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Introduction



Auxin signaling in plant development
The plant hormone auxin is a key regulator of growth and development of 
all land plants1,2. A major form of naturally occurring auxin is indole-3-acetic 
acid (IAA), which is synthesized by a tryptophan-dependent indole pyruvic 
acid pathway3. Almost a century of research has been conducted to under-
stand how auxin elicits a myriad of physiological and transcriptional respons-
es. Among the multiple known routes of auxin response, the nuclear auxin 
signaling pathway (NAP) contributes to most of the long-term responses via 
transcriptional regulation4. Within this transcriptional auxin response system, 
at low auxin concentrations, Aux/IAA (Auxin/INDOLE-3-ACETIC ACID) 
repressors interact with ARF (AUXIN RESPONSE FACTOR) transcription 
factors and thereby prevent transcription of auxin-regulated genes5–8 (Figure 
1). At higher auxin concentrations, auxin is perceived by an F-box recep-
tor protein TIR1/AFB (TRANSPORT INHIBITOR RESPONSE/AUXIN 
SIGNALING F-BOX) which upon auxin binding interacts with Aux/IAA 
repressors9–11. Auxin-dependent TIR1/AFB-Aux/IAA interaction results in 
ubiquitination of Aux/IAA by the ubiquitin ligase complexes that encompass 
TIR1/AFB proteins, followed by proteasomal degradation of this repressor12. 
Removal of Aux/IAA releases ARFs to control transcription of their target 
genes4. Such targets genes are marked by having auxin responsive element 
(AuxRE) DNA motifs present in the gene promoters13–15.

Each of the TIR1/AFB, Aux/IAA and ARF proteins are represented by gene 
families in land plants16–18. While TIR1/AFB and Aux/IAA proteins are critical 
requirements for auxin-triggered gene regulatory changes, they do not appear 
to contribute substantially to the selectivity of gene regulation19–21. Instead, as 
the DNA-binding components, ARFs are important regulatory proteins de-
fining which genes are subject to nuclear auxin signaling. The angiosperm 
Arabidopsis thaliana has 23 ARF transcription factors in its genome22. Based 
on phylogeny across land plants23, ARFs have been divided into three classes: 
A, B and C. Functional characterization of ARFs in Arabidopsis suggests that 
class-A ARFs mostly act as transcriptional activators whereas class-B and C 
are considered as repressors24. 
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Figure 1: Simplified schematic diagram of the nuclear auxin signaling pathway (NAP). At low auxin concentrations, 
Aux/IAA repressors interact with ARF transcription factors and repress transcription of auxin responsive genes. At 
higher auxin concentrations, auxin is perceived by TIR1/AFB receptors which enhance TIR1/AFB-Aux/IAA inter-
action affinity. TIR1/AFB ubiquitinates Aux/IAA and targets it to proteasome for degradation. Removal of Aux/IAA 
allow ARFs to activate transcription of auxin responsive genes.

ARFs are composed of two structured domains; an N-terminal DNA binding 
domain (DBD) required for contact with DNA and a C-terminal Phox and 
Bem1 (PB1) domain for oligomerization and interaction with Aux/IAA pro-
teins7. Flanked by these two domains, ARFs have a variable, middle region 
(MR) that connects the DBD and PB1 domains and is predicted to be disor-
dered25. Variable amino acid composition of the MR is thought to determine 
the activator or repressor activity of ARFs26. ARFs mostly function as dimers 
or oligomers13. Dimerization of ARFs is cooperatively facilitated by the sin-
gle PB1 oligomerization domain and the two dimerization domains within the 
DBD27,28. Given that these dimerization domains are conserved across ARF 
classes, different combinations of ARF dimers are in principle possible. In 
angiosperms, both homotypic and heterotypic ARF dimerization have been 
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reported5,29, although the exact differences in functions of these types of in-
teractions are not yet delineated. Moreover, most of these interactions were 
studied in non-physiological concentrations of these proteins in heterologous 
systems5,29,30. Whether these interactions are biologically meaningful, depends 
on their occurrence at endogenous concentration of each protein.

ARFs bind to DNA and selectively regulate transcription of auxin-responsive 
genes14,15,31. DNA binding by ARFs is highly specific, largely due to their 
function as dimers13,27. Using DNA-binding assays and DNA-ARF co-crystal 
structural analysis, ARF homodimers have been shown to bind to a tandem 
TGTC(TC/GG) AuxRE motif with variable spacing preference for different 
ARFs27,28,32. The repetitive binding sites together with variable spacing pref-
erence among ARFs, creates a gene regulatory system where a set of ARFs 
can either co-regulate a set of common genes or bind selectively to genes that 
have unique spacing between AuxREs. Class-A and -B ARFs were found to 
have similar DNA-binding preference28. Based on their similar affinity for 
TGTC(TC/GG) motif, class-A and -B ARFs have been proposed to compete 
for binding to AuxRE sites28. This competitive ARF-DNA binding has been 
supported by experimental evidence from multiple plant species28,33. Since 
two different classes of ARFs have similar DNA affinity, it is considered that 
the relative concentration of competing ARFs play a major part in determina-
tion of DNA occupancy. Given that the endogenous relative ARF concentra-
tions are unknown in plants, the impact of differences of ARF concentration 
in auxin response is yet unclear.

