahle et al. (2009)

XXXVIII



Supplementary Material

Ceric.09G024500_Ceric.08G024500.1
Adcap_rmagnl_WGS_JABFUD_Adc21635.ma
--------------------------- Ceric.33G025300_Ceric. 3360293001
45 Ceric.02G6087100_Ceric.02G087100.1
T e AZfil_Azfi_s0090.0042624
Sacuc_Sacu vl 1_s0122.g9021471
.......................... Sacuc_Sacu_v1.1_s0001.0000771
--------------------- Ceric.08G056800_Ceric.08G056500.1
Adcap_rmagnl_WGS_JAEFUD_Adc20845.ma
------------------------------ Dicom.03G085700_Dicom.03G08Y9700.1
CepurR40.4G013600_CepurR40.45013600.1
IS i R R TP T P E PR YRR R RE PR PR ERE: Ppécd_158570_Ppéicd_15570%6.1
71 Sphfalk! 7G0O7TE500_Sphfalk! 7G07E500.1
R R TR T IR Mapoly0005s0005_MapohO005=0005.1
------- Anagr_Sc2ySwhi_344 52981
Fasom_rnaxh_026568373.1
Pasom_rnaxM_0265683658 1
Pasom_rnazM_0265653749.1
Fasom_rnazM_026576826.1
Escal_PAC4GC_108052222
Solye1 29100280 _Solyel 2g100250.31
Solye)1gO006220_Solyed1 gl06220.31
Yivin_VIT_216=0039900740.1 2.1
- AT2G441501_SGDT
Zmoo001d020038_Zmo0o001d020038_T0M
Zrmi0001d005563_Zm00001 d005563_TO0M
Mythe_rnagnl_Wes_JAANDH_MYTH11017RA
evim_ 27 TULAMT w1 .0_scaffoldd0081.64_evm_27 . model AmTr_wl 0_scaffoldi0081 64
Gihil_evm.model.chr1 01877
Cypan_CYCAS_025081
110353_110343
KInit_kADDDS1 _0100_w1 .1
Chhra_g414421
CepurR40.9G117300_CepurR40.553117300.1
Fp&cZ_159790_Pp&c2_19790VE1
Sphfalx02G020500_Sphfalk02G020500.1
- Dicom.14G031500_Dicom.143031500.1
Mapoly0045s0061_MapohO045<0061 1
Cypan_CYCAS_D26814
Gihil_evm.model.chrd. 2591
Adcap_rnagnl_WGS_JABFUD_AdcO7E05.ma
Ceric.14G008000_Ceric. 1450080001
Sacuc_Sacu_v1.1_s0002 gl009s3
Fasom_rnaxh_026546436.1
Pasom_rnaxM_026550060.1
Escal_PAC4GC_108046570
Yivin_VIT_211s0037900880.1 w2 1
SolycD7g008060_Solye07 gl0E060.3.1
ASDG4_AT4G3I0E60
Mythe_rnagnl_Wos_JAANDH_MNYTH40861RA
evin_ 27 TUAMTr w1 .0_scaffoldd0019.96_evm_27 model AmTr_wl 0_scaffold00015.96
- ZmOo001dos1087_Zmo0o001dos1 087_Tom
Zmoo001d03z143_Zmoo0o01do3z2143_Tom
Chhra_g50033.1
Femar_pmD4201290010.1
- Mevir_Meswi1855032M
= Mevir_Mesyi1 53503409
1 EInit_kADDO7E_0310_v1.1
100 Chhra_g12731.1
Chrei_Cre07. 932245041 1455

ke
Supplementary Figure 8: Trimmed phylogeny of the SDG family across land plants and streptophyte

algae. Phylogeny with % bootstrap support per node, with focus on the SDG4 (lime) and SDG7 (blue) ho-
mologs. Phylogeny created by Clemens Rossner.
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Supplementary Figure 9: In silico mapping of interacting residues in SEU - MIKC dimers. Position of
interacting aa residues in SEU (upper) and MADS-box (lower) protein sequence of both MIKC® and MIKC*
types, with domains marked according to Kwantes et al. (2012), The UniProt Consortium et al. (2025), &
Zobell et al. (2010). Grey residues of SEU sequences are either not interacting, or have a pIDDT confidence
of < 50. Blue residues: Residues within 4.5 A to partner chain, with pIDDT confidence between 50 and 70.
Green residues: Residues within 4.5 A to partner chain, with pIDDT confidence > 70.
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Supplementary Methods

Sequence-IDs of major sequences

Supplementary Table 4: Gene-1Ds and corresponding databases for principal genes used

Gene Group Gene-1D Database Genome
AtAG MIKCC AT4G18960 Phytozome Arabidopsis thaliana Araport11
AtAGL66 MIKC* AT1G77980 Phytozome Arabidopsis thaliana Araport11
AtAGL104  MIKC* AT1G22130 Phytozome Arabidopsis thaliana Araport11
AtLUG LUG AT4G32551 Phytozome Arabidopsis thaliana Araport11
AtLUH LUH AT2G32700 Phytozome Arabidopsis thaliana Araport11
AtSEP2 MIKCC AT3G02310 Phytozome Arabidopsis thaliana Araport11
AtSEP3 MIKCC AT1G24260 Phytozome Arabidopsis thaliana Araport11
AtSEU SEU AT1G43850 Phytozome Arabidopsis thaliana Araport11
AtSLK1 SLK AT4G25520 Phytozome Arabidopsis thaliana Araport11
AtSLK2 SLK AT5G62090 Phytozome Arabidopsis thaliana Araport11
AtSLK3 SLK AT4G25515 Phytozome Arabidopsis thaliana Araport11
AtSTK MIKCC AT4G09960 Phytozome Arabidopsis thaliana Araport11
CbLUG Algae LUG g27887 ICIPS Garden Chara braunii Cbr_1.0

Blaster
CbSEU Algae SEU g19452 ICIPS Garden Chara braunii Cbr_1.0

Blaster
CerMADS1 MIKC® Ceric.30G027800  Phytozome Ceratopteris richardii v2.1
CMADS1 MIKC® Ceric.29G021900 Phytozome Ceratopteris richardii v2.1
CRM1 MIKCC Ceric.12G052800  Phytozome Ceratopteris richardii v2.1
CRM13 MIKC* Ceric.14G063000  Phytozome Ceratopteris richardii v2.1
CRM14 MIKC* Ceric.37G052700  Phytozome Ceratopteris richardii v2.1
CRM16 MIKC* Ceric.39G054900  Phytozome Ceratopteris richardii v2.1
CrSEU1 SEU polyt. Ceric.01G063700 Phytozome Ceratopteris richardii v2.1
CrSEUZ SEU polyt. Ceric.03G041400  Phytozome Ceratopteris richardii v2.1
CrSEU3 SEU polyt. Ceric.33G034400  Phytozome Ceratopteris richardii v2.1
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Supplementary Table 4 (cont.)

Gene Group Gene-ID Database Genome
CrSEU4 SEU/SLK- Ceric.33G002300  Phytozome Ceratopteris richardii v2.1
sister

CrLUG LUG polyt. Ceric.35G054400  Phytozome Ceratopteris richardii v2.1

KnLUG Algae LUG kfl01154_0010 ICIPS Garden Klebsormidium nitens
Blaster NIES-2145v1.1

KnMADS MIKC kfl00560_0030 ICIPS Garden Klebsormidium nitens
Blaster NIES-2145v1.1

KnSEU Algae SEU kfl00116_0070 ICIPS Garden Klebsormidium nitens
Blaster NIES-2145 v1.1

MpLUG LUG polyt. Mp1g15050 MarpolBase MpTak-1_v7.1

MpMADS1  MIKC* Mapoly0174s0011 Phytozome Marchantia polymorpha v3.1

MpMADS2  MIKCC Mapoly0011s0161 Phytozome Marchantia polymorpha v3.1

MpSEU1 SEU polyt. Mp8g17020 MarpolBase MpTak-1_v7.1

MpSEUZ2 SEU/SLK- Mp1g03270 MarpolBase MpTak-1_v7.1

sister

PpLUG1 LUG polyt. Pp3c1_3700 Phytozome Physcomitrium patens v3.3

PpLUGZ2 LUG polyt. Pp3c1_3750 Phytozome Physcomitrium patens v3.3

PpLUG3 LUG polyt. Pp6c2_17640 Phytozome Physcomitrium patens v6.1

PpLUG4 LUG polyt. Pp3c2_31650 Phytozome Physcomitrium patens v3.3

PPM1 MIKC® Pp3c12_22500 Phytozome Physcomitrium patens v3.3

PPM2 MIKC® Pp3c3_31980 Phytozome Physcomitrium patens v3.3

PPM3 MIKC* Pp3c14_22180 Phytozome Physcomitrium patens v3.3

PPM9 MIKC* Pp3c8_6920 Phytozome Physcomitrium patens v3.3

PPMADS1  MIKC® Pp3c4_540 Phytozome Physcomitrium patens v3.3

PPMADS2  MIKC* Pp3c12_22890 Phytozome Physcomitrium patens v3.3

PpSEU1 SEU polyt. Pp3c25_7810 Phytozome Physcomitrium patens v3.3

PpSEU2 SEU polyt. Pp3c25_7960 Phytozome Physcomitrium patens v3.3

PPTIMZ2 M-type MADS Pp3c¢16_19170 Phytozome Physcomitrium patens v3.3

PPTIM3 M-type MADS  Pp3c25_6940 Phytozome Physcomitrium patens v3.3
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Note: This table only contains IDs for those sequences used in the Y2H and BiFC assays, or
those used for closer in silico analyses like interacting protein residues and transcriptome

analysis. See section 3.2.2 for information about additional sequences.