The seemingly simple NAP controls nearly every step of plant life2,34 begin-
ning with seed germination35, shoot and root development36–39, flowering40, 
stress response41,42 to senescence42. How such a simple signaling system can 
influence plant development so broadly has been investigated for the past two 
decades43. Biochemical analysis of individual NAP components has revealed 
their functions and genetic analysis have helped to decipher their biological 
relevance. Together, these results have established the working model of NAP 
discussed above. However, the current NAP model describes two distinct 
scenarios of high -and low auxin, to predict the transcriptional output solely 
based on auxin concentration (Figure 1). It is important to realize that the out-
put can be regulated at any level of signaling. For instance, even if high auxin 
concentrations trigger Aux/IAA degradation, a low ARF concentration may 
dampen the output. Therefore, it is important to consider the native dynamics 
of auxin and each signaling protein of the NAP while predicting the output. 
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This is a daunting goal to achieve in angiosperms given their large gene fam-
ilies. In Arabidopsis, there are in total 58 NAP proteins and there are thou-
sands of possible interaction combinations among these. Additionally, there 
is no efficient tool to determine endogenous protein levels in angiosperms. 
Therefore, it would be ideal to study NAP in a simpler genetic network with 
the possibility to determine endogenous protein concentrations. With recent 
advancements in whole genome sequencing an early diverging plant species 
Marchantia polymorpha has emerged, which perfectly fits the idea of a sim-
pler NAP and therefore promises an exploration of the endogenous status of 
NAP44,45.

(Re)emergence of the bryophyte model Marchantia polymorpha
The bryophyte Marchantia polymorpha is a historic model plant46. Since 
the 18th century, Marchantia has been used to study the bryophyte life cycle. 
Much before angiosperm model plants like Arabidopsis thaliana came to use, 
plant anatomy, physiology, and cell biology were studied in Marchantia. De-
spite its early emergence as a model species, molecular genetic tools were 
unavailable until the early 21st century, while angiosperm research flourished 
in this period. Completion of the Marchantia genome sequencing in 2017 re-
vealed an astonishing simplicity of genetics which reinstated interest in bryo-
phyte research44. In particular, genome sequencing revealed that most biolog-
ical signaling pathways including the NAP consists of the minimal number 
of genetic components in Marchantia44,45,47. This relatively reduced protein 
network offered a clear advantage in investigating the fundamental rules of 
auxin signaling.  

Due to its “weedy” nature, Marchantia grows in any moist, shady areas in 
nature and thus maintaining this plant species in laboratory conditions is not 
demanding. Marchantia has a (haploid) gametophyte-dominant life cycle48. 
The complete sexual life cycle of Marchantia is short and takes approxi-
mately three months. The gametophytic generation begins with microscop-
ic spores being released after sexual reproduction. Under favourable light 
conditions and nutrient sources, spores can germinate and form a prothallus 
which further develop into a flat thallus, which is the main photosynthetic 
tissue. Growth under indirect sunlight rich in far-red wavelengths, induces 
thallus to form gametangiophores, the specialized organs for sexual reproduc-
tion. Since Marchantia is a dioecious plant, male and female plants develop 
separate gametangiophores. In nature, sexual reproduction is often facilitated 
by rain splash that disperse motile sperm cells from male to female gametan-
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giophores. Successful fertilization leads to development of a diploid zygote 
that marks the onset of the sporophyte generation. A zygote matures to form 
a sporophyte of thousands of spore mother cells that each undergo meiosis 
to produce spore cells. This marks the end of the short sporophyte genera-
tion. In controlled growth conditions with far-red light, it is possible to in-
duce sporophyte generation and perform desired crosses for genetic analysis 
which is simplified by the haploid genome. Millions of spores produced by 
the sporophyte generation are a great resource, as they can be transformed 
by Agrobacterium49. In particular, spore transformation is useful to scale up 
low efficiency transformation such as the homologous recombination-based 
gene knock-in or knock-out50. Taking advantage of spore transformation and 
homologous recombination it will be possible to fluorescently tag the native 
proteins of NAP and determine their concentrations and dynamics in vivo. 
Recently developed monomeric fluorophores such as mNeonGreen51 and 
mScarlet-I52 with high molecular brightness allows for a quantitative imag-
ing-based investigation of the NAP in Marchantia. 
 
Marchantia gemma as a model to study auxin signaling
The asexual lifecycle of Marchantia is based on development and propaga-
tion of the vegetative tissue called gemmae53. The body plan of Marchantia 
is composed of thallus, a flat leaf-like tissue that grows horizontally on soil. 
On the dorsal side, at each bifurcation-point of thallus, a cup like structure 
called gemma cup is formed53. At the floor of gemma cups, a single epidermal 
cell elongates and divide asymmetrically to produce small, disc-shaped tissue 
called gemma, which are stored in stacks inside gemmae cups. Gemmae are 
asexual clones of the parent plant and remain dormant when they are stored 
inside gemma cups. Auxin has been proposed as a key signal in maintaining 
dormancy inside gemmae cups54. Removal of gemmae from the cup which 
naturally occurs by rain splash, induces gemma germination. Upon germi-
nation, gemmae start to grow and develop into a mature plant genetically 
identical to its parent. 
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Figure 2: Vegetative lifecycle of Marchantia polymorpha. Mature plants produce gemma cups on the dorsal side 
of thallus. Gemma cups store stacks of disc-shaped gemmae and keep them dormant. On removal of gemmae from 
the cups, they being to germinate and grow into another mature plant that is genetically identical to the parent plant. 
Both male and female Marchantia plants have the same asexual lifecycle. The gemmae tissue is composed of two 
oppositely positioned apical notches where apical stem cells are present. Near the center of gemma a few rhizoid 
initial cells give rise to rhizoids upon germination. These cells are easily identified their relatively larger size and low 
chlorophyll content. Rest of the gemmae is made of green cells with higher chlorophyll content.