References:

e ICIPS Garden Blaster: Priyam et al. (2019) & Roessner et al. (2024)
e MarpolBase: Tanizawa et al. (2025)
e Phytozome: Goodstein et al. (2012)

e Arabidopsis thaliana Araport11: Cheng et al. (2017)

e Ceratopteris richardii v2.1: D. B. Marchant et al. (2022)

e Chara braunii Cbr_1.0: Nishiyama et al. (2018)

e Klebsormidium nitens NIES-2145 v1.1: Hori et al. (2014)
e Marchantia polymorpha v3.1: Bowman et al. (2017)

e MpTak-1_v7.1: Tanizawa et al. (2025)

e Physcomitrium patens v3.3: Lang et al. (2018)

e Physcomitrium patens v6.1: Bi et al. (2024)
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Plasmids
Supplementary Table 5: Used plasmids containing A. thaliana sequences
Vector Insert Stock- Bacterial Resistance Source
No. strain
pDEST22 AtAGL66 CDS 1454 E.coli Dh5a Ampicillin Folter et al. (2005)
pDEST22 AtAGL104 CDS 1455 E.coli Dh5a Ampicillin Folter et al. (2005)
pDONR221 AtAG CDS 1448 E.coli Dh5a Kanamycin  Folter et al. (2005)
pGADT?7 AtAG CDS 1494 E.coli]M109  Ampicillin This dissertation
pGADT7 AtAGL66 CDS 1480 E. coli]M109  Ampicillin This dissertation
pGADT?7 AtAGL104 CDS 1472 E. coli]M109  Ampicillin This dissertation
pGADT?7 AtLUG CDS 1469 E.coli]M109  Ampicillin This dissertation
pGADT7 AtLUH CDS 1470 E.coli]M109  Ampicillin This dissertation
pGADT?7 AtSEP2 CDS 1403 E.coli Dh5a Ampicillin Gift by ]. Golz
pGADT7 AtSEP3 CDS 1407 E.coli Dh5« Ampicillin Gift by J. Golz
pGADT7?7 AtSEU CDS 1399 E.coli Dh5a Ampicillin Stahle et al. (2009)
pGADT?7 AtSLK1 CDS 1464 E.coli Dh5a Ampicillin Stahle et al. (2009)
pGADT7 AtSLK2 CDS 1401 E.coli Dh5a Ampicillin Stahle et al. (2009)
pGADT?7 AtSLK3 CDS 1402 E.coli Dh5a Ampicillin Stahle et al. (2009)
pGADT?7 AtSTK CDS 1406 E.coli Dh5a Ampicillin Gift by J. Golz
pGBKT?7 AtAG CDS 1495 E. coli ]M109 Kanamycin  This dissertation
pGBKT7 AtAGL66 CDS 1481 E. coli JM109 Kanamycin  This dissertation
pGBKT7 AtAGL104 CDS 1473 E.coli]M109  Kanamycin  This dissertation
pGBKT7 AtLUG CDS 1419 E.coli Dh5a Kanamycin  Stahle et al (2009)
pGBKT?7 AtLUH CDS 1420 E.coli Dh5a Kanamycin  Stahle et al. (2009)
pGBKT?7 AtSEP2 CDS 1474 E. coli ]M109 Kanamycin  This dissertation
pGBKT7 AtSEP3 CDS 1426 E.coli Dh5a Kanamycin  Gift by J. Golz
pGBKT7 AtSEU CDS 1421 E.coli Dh5a Kanamycin  Stahle et al. (2009)
pGBKT7 AtSLK1 CDS 1422 E.coli Dh5a Kanamycin  Stahle et al (2009)
pGBKT?7 AtSLK2 CDS 1423 E.coli Dh5a Kanamycin  Stahle et al. (2009)
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Supplementary Table 5 (cont.)

Vector Insert Stock- Bacterial Resistance Source
No. strain
pGBKT7 AtSLK3 CDS 1471 E. coli ]M109 Kanamycin  This dissertation
pGBKT7 AtSTK CDS 1475 E. coli ]M109 Kanamycin  This dissertation
Supplementary Table 6: General plasmids used
Vector Insert Stock- Bacterial Resistance Source
No. strain

p19 - 280 A. tumefaciens Kanamycin -

GV3101 Gentamycin
pENTR4 - 815 E. coliDB3.1 Kanamycin  Thermo Fisher
pGADT7 - 51 E.coli Dh5a Ampicillin Clontech (2008)
pGADT7 EScaGLO CDS 160 E.coliDH10B  Ampicillin Lange et al. (2013)
pGADT7-GW - 1110 E. coli DB3.1 Ampicillin Luetal (2010)
pGBKT7 - 52 E.coli Dh5a Kanamycin  Clontech (2008)
pGBKT?7 EcDEF1 CDS 163 E.coliDH10B Kanamycin  Lange etal (2013)
pGBKT7-GW - 1111 E. coliDB3.1 Kanamycin  Luetal (2010)
pGTQL1211YN - 1112 E. coli DB3.1 Kanamycin  Luetal (2010)
pGTQL1221YC - 1113 E. coliDB3.1 Kanamycin  Luetal (2010)
pMLBART 35S::bZIP63-YC 413 A. tumefaciens  Spectino- Lange et al. (2013)

GV3101 mycin

Gentamycin

pMLBART 35S::bZIP63-YN 414 A. tumefaciens Spectino- Lange et al. (2013)

GV3101 mycin

Gentamycin
pMK-Cas9- - E. coliDB3.1 Ampicillin Mallett et al. (2019)
gate Neomycin
pTNT - 54 E.coli Dh5a Ampicillin Promega, Madison,
USA

pENTR-PpU6P- - 1171 E.coli ]M109 Kanamycin = Mallett et al. (2019)

sgRNA-L1L4
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Supplementary Table 6 (cont.)

Vector Insert Stock- Bacterial Resistance Source
No. strain
pENTR-PpU6P- - 1175 E.coli ]M109 Kanamycin  Mallett et al. (2019)
sgRNA-L3L2
pENTR-PpU6P- - 1174 E.coli JM109 Kanamycin =~ Mallett et al. (2019)
sgRNA-R4R3
Supplementary Table 7: Used plasmids containing C. richardii sequences
Vector Insert Stock- Bacterial Resistance Source
No. strain

pENTR4 CerMADS1 CDS 1393 E.coli]M109 Kanamycin  This dissertation
pENTR4 CMADS1 CDS 1394 E.coli ]M109 Kanamycin  This dissertation
pENTR4 CRM1 CDS 1392 E.coli ]M109 Kanamycin  This dissertation
pGADT7 CRM13 (codon 1395 E.coli Dh5a Ampicillin Riimpler et al. (2023)

optimized CDS)
pGADT7 CRM14 (codon 1396 E.coli Dh5a Ampicillin Riimpler et al. (2023)

optimized CDS)
pGADT7 CRM16 (codon 1397 E.coli Dh5a Ampicillin Rimpler et al. (2023)

optimized CDS)
pGADT7-GW CerMADS1 CDS 1398 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW CMADS1 CDS 1439 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW CrLUG CDS 1193 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW CRM1 CDS 1438 E.coli Dh5«a Ampicillin This dissertation
pGADT7-GW CrSEU1 CDS 1194 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW CrSEUZ CDS 1195 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW CrSEU3 CDS 1196 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW CrSEU4 CDS 1197 E.coli Dh5a Ampicillin This dissertation
pGBKT7 CRM1 CDS 1477 E.coli Dh5«a Kanamycin  This dissertation
pGBKT?7 CRM13 (codon 1388 E.coli Dh5a Kanamycin  Riimpler et al. (2023)

optimized CDS)
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Supplementary Table 7 (cont.)

Vector Insert Stock- Bacterial Resistance Source
No. strain
pGBKT?7 CRM14 (codon 1390 E.coli Dh5a Kanamycin ~ Riimpler et al. (2023)
optimized CDS)
pGBKT7 CRM16 (codon 1391 E.coli Dh5a Kanamycin  Rimpler et al. (2023)
optimized CDS)
pGBKT7-GW CerMADS1 CDS 1482 E.coli Dh5a Kanamycin  This dissertation
pGBKT7-GW CMADS1 CDS 1446 E.coli Dh5a Kanamycin  This dissertation
pGBKT7-GW CrLUG CDS 1199 E.coli Dh5a Kanamycin  This dissertation
pGBKT7-GW CrSEU1 CDS 1200 E.coli Dh5a Kanamycin  This dissertation
pGBKT7-GW CrSEUZ2 CDS 1201 E.coli Dh5«a Kanamycin  This dissertation
pGBKT7-GW CrSEU3 CDS 1227 E.coli Dh5a Kanamycin  This dissertation
pGBKT7-GW CrSEU4 CDS 1228 E.coli Dh5a Kanamycin  This dissertation
pGTQL1211YN CrLUG CDS 1231 E.coli Dh5a Kanamycin  This dissertation
pGTQL1211YN CrSEUI1 CDS 1232 E.coli Dh5a Kanamycin  This dissertation
pGTQL1211YN CrSEUZ CDS 1233 E.coli Dh5a Kanamycin  This dissertation
pGTQL1211YN CrSEU3 CDS 1234 E.coli Dh5a Kanamycin  This dissertation
pGTQL1211YN CrSEU4 CDS 1235 E.coli Dh5a Kanamycin  This dissertation
pGTQL1221YC CrLUG CDS 1190 E.coli Dh5a Kanamycin  This dissertation
pGTQL1221YC CrSEUI1 CDS 1191 E.coli Dh5a Kanamycin  This dissertation
pGTQL1221YC CrSEUZ CDS 1202 E.coli Dh5«a Kanamycin  This dissertation
pGTQL1221YC CrSEU3 CDS 1198 E.coli Dh5a Kanamycin  This dissertation
pGTQL1221YC CrSEU4 CDS 1192 E.coli Dh5a Kanamycin  This dissertation
pTNT CRM13 (codon 1371 E.coli Dh5a Ampicillin Riimpler et al. (2023)
optimized CDS)
pTNT CRM14 (codon 1372 E.coli Dh5«a Ampicillin Riimpler et al. (2023)
optimized CDS)
pTNT CRM16 (codon 1374 E.coli Dh5a Ampicillin Riimpler et al. (2023)
optimized CDS)
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Supplementary Table 8: Used plasmids containing K. nitens sequences

Vector Insert Stock- Bacterial Resistance Source
No. strain

pGADT?7 KnLUG CDS 1562 E. coli]M109  Ampicillin This dissertation

pGADT?7 KnMADS CDS 1564 E.coli]M109  Ampicillin This dissertation

pGADT7 KnSEU CDS 1563 E.coli]M109  Ampicillin This dissertation

pGBKT7 KnLUG CDS 1560 E. coli]M109 Kanamycin  This dissertation

pGBKT7 KnMADS CDS 1559 E. coli]M109  Kanamycin  This dissertation

pGBKT?7 KnSEU CDS 1561 E.coli]M109  Kanamycin  This dissertation

pMA KnLUG CDS 1553 E.coli Dh5a Ampicillin GeneArt Custom Gene
Synthesis

pMA KnMADS CDS 1554 E.coli Dh5a Ampicillin GeneArt Custom Gene
Synthesis

pMA KnSEU CDS 1552 E.coli Dh5a Ampicillin GeneArt Custom Gene
Synthesis

Supplementary Table 9: Used plasmids containing M. polymorpha sequences
Vector Insert Stock- Bacterial Resistance Source
No. strain

pGADT7 MpLUG CDS 1414 E.coli Dh5« Ampicillin Q. Li(2022)

pGADT7 MpMADS1 CDS 1417 E.coli Dh5«a Ampicillin Q. Li (2022)

pGADT7 MpMADS2 CDS 1418 E.coli Dh5a Ampicillin Q. Li (2022)

pGADT7 MpSEU1 CDS 1486 E.coli]M109 Ampicillin Q. Li(2022)

pGADT7 MpSEU2 CDS 1416 E.coli Dh5a Ampicillin Q. Li (2022)

pGBKT7 MpLUG CDS 1428 E.coli Dh5a Kanamycin Q. Li (2022)

pGBKT7 MpMADS1 CDS 1431 E.coli Dh5a Kanamycin Q. Li (2022)

pGBKT7 MpMADS2 CDS 1432 E.coli Dh5a Kanamycin Q. Li (2022)

pGBKT7 MpSEU1 CDS 1429 E.coli Dh5« Kanamycin Q. Li (2022)

pGBKT7 MpSEU2 CDS 1430 E.coli Dh5a Kanamycin Q. Li (2022)
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Supplementary Table 10: Used plasmids containing P patens sequences

Vector Insert Stock- Bacterial Resistance Source
No. strain

pENTR4 PpLUG1 CDS 1253 E.coli J]M109 Kanamycin  This dissertation
pENTR4 PpLUG2_synthesis 1328 E.coli Dh5a Kanamycin  This dissertation
pENTR4 PpLUG3_synthesis 1329 E.coli Dh5a Kanamycin  This dissertation
pENTR4 PpLUG4 CDS 1243 E.coli ]M109 Kanamycin  This dissertation
pENTR4 PPM1 CDS 1357 E.coli Dh5a Kanamycin  This dissertation
pENTR4 PPM2 CDS 1358 E.coli]M109 Kanamycin  This dissertation
pENTR4 PPM3 CDS 1353 E.coli Dh5a Kanamycin  This dissertation
pENTR4 PPM9 CDS 1354 E.coli Dh5a Kanamycin  This dissertation
pENTR4 PPMADS1 CDS 1355 E.coli JM109 Kanamycin  This dissertation
pENTR4 PPMADSZ2 CDS 1361 E.coli Dh5a Kanamycin  This dissertation
pENTR4 PpSEU _synthesis 1350 E.coli Dh5«a Kanamycin  This dissertation
pENTR4 PpSEUZ2_synthesis 1335 E.coli Dh5a Kanamycin  This dissertation
pENTR4 PPTIMZ2 CDS 1359 E.coli ]M109 Kanamycin  This dissertation
pENTR4 PPTIM3 CDS 1360 E.coli JM109 Kanamycin  This dissertation
pGADT7-GW PpLUG1 CDS 1255 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW PpLUGZ_synthesis 1339 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW PpLUG3_synthesis 1337 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW PpLUG4 CDS 1256 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW PPM1 CDS 1362 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW PPM2 CDS 1363 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW PPM3 CDS 1365 E.coli Dh5«a Ampicillin This dissertation
pGADT7-GW PPM9 CDS 1366 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW PPMADS1 CDS 1364 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW PPMADSZ2 CDS 1376 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW PpSEU synthesis 1351 E.coli Dh5a Ampicillin This dissertation
pGADT7-GW PpSEU2_synthesis 1338 E.coli Dh5«a Ampicillin This dissertation
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Supplementary Table 10 (cont.)

Vector Insert Stock- Bacterial Resistance Source
No. strain

pGADT7-GW PPTIMZ2 CDS 1377 E.coli Dh5a Ampicillin This dissertation

pGADT7-GW PPTIM3 CDS 1367 E.coli Dh5a Ampicillin This dissertation

pGBKT7-GW PpLUG1 CDS 1265 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PpLUGZ2_synthesis 1340 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PpLUG3_synthesis 1341 E.coli Dh5«a Kanamycin  This dissertation

pGBKT7-GW PpLUG4 CDS 1264 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PPM1 CDS 1379 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PPM2 CDS 1368 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PPM3 CDS 1380 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PPM9 CDS 1381 E.coli Dh5« Kanamycin  This dissertation

pGBKT7-GW PPMADS1 CDS 1382 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PPMADSZ2 CDS 1378 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PpSEU synthesis 1352 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PpSEUZ_synthesis 1342 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PPTIMZ CDS 1369 E.coli Dh5a Kanamycin  This dissertation

pGBKT7-GW PPTIM3 CDS 1381 E.coli Dh5a Kanamycin  This dissertation

pMA PpLUGZ2_synthesis 1280 E.coli Dh5a Ampicillin GeneArt Custom Gene
Synthesis

pMA PpLUG3_synthesis 1281 E.coli Dh5a Ampicillin GeneArt Custom Gene
Synthesis

pMA PpSEU synthesis 1326 E.coli Dh5a Ampicillin GeneArt Custom Gene
Synthesis

pMA PpSEUZ2_synthesis 1327 E.coli Dh5a Ampicillin GeneArt Custom Gene
Synthesis

pMK-Cas9- PpLUG3/4 1204 E. coli Dh5a Ampicillin This dissertation

gate Protospacer Neomycin
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Primer sequences

Supplementary Table 11: Cloning primers for Y2H constructs

CDS Name Adapter + RE site Complementary sequence

AtAG_Xmal _fw_new ACGTCCCGGGA ATGGCGTACCAATCGGAG
AtAG

AtAG_BamHI rv ACGTGGATCC TTACACTAACTGGAGAGCGG

AtAGL66_Xmal_fw ACGTCCCGGGA ATGGGTCGAGTGAAATTGGA
AtAGL66

AtAGL66_BamHI rv ACGTGGATCC TTATTGGCTACTGAGCTGAGG

AtAGL66_Notl_rv ACATGCGGCCGC TTATTGGCTACTGAGCTGAGG

AtAGL104_Xmal_fw ACGTCCCGGGA ATGGGTCGGGTGAAATTAGA
AtAGL104

AtAGL104_Notl_rv ACATGCGGCCGC TTATTGGCTACTGAGTTGAGGA

AtAGL104_Xhol_rv ACTGCTCGAG TTATTGGCTACTGAGTTGAGGA

AtLUG_Xmal_fw ACGTCCCGGGA ATGTCTCAGACCAACTGGG
AtLUG

AtLUG_Xhol_rv ACTGCTCGAG TCACTTCCACAGTTTCACTAG

AtLUH_Xmal_fw ACGTCCCGGGA ATGGCTCAGAGTAATTGGGA
AtLUH

AtLUH_Xhol_rv ACTGCTCGAG CTACTTCCAAATCTTTACGGATT

AtSEP2_Xmal_fw ACGTCCCGGGA ATGGGAAGAGGAAGAGTAGAG
AtSEP2

AtSEP2_Notl_rv ACATGCGGCCGC TCACAGCATCCAGCCAG

AtSLK3_Xmal_fw ACGTCCCGGGA ATGCAGAGGAGCAGTGGC
AtSLK3

AtSLK3_Notl_rv ACATGCGGCCGC TTACAAGCCACCATAGATATCACTG

AtSTK Xmal_fw ACGTCCCGGGA ATGCTCTTTCCCCATGAAAG
AtSTK

AtSTK_Notl_rv ACATGCGGCCGC TTAGATAGATGTTCTCATGTCAAG

CerMADS1_Notl_fw ACATGCGGCCGC ATGGTGAGGACGAAGATCAAGATTAAGCG
CerMADS1

CerMADS1_Notl_rv ACATGCGGCCGC TCACCGTCCCGCGCGTG

CMADS1_Kpnl_fw ACATGGTACCCA ATGAAGCAGCTTCCGCACA
CMADS1

CMADS1_Notl_rv ACATGCGGCCGC CTACAACCTCAGGTCAAGTTTC

Y-B_LUG_Kpnl_fw ACATGGTACCCA ATGGCACAAACAAAATGGGAA
CrLUG

Y2H_LUG_Notl_rv ACATGCGGCCGC CTACTTCCATAACTTGACCATCTTA

LI
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Supplementary Table 11 (cont.)