The use of Marchantia gemmae offers many unique advantages for experi-
mental purposes. Anatomically, dormant gemmae are thin discoid tissue with 
the center of gemma being 5 cell layers thick and the tapered edges having 1-2 
cell layers53. This is particularly advantageous for non-invasive microscopic 
imaging of live tissue. Gemmae are composed of both meristematic and dif-
ferentiated cells. The meristem cells also known as apical cells are located at 
the center of two oppositely positioned apical notches in gemmae (Figure 2). 
Upon germination, the apical cells start to divide and add more cells to allow 
growth. At the center of gemmae, the rhizoid initial cells are formed. There 
are only a few of these cells which are identified by their relatively large size, 
lower chlorophyll content and they are specified to develop rhizoid cells af-
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ter germination. The entire region between the apical notch and the rhizoid 
cells are composed of green cells, mainly identified by their high chlorophyll 
content. Apart from these three main cell types, some specialized oil cells are 
observed around the periphery of gemmae and are considered as storage sites 
for secondary metabolites. Thus, in the small tissue of gemmae it is possible 
to study both stem cells and differentiated cells. From the auxin signaling per-
spective, this is highly useful as auxin plays a major role in cell differentiation 
and stem cell maintenance55. 

Dormant gemmae lack any dorsiventral polarity until germination is initiated. 
This feature can be utilized to study establishment of photo- or gravitropism, 
both of which are highly auxin-dependent. Another remarkable feature of 
gemmae and thallus is their strong regeneration ability. While this property 
helps in faster vegetative propagation in laboratory, it can also be a great 
model to investigate auxin-dependent tissue regeneration. Gemmae remain 
dormant inside the cup and germination can be manually induced by simply 
placing gemmae on appropriate growth medium. Thus, it is easy to induce a 
major developmental transition and follow the natural dynamics of auxin sig-
naling during growth. These unique qualities of Marchantia gemmae makes it 
an excellent model to study auxin mediated plant development.

Scope of this thesis
Molecular genetic analysis in angiosperms have enriched our vision of NAP 
functions. In this thesis, we extended this qualitative vision by a holistic in-
vestigation of the native dynamics of auxin input and output signals during 
development and present a quantitative vision of auxin signaling.

To provide a theoretical background, in chapter 2 we briefly reviewed the 
state of the art of the qualitative NAP model and discussed prospects of using 
Marchantia NAP for a quantitative investigation. We highlight the key param-
eters that would be the building blocks of a quantitative model. Possible tools 
and resources to determine these parameters are also discussed.

In chapter 3, we took the first steps towards a native view of Marchantia 
NAP. We developed fluorescent genomic knock-in lines of all NAP proteins 
and described their native expression patterns in dormant gemmae. We also 
analysed MpARF co-expression patterns in double genomic knock-in lines. 
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To understand the dynamics of the ARF proteins, in chapter 4 we followed 
protein accumulation patterns of the three MpARFs in germinating gem-
mae. We quantified ARF expression dynamics and found both MpARF1 and 
MpARF2 levels to decline whereas MpARF3 levels remained similar after 
germination. We further demonstrate that MpARF concentration decline is 
a result of proteasomal degradation of the proteins. We assessed the biologi-
cal importance of MpARF2 degradation by computational simulations and in 
vivo manipulation of MpARF2 expression levels.

Realizing the importance ARF degradation, we focused on understanding the 
mechanism of MpARF2 degradation. In chapter 5, we systematically dis-
sected MpARF2 domains and identified a degron region within dimerization 
domain 2 of DNA-binding domain. Mutation in this degron caused a strong 
auxin insensitivity and highlighted the importance of MpARF2 degradation. 
Based on an inaccessible position of the degron in MpARF2 dimer structure 
we explored the possibility of monomer-specific degradation. Mutation anal-
ysis indeed showed an enhanced instability of MpARF2 when dimerization 
is disrupted. We demonstrate the negative impact of stable monomeric ARF2 
in plant growth.

In chapter 6, we explored the dynamics of the single auxin receptor MpTIR1, 
single transcriptional repressor MpAux/IAA and auxin concentration itself. 
We analysed how these input signals from TIR-Aux/IAA together with ARF 
function, result in a dynamic transcriptional output during germination. 