CDS Name Adapter + RE site Complementary sequence

CRM1_Kpnl_fw ACATGGTACCCA ATGGTGAGGAGGAAGATCAA
CRM1

CRM1_Xmal_fw ACGTCCCGGGA ATGGTGAGGAGGAAGATCAA

CRM1_Notl_rv ACATGCGGCCGC CTACTCAGAGGCAGGTGATT

Y-B_SEU1_Kpnl_fw ACATGGTACCCA ATGGATTCAAGCCATCAGGCA
CrSEU1

Y2ZH_SEU1_Notl_rv ACATGCGGCCGC TTATGGGGATTTCCAGCTGAATG

Y-B_SEU2_Kpnl_fw ACATGGTACCCA ATGGATTCAAGCCACCGGG
CrSEU2

Y2H_SEU2_Notl_rv ACATGCGGCCGC TTACGGAGACTTCCAGCTAAATG

Y-B_SEU3_Kpnl_fw ACATGGTACCCA ATGGCAGGTTCTGAGAGTGA
CrSEU3

Y2H_SEU3_Notl_rv ACATGCGGCCGC TTACTGCTGATGAGTCTCAGAAATG

Y-B_SEU4_Kpnl_fw ACATGGTACCCA ATGATGGACATGCGGCAGC
CrSEU4

Y2H_SEU4_Notl_rv ACATGCGGCCGC CTAGGTATTAGTTCTCATGTCACTCATCTC

PpLUG_KpnlI_fw ACATGGTACCCA ATGGCGCAGAGCAACTG
PpLUG1

PpLUG_Notl_rv ACATGCGGCCGC CTACTTCCATAACCTCACGGA

PpLUG2Z_Kpnl_fw ACATGGTACCCA ATGGCGCAGAGTAACTGG
PpLUGZ2

PpLUG_Notl_rv ACATGCGGCCGC CTACTTCCATAACCTCACGGA

PpLUG3_Kpnl_fw ACATGGTACCCA ATGGCTCAGAGCAACTGG
PpLUG3

PpLUG3_Notl_rv ACATGCGGCCGC TCATTTCCATAACCTCACCGT

PPM1_Kpnl_fw ACATGGTACCCA ATGATGACTGCGGCGTGTGGA
PPM1

PPM1_Notl_rv ACATGCGGCCGC TTAAATTCTCACACTTGGTAAAATG

PPM2_Kpnl_fw ACATGGTACCCA ATGACTGCGTCTGGACAATC
PPM2

PPM2_Notl_rv ACATGCGGCCGC CTAAATTCTCACACTTGGTGA

PPM3_Kpnl_fw ACATGGTACCCA ATGGGCAGGGTAAAGCTAG
PPM3

PPM3_Notl_rv ACATGCGGCCGC TCATTTCCAAGCCTCTTCATT

PPM9_Kpnl_fw ACATGGTACCCA ATGGGGAGGGTTAAATTGGA
PPM9

PPMO9_Notl_rv ACATGCGGCCGC TCATTTCCACGCATGATGTC

PPMADS1_Kpnl_fw ACATGGTACCCA ATGATGACTACAGCGTCTG
PPMADS1

PPMADS1 _Notl_rv ACATGCGGCCGC TTATCGATCGACATGTAACTTA

LII
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Supplementary Table 11 (cont.)

CDS Name Adapter + RE site  Complementary sequence

PPMADS2_Sall_fw ACATGTCGAC ATGGGGAGGGTTAAGCTG
PPMADS2

PPMADS2_Sall_rv ACATGTCGAC TTACTTCCACGCAGGATGG

PpSEU_NotlI_fw ACATGCGGCCGC ATGGCTGGTGCTCACGC
PpSEU1

PpSEU_Notl_rv ACATGCGGCCGC CTAGTTGAACAGCCCTCCAAAC

PpSEU2_Kpnl_fw ACATGGTACCCA ATGGAGAGGGGCGATGG
PpSEUZ2

PpSEU_Notl_rv ACATGCGGCCGC CTAGTTGAACAGCCCTCCAAAC

PPTIM2_Kpnl_fw ACATGGTACCCA ATGGGGCGTGCTAAGATAGAG
PPTIMZ2

PPTIMZ_Notl_rv ACATGCGGCCGC TCACGACAAGAGCTTTTCTCC

PPTIM3_Kpnl_fw ACATGGTACCCA ATGGGTCGTGCCAAGATTGA
PPTIM3

PPTIM3_Notl_rv ACATGCGGCCGC TTACCCAGGCAACTCTAGTTTC

Supplementary Table 12: Cloning primers for BiFC constructs

CDS Name Adapter + RE site  Complementary sequence

Y-B_LUG_Kpnl_fw ACATGGTACCCA ATGGCACAAACAAAATGGGAA
CrLUG

BFC_LUG_NotI_rv ACATGCGGCCGCCA  CTTCCATAACTTGACCATCTTATC

Y-B_SEU1_Kpnl_fw ACATGGTACCCA ATGGATTCAAGCCATCAGGCA
CrSEU1

BFC_SEU1_Notl_rv ACATGCGGCCGCCA  TGGGGATTTCCAGCTGAATGGA

Y-B_SEU2_Kpnl_fw ACATGGTACCCA ATGGATTCAAGCCACCGGG
CrSEUZ

BFC_SEU2Z_Notl_rv ACATGCGGCCGCCA  CGGAGACTTCCAGCTAAATGGC

Y-B_SEU3_Kpnl_fw ACATGGTACCCA ATGGCAGGTTCTGAGAGTGA
CrSEU3

BFC_SEU3_Notl_rv ACATGCGGCCGCCA CTGCTGATGAGTICTCAGAAATGA

Y-B_SEU4_Kpnl_fw ACATGGTACCCA ATGATGGACATGCGGCAGC
CrSEU4

BFC_SEU4_Notl_rv ACATGCGGCCGCCA  GGTATTAGTTCTCATGTICACTCATCT
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Supplementary Table 13: Cloning primers for P. patens mutagenesis

CDS Name Adapter Protospacer sequence
PpLUG3_sgRNA1_fw ccat ACACTATGGCTCAGAGCAAC
PpLUG3
PpLUG3_sgRNA1_rv aaac GTTGCTCTGAGCCATAGTGT
PpLUG3/ PpLUG3/4_sgRNA2_fw ccat CATTCGAACAAAAACCCTCC
PpLUGH PpLUG3/4_sgRNA2 rv  aaac GGAGGGTTTTTGITCGAATG
PpLUG4_sgRNA1_fw ccat AAAGTGTCGTCCGACCCCGT
PpLUG4
PpLUG4_sgRNA1 _rv aaac ACGGGGTCGGACGACACTTT

Supplementary Table 14: CDS sequencing primers

Gene Name Sequence
CRM13 CRM13_rv TCACAACAGATTGCTTTGCATG
CRM14 CRM14_rv TCAGTTGTAAGACGAGCCGC
CRM16 CRM16_rv TTAAGTATTGTCATTGAACCATGC
CrLUG CrLUG_Seq_Int_fw TCAGCAGGCTCAAGGAAGT
CrLUG_Seq_rv GGTTGCGTGCCTGTATTTGCT
CrSEU1_Seq_Int_1_fw GCCTTTGCATACCCAAATTA
CrSEUT CrSEU1_Seq_Int_2_fw ACGAAGGGTTTTAGTTCC
CrSEU1_Seq_rv GAAGCTGCTGAGAATCTTGTC
CrSEU2_Seq_Int_1_fw CACACTCAGATTTCTATACC
CrSEUZ CrSEU2_Seq_Int_2_fw CTACACTAAAAGATATGTTCGA
CrSEU2_Seq_rv GCTCTAACTGTTGCTGTTGAGA
CrSEU3_Seq_Int_fw CTGCAGCAACTGCAGCAA
CrSEU3 CrSEU3_Seq_rv CAGGTTTGTATCCATTCTCCAAT
CrSEU3_Outer_fw AAGCAAAGAAAGCAACTGCAAGT
CrSEU3_Outer_rv TGTTACTCCTCTGGCTACCTGA
CrSEU4 CrSEU4_Seq_Int_fw TGGACATGGAGAGAATGTT

CrSEU4_Seq_rv

AAAGAATGTCCTCTCGCATTGG
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Supplementary Table 14 (cont.)

Gene Name Sequence
PpLUG_Seq_int_fw ACATGTCAACGTCAGGTTCTC
PpLUG PpLUG_Seq_int2_fw GATGTGCTGAACCAAAGGTCT
PpLUG_PCR_rv GTGCTTCAGCCGCTCTTCG
PpLUG2 PpLUG2_PCR_rv AACAAGTGCATCAACAGCAAGC
PpLUG3 PpLUG3_PCR_rv CAACAGCTTCCACAGCGCA
PpLUG4_Seql_int_fw GCGCGCATTGTATCGGAT
PpLUGY PpLUG4_Seq?2_int_fw GTTGCCCCAAGTGCAAGAAA
PpLUG4_Seq3_int_fw TTGCTGGGAATGCAACTACA
PpLUG4 PpLUG4_PCR _rv TCTCCGTTGTIGTGCATGC
PpSEU PpSEU_SEU2_Seq_int_fw ACAGATACAGGCCCATCTGA
PpSEU_PCR_rv GTTCAGGTACACCTCCGCTA
PpSEUZ PpSEU_SEU2_Seq_int_fw ACAGATACAGGCCCATCTGA
PpSEU2_PCR_rv TGCTGCTGCTCCATTCGC
Supplementary Table 15: Sequencing primers for plasmid backbones
Vector Name Sequence
pENTR_Seq_fw TTCTACAAACTCTTCCTGTTAG
PENTR4 PENTR_Seq_rv TGCAATGTAACATCAGAGATT
pENTR4-5'"MCS_Seq ATTGGTTCCCATGGTGGAG
pENTR-PpU6P- M13_fw GTAAAACGACGGCCAGT
sgRNA-L1L4 M13_rv CAGGAAACAGCTATGAC
pENTR-PpU6P- M13_fw GTAAAACGACGGCCAGT
sgRNA-R4R3 M13_rv CAGGARAACAGCTATGAC
pENTR-PpU6P- M13_fw GTAAAACGACGGCCAGT
sgRNA-L3L2 M13_rv CAGGAAACAGCTATGAC
DGADT7-GW AD_rev CGATGCACAGTTGAAGTGAACT

pGADT7-GW_Seq_fw

AAGCGGAATTAATTCCCGAG
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LVI

Supplementary Table 15 (cont.)

Vector Name Sequence

BD_rev CCGGAATTAGCTTGGCTGC
pGBKT7-GW

pGBKT7-GW_Seq_fw GACTGGAACAGCTATTTCTACTGAT
pGTQL1211YN pGTQL1211YN_Seq_rv CTCTAGACTCACCTAGATTAACTCT
pGTQL1221YC pGTQL1221YC_Seq_rv CTCTCTAGACTCACCTAGAATTAA

pMK-Cas9-gate

pUbi_rv

GACCGGGTCACGCTGCACTG

Sp6_pTNT1_fw

ATTTAGGTGACACTATAGAATAC

pTNT Sp6_pTNT2_fw TAGCATTTAGGTGACACTATAG
pTNT_rv2 TTTTTTTTTGCGGCCGCCC
pTNT_rv3 CTTCGCTATTACGCCAGC
Supplementary Table 16: Genotyping primers for P patens mutagenesis
Gene Name Sequence
PpLUG3_sgRNA1_Seq_fw TCGAATGGAACTTGCCGA
PpLUG3_sgRNA1_Seq_rv CTCATTCATTTTAGTACAGTCTG
PpLUG3 PpLUG3_sgRNA1_New_fw  AGTGCGAAGCAAACCCTGG
PpLUG3_sgRNA1_New_rv ATTCGCCTCAGCTCTTCTAGC
PpLUG3_sgRNAZ2_New_fw  GTTGTGCCGGGATTGCATG
PpLUG3_sgRNA2_New_rv  TACGCCTCTACCATGCCACC
PpLUG3_Off_fw GGTTTGATGTGCAGGCTGGA
PLUGS | PpLUG3/4_sgRNA2_Seq_fw TTGTGGGAAGGTAGTGGAC
PpLUG4 PpLUG3_sgRNA2_Seq_rv AACCACAACACCCACCCTA
PpLUG4_sgRNA2_Seq_rv CTCGTGCTCCCTACCTCA
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Supplementary Table 16 (cont.)

Gene Name Sequence

PpLUG4_sgRNA1 Seq_fw AAGTTGGTITGGGGAGGGT

PpLUG4_sgRNA1_Seq_rv CGCATCACAGCAACACCA

PpLUG4_sgRNA1 New_fw  AATGGGCTCGGTAGTGTGTGA

PpLUG4 PpLUG4_sgRNA1_New2_fw CTGGAAAATTCTGAGCCGCTCGA

PpLUG4_sgRNA1_New_rv CCCATCCACCCTTTCCCTCA

PpLUG4_sgRNA2 New_fw  ATGGGTGGGTGTCGTTGTGC

PpLUG4_sgRNA2_New_rv CCCTTCCTGCACTCTCCAAC

PpLUG4_Outer_fw GAAGGCTTGGTGGTCGGT

PpLUG4_Off_rv ACCCTCCCAGTCCTTACGAC

All primers used were synthesized by Eurofins Genomics.
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Supplementary Scripts

Scripts written and used for automated analysis steps in this thesis.

Note: For the sake of brevity and clarity, R scripts used purely for statistical analysis and
simple data visualization in ggplot2 were not included here. This mainly concerns sec-
tions 3.2.6, 3.2.4, and 3.5.4

All supplementary scripts can also be found in the following GitHub repository:

https://github.com/Garrecht/800-Million-years-of-co-evolution-in-the-green-plant-1
ineage-the-case-of-LEUNIG-and-SEUSS.git

LVIII


https://github.com/Garrecht/800-Million-years-of-co-evolution-in-the-green-plant-lineage-the-case-of-LEUNIG-and-SEUSS.git
https://github.com/Garrecht/800-Million-years-of-co-evolution-in-the-green-plant-lineage-the-case-of-LEUNIG-and-SEUSS.git

XI'T

import os 1 results. (zow)
import csv
import pymol 3 # Determine the maximum number of helix columns req
from pymol import cmd max_helix_count = max((len(row) - 1) // 2 for row in results)

red

def collapse e_ranges (residues) : # Create header
header = [
if not residues: for i in range(l, max_helix_count + 1):
return [] 7 header. (f"Helix (1)} Start")
8 header. (f"Helix {i} )

residues = sorted(map(int, residues)) # Convert residues to intege

v file

collapsed = # Write results to a
33 with open(output_file, 'w', newline='') as csvfile:
start = residues[0] 8 writer = csv. (csvfile)
5 end = residues[0] writer. (header)
6 for row in results:
1 for i in range(l, len(residues)): 8 # Pad rows with empty values if they have fewer heli,
if residues[i] end + 1: while len(row) < len(header):
end = residues[i] row. o
0 else: writer. (row)
2 if start == end:
22 collapsed. ((start, end)) # Single due # Main function to run the processing
else: def main():
collapsed. ((start, end)) # Range cif dir = £ # Directory containing iles
5 start = residues[i] output_file sults_70.csv" # Name ¢
26 end = residues[i] 96 threshold = 70 # pIDDT threshold for selecting residues (B-factor >= 70)

idue process_directory(cif_dir, output_file, threshold)

# Append the last range or single res
collapsed. ((start, end))
return collapsed

if name == " ain__ ":

main ()

s(cif_file, threshold=70):

cmd. (cif_file)
helix_data = []
for chain in cmd. 0:
cmd. (f'chain_{chain)', £ in {chain}')
0 atoms = cmd. (f'chain {chain}')
4 selected_residues = [atom. for atom in atoms. if atom.b >= threshold]
42
13 if selected residues:
14 residue_selection = '+'. (map (str, selected_residues))
45 cmd. (f'helix {chain)', f'chain {chain i ss H and resi
residue_selection}')
4 ¢
A7 helix_residues = cmd. ( _(chain} ')
18 if helix_residues:
49 helix_residue_numbers = [int(atom. ) for atom in helix_residues.
1
helix_data. (collapse_residue_ranges (helix_residue_numbers))
cmd. (a1l

return helix data

ocess_directory(cif_dir, output_file, threshold=7

results = []
for cif file in os. (cif dir):
if cif file. (1eifh):
full_cif_path = os. . (cif_dir, cif_file)
print(f"Processing (cif_file}...")

helix_data = extract_helix_positions(full_cif_path, threshold)

# Prepare row data

€ row = [os. . (cif_file)]
for start, end in helix_data:
row. (start)
row. (end)

Script 1: Python script for extraction of a-helix positions from AlphaFold protein models via PyMol (Abramson et al., 2024; Schrodinger, 2010).
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import os 1 results. (zow)

import csv
import pymol # Determine the maximum number of sheet columns rean
from pymol import cmd max_sheet_count = max((len(row) - 1) // 2 for row in results)

red

def col

e_ranges (residues):

if not residues: =

for i in range(l, max_sheet
( >t

) return [] 7 header.
C header. (c
residues = sorted(map(int, residues)) # dues to integ
collapsed = [] # Write results to a CSV file
33 with open(output_file, 'w', newline='') as csvfile:
start = residues[0] writer = csv. (csvfile)
5 end = residues[0] writer. (header)
6 for row in results:
1 for i in range(l, len(residues)): ]} # Pad rows with empty values if they have fewer heli,
if residues[i] end + 1: while len(row) < len(header):
end = residues[i] row. ")
0 else: E writer. (row)
2 if start == end: g
2 collapsed. ((start, end)) # Singl # Main function to run the processing

else: def main
24 collapsed. ((start, end)) # Range cif dir = £" 4 Directory containing CIF files
5 start = residues[i] output_file € sheet 0. " 4 Name of output file
26 end = residues[i] threshold = 70 # pIDDT threshold for selecting residues (B-factor >= 70)

process_directory(cif_dir, output_file, threshold)

end the last range or single
collapsed. ((start, end))
return collapsed

if name - ain

main ()

def extrac

osit

sheet_| s(cif_file, threshold=70):

cmd. (cif_file)

3 sheet_data = []

37 for chain in cmd 0:
3 cmd. ( _{chain}', f£'chain (chain}')
0 atoms = cmd. f£'chain_ {chain}')
4 selected_residues = [atom. for atom in atoms. if atom.b >= threshold]
42
13 if selected residues:
14 residue_selection = '+'. (map (str, selected_residues))
45 cmd. (f'sheet_{chain)', f'chain {chain ss S and resi
residue_selection}')
4 €
A7 sheet_residues = cmd. ( _(chain}")
18 if sheet_residues:
49 sheet_residue_numbers = [int(atom. ) for atom in sheet_residues.
sheet_data. (collapse_residue_ranges (sheet_residue_numbers))
cmd. (a1l

return sheet_data

directory(cif_dir, output_file, threshold=

results = []

for cif file in os. (cif dir):
if cif file. "Lcif?
full_cif_path = os. . (cif_dir, cif_file)

print (:"Fr
sheet_data

ng {cif_filej...™)
extract_sheet_positions(full_cif path, threshold)

# Prepare row data

€ row = [os. . (cif file)]
7 for start, end in sheet_dat.
row. (start)

row. (end)

Script 2: Python script for extraction of 3-sheet positions from AlphaFold protein models via PyMol (Abramson et al.,, 2024; Schrodinger, 2010).
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import os
2 import pymol
3 from pymol import cmd

5 pymol. (["pymol", "-gc"1)

def anc n_cif(file_path, outpu

try:
# Extract protein names from
fold PROTEINA PROTEINB_model
structure_name = os.