Finally in chapter 7, we integrated the key conclusions of this thesis and 
discussed the results from a broader context of plant development, followed 
by a future outlook.
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Abstract 
Auxin is fundamental to growth and development of land plants, and acts in 
large part through the control of gene activity. Genetic and biochemical anal-
ysis of the nuclear auxin signaling pathway (NAP) has led to the establish-
ment of a generic model for auxin-dependent gene regulation. However, to 
understand how this dynamic system operates in living cells, quantitative data 
are needed. We describe how the use of the liverwort Marchantia polymorpha 
with its limited number of NAP components, combined with experimental ap-
proaches to determine concentrations, binding affinities, and turnover rates, 
will enable a new, quantitative view on the mechanisms that allow auxin to 
control plant growth and development.
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The Nuclear Auxin Signaling Pathway 
Auxin-induced physiological and transcriptional responses are at the heart 
of land plant growth and development1–3.  Auxin is perceived by TIR1/AFB 
(TRANSPORT INHIBITOR RESPONSE1/AUXIN-BINDING F-BOX) an 
F-box protein in the SCFTIR1/AFB complex (see Glossary)4,5, and its Aux/IAA 
(Auxin/INDOLE-3-ACETIC ACID) substrate6,7. At low cellular auxin con-
centration, Aux/IAA repressors interact with DNA-binding ARFs (AUXIN 
RESPONSE FACTORS) via their shared PB1 domain and prevent ARF-driv-
en transcription. At high auxin level, the SCFTIR1/AFB complex initiates ubiq-
uitination and degradation of Aux/IAA repressors, allowing ARFs to regu-
late gene transcription8,9. Based on phylogeny, ARFs are divided into three 
classes: class-A, B and C. Transient assays have shown that A-ARFs tend to 
activate transcription, whereas B/C-ARFs are considered repressors7.

In the last two decades, fluorescent transcriptional and translational 
reporters have been used to map the activity of the NAP genes and proteins 
in various plant tissues10–12. In addition, the network of protein-protein and 
protein-DNA interactions among the response components has been estab-
lished13–16. These investigations provided a qualitative view of the functions 
of each signaling protein family and a generic mechanistic model for aux-
in-driven gene activation. However, it is well known that responses to auxin 
in plant tissues are extremely diverse, e.g. high auxin inhibits root growth, 
yet promotes hypocotyl growth17–19. This demonstrates that qualitative infor-
mation alone is not sufficient to explain differential auxin sensitivities and 
cell/tissue-specific responses. The dynamics and diversity of auxin responses 
could be encrypted in cellular protein abundance, protein-protein/DNA inter-
action affinities, complex stoichiometry, turnover rates etc. Here, we argue 
that systematic quantitative analysis of auxin response is the next frontier in 
auxin research.

The Arabidopsis Auxin Response Network: A Tangled Web of Paralogs
Whole genome duplications have played a central role in the evolution of 
land plants. From Charophytes through Angiosperms, genome duplications 
have inflated gene families with multiple paralogs and allowed their sub/
neofunctionalization thereby expanding genome complexity, spurring phys-
iological innovations20. Higher paralog numbers in Angiosperms gave rise to 
multiple auxin signaling proteins with overlapping, or in cases non-redundant 
functions21. In Arabidopsis thaliana, 6 AtTIR1, 23 AtARFs and 29 AtAux/
IAAs constitute the NAP22. These 58 proteins create thousands of possible 
interaction combinations which makes it nearly impossible to quantitatively 
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describe the system. However, a qualitative AtARF-Aux/IAA interaction net-
work has been obtained with yeast-2-hybrid assays (see text box1) showing 
that AtAux/IAAs can homodimerize and also heterodimerize with class-A 
ARFs while interactions are more limited with class-B/C ARFs23,24. These 
studies provided a static, binary interactome for AtARF-Aux/IAA interac-
tions, but lack binding affinities and interaction dynamics. 

Figure 1: (a) Schematic representation of the Nuclear Auxin signaling Pathway (NAP). At low cellular auxin level, 
the hormone is not perceived by the TIR1 receptor allowing the Aux/IAA repressors to persist and bind to ARF tran-
scription factors. This interaction prevents ARFs from driving gene transcription. At high cellular auxin concentra-
tion, the hormone is perceived by the TIR1-Aux/IAA co-receptor complex which is followed by ubiquitination and 
proteasomal degradation of Aux/IAA proteins. In absence of Aux/IAA repressors, ARFs activate auxin induced gene 
transcription. (b) Arabidopsis thaliana harbours multiple auxin response proteins whereas Marchantia polymorpha 
has only one response protein of each family. Domain architecture of auxin response proteins: (c) TIR1 receptor 
has an N-terminal F-box domain for interaction with other SCF complex subunits. A C-terminal leucine-rich-repeat 
(LRR) domain mediates binding to auxin and Aux/IAA repressors. ARF TFs have a B3 DNA-binding domain in-
serted between two halves of a dimerization domain (DD) at the N-terminus. The unstructured middle region (MR) 
of ARFs has class-dependent amino acid composition. Class-A ARFs have glutamine-rich MR, whereas Class-B 
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and C ARFs have a proline/serine-rich MR. Some ARFs have EAR and LFG motifs for the interaction with TPL. 

The C-terminal end of ARFs and Aux/IAA have a Phox and Bem1(PB1) domain for ARF-ARF and ARF-Aux/IAA 

oligomerization. At N-terminus of Aux/IAA repressors, a domain 1 (DI) mediates TPL recruitment while domain 

2 (DII) harbours a degron motif for recognition and degradation of Aux/IAA by TIR1-SCF complex. A C-terminal 

PB1 domain allows oligomerization. This figure was created using  BioRender.

Auxin has strong influence on plant growth and therefore any mutation in key 
signaling genes is expected to manifest into a phenotype. However, due to the 

high genetic redundancy, single mutations in AtTIR1/AFB genes do not cause 

strong defects25. Likewise, only a few loss of function mutants of AtAux/IAA 

(IAA3, 7, 28) with growth defects have been reported26–29. Out of the 23 At-

ARFs, only 5 show strong phenotypes as single mutants30, which impedes the 

dissection of individual function of each NAP proteins. In all these families, 

higher-order mutants do reveal biological function11, supporting the notions 

of functional redundancy.