2 parts = structure_name. [

the

proteina = parts[1]
proteinB = parts[2]

# Load the structure
cmd. (file path, structure_nai

# Step 1: Select residues with b
ctorm, £
ctorm, £

# Step 2: Find residues within d.
. A" £ ainA b

# Step 3: Get the length of each
chainh_residues = set(atom.
chainB_residues = set(atom.

# calculate the number of unique
chainA_length = len(chainA_resid
34 chainB_length = len(chainB resid

36 # Extract residue for r du

def analyze folder (input_folder, output_

cif files = [f for £ in os. &
for cif_file in cif files:
file_path = os. . (input_f

analyze_protein_cif (file_path, o

t_file, pidt_threshold=70, distance_cutoff=5):

filename (format:
(os. . (file_path))[0]
)
me)

> pidt shold for both chains

a A and k pidt_threshold}")
chain B and b > {(pidt_threshold}")

istance_cutoff
f r within (distance_cutoff} of

n {distance_cutoff

protein
for atom in cmd. )
for atom in cmd. )

residues in each
ues)
ues)

es meeting criteria above

7 close A_residues = sorted(set(int(atom. ) for atom in cmd. (
welos 0.
38 close_B_residues = sorted(set(int(atom. ) for atom in cmd. (
"elose BN
39
A0 # Write results to the output file
A1 with open(output_file, "2") as f:
42 f.write(f"Residues in {proteinA} (close to {proteinB}):\n")
43 if close A residues:
14 £ o, . (map(str, close A residues)) + "\n
els
I Y
. (f"Residues in {proteinB} (c to {proteinA}):\n")
if close B_residues:
£. [C (map (str, close B residues)) + "\n")
els
("None\n")
print( 1alysis for {file_path). Resu output_file}")
56 except Exception as e
57 print (f"Errc j (file_path}: {e}")
finally:
# Clean up PyMOL objects
cmd . (" ")

file, pidt_threshold=50, distance_cutoff=5):
nput_folder) if f. ("eif)]

older, cif_file)
utput_file, pidt_threshold, distance_cutoff)

pecifie r
input_folder "cif" # Path to the .cif file.

pidt_threshold = # Minimum pIDDT score

ting resid short.txt" # Output file

distance_cutoff = 4.5 # Distance cutoff in A for residue interaction

# Run batch analysis
analyze folder(input folder, output file, pidt_threshold,

# Shutdown PyMOL when done
cmd. quit()

distance_cutoff)

Script 3: Python script for extraction of interacting residues from AlphaFold protein models via PyMol (Abramson et al., 2024; Schrédinger, 2010).
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# Load necessary libraries
library(ggplot2)
library(dplyr)

library (patchwork)

#4444 IMPORTANT ####

# The sequences in "Sequences_R.fa" MUST be sorted like the alphabetically sorted
.cif files. For each .cif file, two sequences are present, the one mentioned first as
the first one, then the second one (see file names)

##### Intersecting close AS and Protein Sequences #h##

# Import and read files
fasta_file <- ences_!
interaction_file 50 <- "Interacting re es_|
interaction residues in short format (pIDDT50)
interaction_file_70 <- "Interacting residues short 70.txt" # File containing pIDDT
>70 residues

se

fa" # File containing SORTED fasta sequences
# File containing

fasta_lines <- readLines(fasta_file)
interaction_lines_50 <- readLines(interaction_file_50)
interaction_lines_70 <- readLines(interaction_file_ 70)

# Filter sequences and names from fasta file and removes ">"
sequence_names <- fasta_lines[seq(l, length(fasta_lines), by = 2)]
sequences <- fasta_lines[seq(2, length(fasta_lines), by = 2)]
sequence names <- gsub("">", "', sequence names)

# Filter interaction lines to exclude lines with names (i.e
interaction_lines_50 <- interaction_lines_50[!grepl ("

Residues in..
", interaction_lines_50

interaction_lines_70 <- interaction_lines_70[!grepl(""Residues”, interaction_lines_70
)1

all results <- data.frame()

# Process each sequence and its interaction data
for (i in seq_along(sequences)) {

sequence <- sequences[i]

sequence_name <- sequence_names[i]

interaction_positions_50 <~ as.numeric(unlist(strsplit(interaction_lines_50[i], ","
M)
interaction_positions_70 <- as.numeric(unlist(strsplit(interaction_lines_70[i], ","

M

residues <- strsplit(sequence, "")[[1]]

residue_positions <- l:length(residues)

sequence_df <- data.frame(
Sequence_Name = sequence_name,
Position = residue_positions,
Residue = residues

)

closeAS_50 <- data.frame(Position_5

2 . interaction_positions_50)
closeAS_70 <- data.frame(Position_7

0=
0 = interaction_positions_70)
sequence_df <- sequence_df %>%
mutate (Interacting = if_else(Position %in% closeAS_70$Position, "70",
if_else(Position %in% closeAS_50$Position, "50", "0")

))

all_results <- bind_rows(all_results, sequence_df)

}

#### Plotting of results: ####
max_length <- max(all_results$Position)
plot_list <= list()

# Loop through each unique sequence name
for (sequence name in unique(all_results$Sequence Name)) {
sequence_data <- all_results %>%

filter (Sequence_Name == sequence_name)
p <- ggplot(sequence data, aes(x = Position, y = 1, fill = Interacting)) +
geom_tile(height ) +

scale_fill_manual(

#03 wson = 41905 won = ngdo

5d4"),

name i ,
labels = c("7 "< PR SE
, "0" = "> 4.5 A | pIDDT

)+

scale_x_continuous(limits = c(0, max_length)) +

labs (
X on',
y = sequence_name

)+

theme minimal() +

theme (

aspect.ratio
axis.text.y = element_blank(),
axis.ticks.y = element_blank(),
axis.title.y = element blank(),
panel.grid.major = element_blank(),
panel.grid.minor = element_blank(),
plot.margin = margin(0, 0, 0, 0)

)

plot_list[[sequence namel]] <- p

1

# Remove X-axis labels for all but the last plot (to keep as legend)
plot_list <- lapply(seq_along(plot_list), function(i) {
if (i < length(plot_list)) {
plot_list[[i]] + theme(
axis.title.x = element_blank(),
axis.text.x = element_blank(),
axis.ticks.x = element_blank()

} else
plot_list[[i]]
)
h

# Remove legends for plots without any residues lower than pIDDT 70 or 50. (For
combining legend via patchwork)
remove_short_legends <- function(plot, legend_column) {

# Extract the data used in the legend

data <- ggplot_build(plot)$datal[1]]

# Count the number of unique entries in the specified column
num_unique <- length(unique(data[[legend column]]))

if (num_unique < 3) {
plot <- plot + guides(color = "none", fill = "no

return (plot)

}

plot_list <- lapply(plot_list, function(plot) {
remove_short_legends (plot, "group")

b

# Combine plots in pairs to signify interactions, stack them vertically, and add a

combined title

combined_plots <- lapply(seq(l, length(plot_list), by = 2), function(i) {
plot_pair <- plot_list[c(i, i + 1)]

plot_pair <- lapply(plot_pair, function(p) {
p + theme(axis.title.y = element_blank())
H

y_titles <- sapply(plot_pair, function(p) {
title <= ggplot_build(p)$plot$labels$y
# Remove unwanted suffixes

on
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Script 4: R script for visualizing position of extracted interacting residues.




[IX'T

gsub("_p[0-9]+", "", title)

combined_title <- paste(y_titles[l], "+", y_titles[2])

# 4 tit the fi plot of the plot pair
plot_pair <- lapply(seq_along(plot_pair), function(i) {
if (i < length(plot pair)) -
plot_pair[[i]] + labs(title = combined title)
} else {
plot_pair[[il]

}
hH

combined_plot <- wrap_plots(plot_pair, ncol = 1)
return (combined_plot)

nbine all paire ts tog
final combined plot <- wrap_plot
plot_layout (guides = "coll

ggsave (" ", final_combined_plot, width = height

Script 4 (cont.)
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Script 5: Python script for visualizing interactions of the LUFS-domain of LUG with SEU in AlphaFold protein models via PyMol (Abramson et al, 2024;

Schrédinger, 2010).

import os
import pymol
from pymol import cmd

# Set the fol
input_folder :
output_folder = "&:/H

containing the protein files and the output di

os. (output_folder, exist_ok=True)

ze_p
the

tein(file_path, output_name):

ein complex

0
(file_path)
protein_name = os. . (os. . (file_path)) [0]

# Selection of domains
cmd. & C ", £"/{protein_name i )y
cmd. ("2 ", £"/(protein_name//E 55 A

one atom is within 4.5 A an

# Selection whole residues where at le

the other chain

cmd. ("AtLUG_AS", "I
)
cmd. & ", i b>5
")
srouping selections
" ", £"(protein_name
")
", £"/{protein_name}//A")
im", £"/{protein_name c ")
", £/ (protein name)//5")
", £"/{protein_name “kbone")
", £"/{protein_name}/ and b<50")
# Visualization
cmd. (" v, 1 )
cmd. ("
cmd. ("cartoon", LUG_LUFS AtSE ter")
cmd. (" v, ")

0)

cmd.set (" # Disabl

# Export with desired blution and orientation

output_file = os. . (output_folder, f"{output_name}.png")
cmd. r=y (4800, 3000)

cmd. prg (output_file, dpi=600)

# Loop through all files in the folder

for filename in os. (input_folder):
if filename. " ") or filename. ("Leifny:
file path = os. (input_folder, filename)
output_name = os. . (filename) [0]

visualize protein(file_path, output_name)

print ("

", output_folder)
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//Dynamicaly define input and output folders and file type

#@ File (label = "Input directory", style = "directory") input
#@ File (label "Output directory", style "directory") output
#@ String (label = "File type", value = ".jpg") suffix

//Define pre- and suffixe for processed pictures
#@ String (label = "Output prefix", value = "") output_prefix
#@ string (label = "Output suffix", value = "") output_suffix

// function to scan folders/subfolders/files to find files with correct suffix
processFolder (input) ;
function processFolder (input) {

list = getFileList (input);

list = Array.sort(list);

for (i = 0; i < list.length; i++) {

if (File.isDirectory(input + File.separator + list[i]))

processFolder (input + File.separator + list([i]);
f(endsWith (list[i], suffix))

processFile (input, output, list[i]);

}

//Execution of macro for each file
function processFile (input, output, file) {

//image handeling and preparation

open (input + File.separator + file);

original_image = getTitle(); //Get image name for later selection
selectWindow (original_image) ;

//Manual cropping

makeRectangle (1032, 612, 3888, 2580);

waitForUser ("Position selection EXACTLY on internal border (edge media - plate wall)
of the plates!");

run ("Crop") ;

// Sometimes, to reduce noise during the analysis, a slight blur is advised
//run("Gaussian Blur...", "sigma=1");

//Saving the image

filename_pure = output_prefix + File.nameWithoutExtension + output_suffix; //Adds
pre- and suffixe to the file name -
saving_prefix = output + File.separator + filename_pure; //Defines save location
saveAs ("JPEG", saving_prefix);

//Clean-Up for next picture
run("Close Al1l");

}

Script 6: Fiji macro for semi-automatic cropping of Y2H assay plate pictures.
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Script 7: R script using the gitter package to measure yeast colony sizes and to determine presence/absence of protein interactions in the assay (Wagih & Parts,

2014).

46

48
49

#% Information & Settings ####
# Goal: Automated Processing (Gitter, rename and analyse) pictures from Y2H-screens

# Use the gitter.batch() function, which allows you to supply a reference screen that
is analyzed first and used to create a grid that is overlayed onto the second plate
(the plate you want to analyse)

# For this, the images need to be as similar as possible regarding pixel size,
position of the plate ect.

# Crop the images to the INSIDE of the plate using an ImageJ script to keep
everything consistent

# Check the gitted images visually to confirm that the grids were placed correctly!
IMPORTANT!

# Also, after the gitter analysis, check the output images for unwanted artifacts or
noise and make sure that all colonies were captured by the analysis
THIS IS THE ONLY WAY TO ENSURE THAT THE DATA WAS COLLECTED PROPERLY!

-

If colonies are not captured correctly, try the following:

Re-gitter the image. Sometimes this alone gets rid of the noise

Re-crop the images to make sure your positioning is ok

Add a small bit of gausian blur (start with 1, slowly increase) in case there is
high noise in the gitter_picture plate

# If there are non-captured spots (black) within colonies, they are caused by the
general color of the colonies/color differences within the colonies which is
wrongfully assumed to be different by the binary transformation

# Try reducing the background in ImageJ using rolling ball substraction

o

# Gittered reference image that contains all 96 colonies in a good quality
file ref <- "./Gitter/Plate_refer

# Define save location of files
dat_save <- "./Gitter/Output f

grid_save <- ". tter/Output_in

# Define your source directory
dir_source <- . /

# Gitter reference file
dat_ref <- gitter(file_ref,
dat.save = dat_save,
grid.save = grid_save,
plate.format
verbose = "p

# IMPROTANT:

# The script assumes that your files ar named after the following scheme:
# Plate_[ID]v[REPLICATE] [Treatment]

# [ID] and [REPLICATE] should be numeric values

# [Treatment] should be one of the following

# LW_Transfer [This is the reference plate]

# LWH

# LWH_3-AT

# ANALYSIS:

# Idea: Calculate sizes of LWH and 3-AT colony growth in relation to the LW-transfer
colonies

# --> The smaller the difference, the more likely that there is a genuine protein
interaction, as this allows for growth of colonies on the selective media

# Definition of selective thresholds
colony_size_threshold <- 900 # Based on a first look, growing spots seem to have a
colony size of >1000

# DEFINITION OF WHEN WE CONSIDER COLONY GRWOTH TO BE A GENUINE PROTEIN INTERACTION
# Currently: If assay colonies have grown to a size of 50% or more in relation to
control colony

interaction_true <- 0

HRARANY

6

# LOOKUP-TABLE
# To automatically map the row/col coordinates of the plates to the proteins, you
must create a lookup table in excel:

# One sheet consisting of seven columns with the following data:

# [Plate], [row], [row_tag], [row protein], [column], [col_tag], [col protein]
# [Plate] is plate number WITHOUT replicates (i.e 1, 2, 3 ect.)

# [row/col] is position of row/col

# [tag] is AD/BD

# [protein] is protein name

# Load lookup-table

library(readxl)
lookup_grid <- read excel(".

2H_Lookup_table.xlsx", sheet = "grid

# Merge the tag and protein columns to one combined column and remove the old ones
lookup_grid <- lookup_grid $>%
mutate (tag_prot_row = paste0(tagl, " ", proteinl)) %>%
select (!c(tagl, proteinl))

lookup_grid <- lookup_grid %>%
mutate (tag_prot_col = paste0(tag2, " ", protein2)) %>%
select (!c(tag2, protein2))
# Change plate number from "Double" to "Character" and add "Plate " for later merge
with results
lookup_grid§plate <- as.character(lookup_grid$plate)
lookup_grid$plate <- pasteO("Plate ", lookup_grid$plate)

## Setup ####

# Install necessary packages
install.packages ("gplots")

install.packages ("
install.packages ("R
install.packages ("
install.packages ("
install.packages ("]

install.packages ("devtool
library (devtools)

devtools::install_github( h/gitter")
install.packages ("

library(BiocManager)
BiocManager::install("EBImage")

BiocManager: :install ( teatmap”)

# Load necessary packages

library(gitter)
library(dplyr)
library (tidyr)
library(RColorBrewer)
library(ggplot2)
library (writexl)

#4# Batch Gitter ####

gitter.batch(dir_source,
ref.image.file = file_ref,
dat.save = dat_save,
grid.save = grid_save,
plate.format
verbose = "p"

# This code loads multiple tab-separated gitter data files, appends them row-wise,
and adds columns indicating the source file and treatment for each row:
combined gitter_data <- function(directory) {
gitter data_list <- list.files(dat_save, pattern = "\\.
gitter_data_inter <- list()

full.names = TRUE)
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143
144
145
146

# The col names are unfortunatly marked as comments, so we need to supply them
manually
colnames_gitter <= c("row", "col", "size", "c

)

cularity", "f

for (file in gitter data_list) {
data_f <- read.table(file,
comment.char = "§",
sep = "\t"

colnames (data_f) <- colnames_gitter

# Splits the file name into separet stings at each "_" in the name to precisely
name the plates and treatments
split_name <- strsplit(basename(file), " ")[[1]]
data_f$plate <- paste(split_name[l], split_name[”], sep = " ")

# An if loop that creates a treatment column and checks if the fourth string
starts with "cropped"

# Will be the case for LWH-plates, but not LW_Transfer or LWH_3AT

if (length(split_name) >= 1) {

if (startsWith(split_name[4], "cropped”)) {
data_f$treatment <- paste(split_name[3])
} else {
data_f§treatment <- paste(split_name[3], split_name[], sep = " ")
}
} else

{
data_f$treatment <- paste ("Unknown"

}
gitter data_inter[[file]] <- data_f

}
gitter_data_inter <- do.call(rbind, gitter_data_inter)
rownames (gitter_data_inter) <- l:nrow(gitter_data_inter)

return(gitter_data_inter)

}
gitter_data <- combined gitter_data()

## Rnalysis of results ####

# Sets the names of the treatments to numerical values, Easier for referencing and
working with them
gitter_data <- gitter_data %>% mutate(
treatment =
recode (treatment,

)
gitter_data <- filter(gitter_data, treatment != 4)