Beyond redundancy, partial functional diversification among paralogous pro-

teins in Arabidopsis generates a complex set of cell-specific auxin response 
systems. It is well understood that intracellular auxin perception results in 

liberation of ARFs from Aux/IAAs allowing activation of auxin responsive 

genes. However, this activation model does not clarify the roles of the differ-

ent ARF classes. Recently, analysis of the minimal auxin response system of 

Marchantia polymorpha (hereafter Marchantia) provided insight into these 

roles31. 

The Marchantia Auxin Response System: A Rudimentary Design
The liverwort Marchantia polymorpha32 has an auxin response network op-

erating with the least possible number of signaling components: one copy of 

MpTIR1 and MpAux/IAA, and three MpARFs representing each phyloge-

netic classes33,34. Out of the 3 MpARFs, MpARF1 acts as an activator, while 

MpARF2 and MpARF3 are repressors31,33. This simple network dramatically 

reduces the number of protein interaction combinations and opens an oppor-

tunity for in vivo quantitative research. 

While Marchantia has been a model bryophyte for almost a century, mod-

ern genetic tools for this species were unavailable until recently. Progress in 

T-DNA transformation methods, CRISPR/Cas gene editing and homologous 

recombination have paved the way for modern genetics and genomics on this 

haploid model35–41. Therefore, Marchantia represents an epitome of a model 

system for both evolutionary and quantitative auxin research.
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Protein Concentrations Define Response Output 
A long-standing hypothesis on auxin signaling is the competition between 
class-A and B ARFs for binding similar AuxRE23,31,42. Distinct intracellular 
ARF concentrations could rationalize this hypothesis as contrasting levels of 
class-A and B ARFs could dictate which ARF binds an AuxRE. Differing ex-
pression profiles of MpARFs in genomic knock-in translational fusion lines 
further endorsed this notion31. Additionally, auxin sensitivity could be highly 
dependent on the concentration of TIR1, as low concentrations of this recep-
tor could dampen auxin response. At high auxin levels, the Aux/IAA concen-
tration depletes and favours ARF dimerization. Therefore, concentration of 
these proteins within the cell is a determinant of homo-heteromer or mono-
mer-oligomer equilibria. However, determining native protein concentrations 
from a single plant cell is unattainable due to technical limitations, which has 
caused our sparse understanding of how response protein abundance modu-
lates auxin signaling. Utilizing the simplicity of Marchantia NAP, and if all 
auxin signaling proteins are fluorescently labelled at endogenous locus, quan-
tification of absolute protein concentrations would be possible with Fluores-
cence Correlation Spectroscopy (FCS) and Raster Image Correlation Spec-
troscopy (RICS) methods43, but these approaches remain very challenging 
in plants. Furthermore, a key modulator of the native protein concentration 
is the turnover rate of a protein, which in turn can depend on post-transla-
tional modifications (PTM) and its cooperative stability in a complex. Most 
NAP components are reported to undergo PTM44,45  and oligomerization46–49. 
Hence, it is imperative to learn how native protein concentrations are affected 
by these modifications.

Binding Affinities Define the Response Network 
The auxin response network is defined by protein-protein and protein-DNA 
interactions. For example, ARFs and Aux/IAAs have a shared C-terminal PB1 
domain which mediates their homo- and heterotypic interactions13,14. Crystal-
lography studies on wildtype and mutated PB1 domains of AtARF5, AtARF7 
and AtIAA17 have shown the presence of opposite electrostatic interfaces in 
this domain which may facilitate oligomerization46,47. 
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Figure 2: Key quantitative parameters that can regulate nuclear auxin signaling. Determination and integration of 
these parameters will allow development of a quantitative mathematical model for output prediction of auxin signal-
ing network. This figure was created using  BioRender.

To understand the logic behind preferential binding and stable/transient com-
plex formation, it is essential to determine dissociation constants (Kd) of all 
biomolecular interactions in NAP. Quantification of Kds of purified proteins 
or isolated protein domains can be performed using biophysical methods like 
isothermal titration calorimetry (ICT), Microscale Thermophoresis (MST), 
Surface Plasmon Resonance (SPR), Single Molecule Förster Resonance En-
ergy Transfer (smFRET) and FCS.

27

Auxin response by the numbers

2



In Arabidopsis, binding affinities of different TIR1/AFB-Aux/IAA co-re-
ceptor members  were determined using SPR50. The results showed that all 
AtAux/IAA degron peptides have very rapid dissociation rates from AtAFB5 
(K

off
 ranging 1.1 to 1.9 × 10-2 s-1) as compared to AtTIR1 (K

off
 ranging 3.3 to 

5.8×10-3 s-1)50. ITC experiments with PB1 domains of ARF and Aux/IAA have 
shown that PB1 heterodimerization of ARF5-Aux/IAA17 has a higher affini-
ty (Kd ~0.07 µM) than either ARF5 (Kd 0.2-0.9 µM) or Aux/IAA17 (Kd 6.5 
µM) homodimerization, and values of ARF7 homodimerization support these 
differences51–53. However, it should be noted that these distinct affinities for 
homo- versus heterotypic PB1 interactions, derived from a few Aux/IAA and 
ARF proteins in Arabidopsis, may not reflect the typical behaviour of these 
protein families.  Apart from the PB1 domain, the N-terminal DNA bind-
ing domain (DBD) can also facilitate AtARF1 and AtARF5 dimerization16. 
Hence, the binding constant of full length ARFs and Aux/IAAs is required to 
understand the significance of divergent interaction affinities.

In addition to variable protein-protein interaction (PPI) affinities, ARF-DNA 
affinity is another important regulatory module. ARFs can bind AuxRE mo-
tif as dimers16,54. Differential DNA binding affinities among ARFs influence 
which ARF dimer  forms and binds to the promoter to regulate transcription. 
Two well-known ARF binding DNA motifs are TGTCTC16,55  and TGTCGG16 
both known to be bound by class-A and class-B ARFs. However, there are ex-
perimental evidences that different ARF classes may have different preferenc-
es for AuxREs. For example, in genome-wide DAPseq experiments, class-A 
ARFs showed higher enrichment for the TGTCGG motif whereas class-B 
ARFs were enriched for TGTCTC42. Additionally, ARFs may have non-over-
lapping DNA binding sites between different classes, further suggesting vari-
able ARF-DNA binding preferences. Recent bioinformatics analysis of cis el-
ements showed that auxin induced genes may have other TGTCNN motifs in 
their promoter besides the two hexameric consensus motifs55–57. Identification 
of novel AuxRE elements and determination of ARF-AuxRE binding affini-
ties could explain the basis for specificity of ARF induced gene regulation. To 
determine ARF-AuxRE affinities, smFRET would be the method of choice as 
this tool can track binding and unbinding dynamics. Recently, smFRET anal-
ysis revealed that MpARF1-DBD (Kd ~12nM) has higher AuxRE binding 
affinity than MpARF2-DBD (Kd ~61nM), suggesting competitive advantage 
for ARF131. A similar mode of binding affinities were found in smFRET with 
AtARF1 (class-B) and AtARF5 (class-A), where class-A AtARF5 binds to 
DR5 and IR8 motifs with higher affinity than class-B AtARF158. 
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These independent observations encourage a systematic survey of pro-
tein-protein/DNA interaction analysis to understand auxin response. Due to 
the lack of adaptable in vivo Kd determination tools, most studies have been 
using in vitro methods as discussed above. These in vitro Kd values are good 
starting points, but it is important to note that in vivo Kd values can be affect-
ed by PTMs, presence of binding competitor and intracellular crowding etc. 
and thus could be different than known in vitro Kd values. 

Regulation of NAP by Dynamic Stoichiometry of protein complexes
In auxin signaling, most protein interactions are transient, context-specific 
and restricted in specific tissues, cell types or even in organelles59. There-
fore, imaging-based PPI assays offering dynamic analysis, can illuminate 
these interactions. Recently, the interaction between overexpressed MpTOP-
LESS (MpTPL) and MpARF1 andMpARF2 was tested in Arabidopsis pro-
toplasts using FRET- Fluorescence Lifetime Microscopy (FRET-FLIM). 
MpTPL and MpARF1 did not interact whereas a clear interaction between 
MpTPL and MpARF2 was observed. Interestingly, the interaction was ab-
rogated in the MpARF2 LFG motif mutant, indicating a role of this motif 
in MpTPL-MpARF2 association31. Future FRET-FLIM studies with natively 
expressed signaling proteins would allow spatial resolution of protein inter-
actions and enrichment of quantitative models for tissue-specific output pre-
diction.
Although many protein complexes within the core auxin response network 
are known, the stoichiometry of those complexes remains unclear. Crystal 
structure analysis of the N-terminus of AtTPL suggested that it might form 
tetramers. This observation was corroborated by a protoplast based repression 
assay where impaired TPL tetramerization by mutation showed higher DR5 
reporter activity49. However, the functional significance of TPL oligomeriza-
tion is still unknown. Likewise, crystallography of Aux/IAA proteins46,47  and 
bimolecular fluorescence complementation (BiFC), Y2H assays of TIR148 
suggests possible oligomerisation of these auxin signaling proteins. Having 
multiple signaling proteins that can oligomerize, raises a question -what is 
their actual stoichiometry in a transcriptional regulatory complex and how 
important are these oligomerizations in auxin output? Therefore, dissection 
of protein complexes with all constituting proteins expressed at endogenous 
level is essential. An emerging mechanism of ARF complex formation is their 
condensate formation by liquid liquid phase separation (LLPS). Arabidopsis 
ARF7 and ARF19 have been shown to phase separate in the cytoplasm of 
differentiated root cells, as a partitioning mechanism to diminish auxin re-
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sponse60. Whether condensate formation is a conserved phenomenon among 
MpARFs would be the next question to address. Nuclear condensate forma-
tion of ARFs could regulate transcriptional complex stoichiometry and act as 
a transcriptional hub of auxin response genes.  