###4 Function to obtain and process data from singular plates ####

process_plate <- function(gitter data) {
###4 #### Extracting data from singular plates and creating a three-dimensional
matrix of position and treatment ##i

unique_rows <- sort(unique(gitter_data$row))

unique_cols <- sort(unique(gitter_data$col))

unique_treatments <- sort (unique(gitter data§treatment))

plate_matrix <- array(NA,
dim = c(length(unique_rows), length(unique_cols), length(unique_treatments)),
dimnames = list(unique_rows, unique_cols, unique_treatments)

)

for (treat in unigue_treatments) {
treatment_data <- gitter_data %>% filter(treatment
for (i in :nrow(treatment_data)) {
row_index <- which(unique_rows == treatment_data$row[i])
col_index <- which(unique_cols treatment_data$col[il])
plate matrix[row_index, col_index, treat] <- treatment_data$size[i]

!ltreat)

}
#44% ##4#4 The analysis that is being done with the data ####

# Sets the LW-Media as the base for the next analysis steps
base_treatment <- unique_treatments[1]

# Create a mask for none-growing colonies on the LW-transfer treatment (1)

threshold_mask <- abs(plate_matrix[, , base_treatment]) < colony_size_threshold

treatment_matrix <- array(NA, dim = dim(plate_matrix), dimnames = dimnames(
plate_matrix))
for (treat in unique_treatments) {
if (treat != base treatment) {
treatment_matrix[, , treat] <- plate matrix[, , treat] / plate_matrix[,
base_treatment]
treatment_matrix[treatment matrix > 1] <-

}
for (treat in unique_treatments) {

if (treat != base_treatment) {
treatment_matrix[, , treat][threshold mask] <- NA

}
}
treatment _df <- as.data.frame(as.table(treatment matrix))
colnames (treatment_df) <- c("row", "col", "treatment", "rel.si

interaction_treat <- treatment_df %>%
filter(rel.size >= interaction true)

= plate_matrix,

treatment_matrix,

threshold mask,
interaction_treat

#### Function to loop the analysis through all plates ####
analyze_all_plates <- function(gitter_ data) {
plate_list <- split(gitter data, gitter data$plate)
plate list <- plate list[sapply(plate list, function(gitter data) {
any(gitter_data$treatment )
b1
gitter_results <- list()

# Process each plate by looping through each plate via their ID
for (plate_id in names(plate_list)) {
cat ("Processing plate”, plate_id, "\n")
plate_analysis <- plate list[[plate_id]]
gitter_results[[plate_id]] <- process_plate(plate_analysis)

}

gitter_results

}
results <- analyze_all_plates(gitter_data)

#### Function to obtain a dataframe of all true interactions ####
get_protein_interaction <- function(results) {
interaction_results <- data.frame()
for (plate_id in names(results)) {
plate <- results[[plate_id]]
if ("True interactions" %in% names(plate)) {
interaction_df <- plate$ True interactions’

}

if (nrow(interaction_df) 0
next

}

interaction_df$plate <- plate_id

Script 7 (cont.)
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interaction_results <- bind_rows(interaction_results, interaction_df)

}

# Modify the interaction_results table to store the replicate number in a
different column to allow for merging of the results with the lookup table names

interaction_results <- interaction_results %>%
mutate (replicate = gsub("Plate "
mutate (plate = gsub(

%) "\

(.5)", "\\1", plate)) %>%
", plate))

interaction_results$row <- as.numeric(interaction_results$row)
interaction_results$col <- as.numeric(interaction_results$col)

merged_results <- interaction_results %>%
inner_join(final lookup, by = c("plate", "row", "col")) %>%
mutate (treatment = case_when(
treatment == "2" ~
treatment
TRUE ~ treatment
)) %
separate (tag_prot_row, into
"merge") %>
separate (tag_prot_col, into
"merge") -
return (merged_results)

"prot row"), sep = " ", extra =

="', extra =

}

Assay_results <- get_protein_interaction(results)

# Shorten results: How many times (i.e replicates and both directions of
interactions) is a interaction present in the Assay_results

short_and_sort <- function(Assay_results) {
Assay_results_empty <- Assay_results %>%

filter (prot_row "empty" | prot_col == "empty") %>%
group_by(tag_row, prot_row, tag col, prot_col) %>%
summarize (count = n(), .groups = "drop")

Assay_results_M <- Assay_results %>%
mutate (tag prot_row = paste0(tag row, " ", prot _row)) %>%

select (!c(tag_row, prot_row))

Assay_results M <- Assay_results_M $>%
mutate (tag_prot_col = paste0(tag_col, " ", prot_col)) &>%
select (!c(tag_col, prot_col))

Assay_results_short <- Assay_results M %>%
rowwise() >%

mutate (
Sorted Names = list(c(treatment, sort(c(tag_prot_row, tag prot_col))))
) &%
ungroup() %>%
mutate (
treatment = sapply(Sorted Names, [, 1),
protein_1 = sapply(Sorted Names, [, 2),
protein_2 = sapply(Sorted Names, ‘[, 2)
) %

group_by(treatment, protein 1, protein 2) %>%
summarize (

count = n(), .groups = "dro
) 8%
separate (protein_1, into
separate (protein_2, into

c("tag 1

c("tag_2

write_xlsx(
list(
Assay_results = Assay_results,
Empty_interactions = Assay_results_empty,
Assay results short = Assay results short

ts.xlsx"

}

short_and_sort (Assay_results)

##4# Visualizing Analysis Output ####

generate_bubble <- function(results) {

# Recode the treatment names for better overview (for use in plot only!)
treatment_labels <- c(

"3 = YLWH +

)

pdf(
file = "./Y2H_res ,
width = &, height = ¢

)

for (plate_id in names(results)) {
plate results <- results[[plate_id]]
treatment_results <- plate_results$ Assay effects’
treatment_name <- dimnames(treatment_results) [[3]]
for (treatment in treatment name) {
# Remove analysis of LW-plate against LW-plate from dataframe (treatment =
1), as the output is just NAs
bubble_matrix <- treatment_results[, , treatment]
if (all(is.na(bubble matrix))) {
next

}

bubble_df <- as.data.frame(as.table(bubble matrix))
colnames (bubble_df) <- c("zow", "col", "rel.size")

# Replace NA values for missing colonies with -1, a value that is othe

impossible
bubble_df <- bubble df %>%
mutate(rel.size = if else(is.na(rel.size), -1, rel.size))

bubble_df <- bubble df %>%

mutate (threshold = if_else(rel.size < interaction_true, "FALSE", "TRUE"))
print(
plot <- ggplot(
bubble_df,
aes(x = col, y = row)
) +

geom_point (shape = 21, fill = "darkgrey") +
geom_point (
shape =
aes(size = rel.size, f£ill = threshold)
) +
scale_radius(
range
limits

title = paste("Bub for Treatment:
treatment_labels[treatment]),

, plate_id, ",",

)
guides (

Script 7 (cont.)
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scale_y discrete(limits = rev) +
theme_minimal() +
theme (
legend.position = "
panel.grid.major = element_blank(),

panel.border = element_rect(fill = NA),
axis.ticks = element_line(color = ")
)+ -
coord_fixed()
)
o ", plate_id, ",", treatment_labels[treatment],
}

}
dev.off ()

generate_bubble (results)

")

Script 7 (cont.)
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//Dynamicaly define input files, output folders and file type
#@ File (label = "DAPI file", style "open") image_DAPI

#@ File (label = "YFP file", style = "open") image YFP

#@ File (label = "Output directory", style = "directory") output
#@ String (label = "File type", value = ".tif") suffix

//Define pre- and suffixe for processed pictures
#@ String (label = "Merge suffix", value merge") output_sufMerge
#@ String (label = "Crop suffix", value = output_sufCrop

//Open DAPI-Picture

open (image_DAPT) ;

SaveDAPI = File.nameWithoutExtension //Stores the Name of the file for saving later
Image DAPI = getTitle(); //ARllows for selection of the opened file

run ("Duplicate...”, "title=Duplicate");

//split channels, keep only the blue one
run("Split Channels");

selectImage ("Duplicate (green)");
close();

selectImage ("Duplicate (red)");

close();

//Open YFP-Picture
open (image_YFP) ;

SaveYFP = File.nameWithoutExtension //Stores the Name of the file for saving later
Image YFP = getTitle() //Allows for selection of the opened file

selectImage (Image_YFP);

run("Duplicate. . "title=Duplicate2");

//Split channels, keep only the green one
run("Split Channels");

selectImage ("Duplicate2 (blue)");
close();

selectImage ("Duplicate2 (red)");

close();

//Merging of blue DAPI and green YFP channels
run("Merge Channels. "c2=[Duplicate2 (green)] c3=[Duplicate (blue)]");
selectImage ("RGB") ;

//Add selection for cropping
run("Specify...", "width=750 height=750 x=1 y=
waltForUser ("Position ROI, then hit OK");
//You need to select the area to crop manually. Select a well visible/overlayed area
for the cropping

)i

//Crop and save Merged image
roiManager ("Add") ;

run ("Crop") ;

saveAs ("PNG", output + File.separator + File.nameWithoutExtension + output sufMerge);

//Crop and save YFP and DAPI images

selectImage (Image_DAPI);

roiManager ("Select", 0);

run ("Crop") ;

saveAs ("PNG", output + File.separator + SaveDAPI + output_sufCrop);
selectImage (Image_YFP);

roiManager ("Select", 0);

run ("Crop") ;

saveAs ("PNG", output + File.separator + SaveYFP + output_sufCrop);

//Cleanup for next pixture
roiManager ("Select", 0);
roiManager ("Deselect™) ;
roiManager ("Delete");
run("Close AlLl");

Script 8: Fiji macro to split and merge color channels for BiFC analysis.
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