Protein Diffusion As a Parameter
Subcellular protein abundance, protein-protein/DNA interactions are limited 
by protein diffusion rates.  Transcription factors (TF) like ARFs may diffuse 
freely within the nucleus in a 3-dimensional (3D) motion or be facilitated by 
the electrostatic attraction between DNA and TFs. The facilitated form of 
diffusion includes 1D sliding motion along the DNA length, intersegmental 
transfer and hopping of TFs61,62. Due to slow 3D diffusion, TFs get access to 
the entire genome, whereas facilitated diffusion allows TFs to rapidly switch 
between genes during a quick transcriptional response. Another important 
purpose served by random 3D diffusion, is the continuous collision between 
various proteins, thereby allowing to find interaction partners and form pro-
tein complexes. Calculating diffusion dynamics of proteins can provide a bet-
ter insight of their oligomerisation status, ARF-DNA binding dynamics and 
probability of interaction . Relatively fast or slow diffusion rates of auxin 
signaling proteins could give an indication whether it is part of a large protein 
complex or a free monomer. Based on variable diffusion rates of ARFs, one 
could differentiate DNA-bound and freely diffusing ARFs. It is important to 
note that the intracellular environment is nonhomogeneous and therefore dif-
fusion rates of a protein can differ based on its subcellular location, the tem-
perature, molecular weight, concentration etc. Diffusion coefficients can be 
measured in vivo using FRAP,  FCS/FCCS, and RICS and pair correlation 
function (pCF) allows to track the path of movement/diffusion of a labelled 
molecule. In contrast to measuring protein concentrations (see above), the use 
of RICS to determine diffusion does not suffer significantly from autofluores-
cence, and is therefore a promising approach.
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Figure 3: A hypothetical quantitative model of auxin response protein network of Marchantia polymorpha. This 

figure was created using  BioRender.

Concluding Remarks
For almost a century, plant biologists have been intrigued by the incredible 
functional diversity of the small auxin molecule. Even though extensive qual-
itative research has been conducted, the entire operational complexity of the 
NAP is still a conundrum. Recent genome analysis and phylogenetic studies 
have indicated the presence of simple auxin signaling network in Marchantia, 
which has opened up opportunities to explore auxin signaling from a quanti-
tative perspective.

Employing genetic and biochemical approaches we have substantial quali-
tative background to proceed towards a quantitative investigation of auxin 
signaling. Semi-quantitatively visualising auxin response has become pos-
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sible with the development of fluorescent reporters for auxin activity such 
as DR5, DII-Venus, DR5v2 and R2D263,64. These reporters revealed differ-
ences in auxin sensitivity and transcriptional responses across plant tissues. 
Simultaneous advancements in hardware technologies and implementation 
of functional imaging modalities has promoted quantitative analysis in auxin 
biology.

Determination of protein-protein/DNA interaction affinities will explain how 
structural features of these proteins contribute to a dynamic and specific auxin 
response. Estimation of in vivo ARF concentrations can clarify how com-
petition for same DNA motif binding between different ARFs is regulated. 
Protein turnover and diffusion rates will reflect on how local concentration 
of response proteins are maintained within a cell. ARF protein complex stoi-
chiometry analysis will help determining actual constituents of auxin induced 
transcriptional activator or repressor complexes. Beyond these properties, it 
will also be critical to determine how post-translational modifications of NAP 
components influence activity and response output. The various microsco-
py tools mentioned above will aid  in achieving these goals. To deal with 
the multitude of quantitative data generated, interdisciplinary collaborations 
will be required that will lead to an integrative mathematical auxin response 
model. Mathematical models will help us answer biological questions that are 
difficult to address experimentally. In the past decade, several mathematical 
models have been developed to understand  aspects of auxin and other plant 
hormone signaling65,66. Such models can describe various scales, from the mo-
lecular to the cellular and tissue level. Each allows addressing different ques-
tions and requires a different level of detail and granulation. The simplicity 
of Marchantia anatomy would hopefully bring us closer to integrating these 
scales in multi-level models. Since auxin signaling is  wired tightly with other 
plant hormone signaling pathways, a complete mathematical model of the 
auxin system grounded in measurement of most (or all) possible parameters 
may also be a starting point to address how the auxin system connects to other 
hormone signalling pathways. Finally, in foreseeable future the challenge will 
be to develop quantitative models for other plant hormone signaling path-
ways and their amalgamation into one unified model of plant development. 
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Glossary:
Angiosperms: seed-bearing flowering plants with a complete vascular sys-

tem.

Auxin responsive elements (AuxRE): sequence-specific DNA motifs pres-

ent in the promoter of auxin-regulated genes; these serve as ARF binding 

sites.

Charophytes: extant group of green algae that are sister to land plants.

DII-Venus: an auxin reporter based on the Aux/IAA DII degron motif fused 

to a Venus fluorophore. In presence of auxin this reporter protein is degraded, 
and it thus serves as a “negative” sensor for the presence of auxin .

Diffusion coefficient: the proportionality constant between molar flux and 
concentration gradient.

Direct Repeat5 (DR5): a synthetic reporter designed with a tandem direct 

repeat of an 11 bp region containing the AuxRE TGTCTC, used to visualise 

cells with high auxin response.

Dissociation constant (Kd): an equilibrium constant to signify reversible 

dissociation rate of a multimeric complex.

DNA binding domain (DBD): the specific protein domain in a transcription 
factor that allows DNA binding.

DR5v2:a version of the DR5 promoter with the high-affinity ARF binding 
site TGTCGG as the AuxRE sequence.

Fluorescence lifetime: the fluorophore-specific time elapsed between fluoro-

phore excitation and return to ground state by emission of photons.

LFG motif: a TOPLESS binding motif conserved in class-B ARFs.

Liquid-liquid phase separation (LLPS): spontaneous demixing of a homo-

geneous protein solution into membrane-less condensed liquid like droplets 

which may function as storage, partitioning or active transcriptional sites. 

Neofunctionalization: acquisition of a completely new function by a paralog 

after gene duplication.

Paralogs: copies of the same gene generated by genome duplications.

PB1 domain: a conserved oligomerization domain present in both animal 

and plant kingdoms; a C-terminal PB1 domain mediates homo- and hetero-

typic ARF and Aux/IAA interactions.

Ratiometric version of 2 D2s (R2D2): a semiquantitative reporter of auxin 

activity; it is composed of a mutant DII-ntdTomato and DII-n3xVenus.

SCF complex: a E3 ubiquitin ligase complex composed of Skp, Cullin and 

F-box proteins. It catalyses ubiquitination of proteins and targets them for 

degradation by the 26S proteasome.

Subfunctionalization: changes in paralogous genes leading to each paralog 
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retaining a subset of the ancestral gene function 
Turnover rate: the continuous balance between protein synthesis and degra-
dation rates.

Text Box:
Yeast-2-hybrid assay (Y2H) is a genetic tool based on transcriptional acti-
vation of a reporter gene upon reconstitution of two transcription factor do-
mains, each fused to a bait or prey protein. Upon interaction between the bait 
and prey proteins, the split transcription factor is reconstituted, activating a 
reporter gene.
Fluorescence Correlation Spectroscopy (FCS) is a single molecule tech-
nique that tracks fluorescent molecules in a small diffraction limited confocal 
volume (<10-15 L). Due to diffusion, fluorescent molecules cause fluorescence 
fluctuation signals, which are auto-correlated in time. The generated autocor-
relation curve can inform about the diffusion coefficient.
Isothermal Titration Calorimetry (ITC) is a label-free technique that utiliz-
es the thermodynamic principle of heat exchange during a molecular binding 
reaction to determine dissociation constant (Kd), stoichiometry, cooperativity 
of protein-protein or protein-DNA interactions in a titration-based protocol.
Microscale thermophoresis (MST) is an infrared laser-based optical meth-
od that allows Kd measurements in buffer solutions or cell lysates. This im-
mobilization-free technique requires fluorescent protein labelling, and tracks 
fluorescence changes due to temperature and thermophoresis.
Surface Plasmon Resonance (SPR) uses the principle of resonance angle 
change of refracted polarized light due to the refractive index change of a 
metal (gold or silver) surface by the binding/unbinding of an analyte (e.g. 
protein) to immobilized ligand (e.g. DNA/protein).
Single Molecule Förster Resonance Energy Transfer (smFRET) is a tech-
nique that enables the study of protein interaction, conformational dynamics, 
intramolecular distance, and protein complex stoichiometry at single-mole-
cule resolution. It relies on non-radiative resonance energy transfer between 
donor and acceptor fluorophores which have overlapping emission and ab-
sorption spectra.
Fluorescence Lifetime Microscopy (FLIM) is a fluorescence lifetime-based 
quantification method of FRET efficiency between fluorophores.
Bimolecular Fluorescence Complementation (BiFC) is a protein comple-
mentation assay based on reconstituting a fluorescent protein from two split 
fragments, upon interaction of the proteins fused to each half.
Fluorescence Recovery After Photobleaching (FRAP) can be used to de-
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duce protein diffusion rates based on the fluorescence recovery rate within a 
photobleached region in a cell.

FCCS is a dual fluorophore version of FCS that allows us to probe dynamic 
protein interactions.

Pair Correlation Function (pCF) is used to track the path of diffusion of a 

labelled molecule by correlating intensity fluctuations at multiple points in an 
image.
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Abstract
Auxin is a key growth regulator in all land plants. It acts in part via a nucle-
ar signaling pathway composed of TIR1/AFB receptors, Aux/IAA repressors 
and ARF transcription factors. TIR1/AFBs sense auxin and promote degrada-
tion of Aux/IAA repressors, leading to activation of ARF-mediated gene tran-
scription. Extensive functional characterization of these proteins in angio-
sperms has provided a comprehensive qualitative model for auxin signaling. 
However, given that the endogenous accumulation patterns of these proteins 
are unknown, a quantitative understanding is lacking. In part, this is caused 
by the existence of large gene families in angiosperms, and also because 
tools to infer true endogenous patterns are mostly lacking in angiosperms. 
We used the bryophyte model Marchantia polymorpha to overcome these 
limitations. Marchantia has minimal genetic redundancy in its nuclear aux-
in response system and allows systematic generation of fluorescent genomic 
knock-in lines to quantify true endogenous protein levels. We compared the 
native protein expression maps of each of the auxin signaling components 
in dormant gemmae and found a wide range of accumulation patterns. TIR1 
and ncARF showed low concentrations throughout gemmae whereas Aux/
IAA was not detected at all. However, the maps of the three ARFs revealed 
clear differences among them. Moreover, colocalization maps of activator 
and repressor ARFs allowed identification of cell types with different relative 
concentrations. Overall, this chapter presents the development of a complete 
set of genomic knock-ins as a valuable resource for quantitative analysis of 
auxin signaling proteins in Marchantia.
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Introduction
Auxin is a central regulator of plant growth and development1. It acts main-
ly via a short, auxin concentration-dependent transcriptional circuit in the 
nucleus, the nuclear auxin signaling pathway (NAP)2. This signaling circuit 
starts with auxin perception by TIR1/AFB (TRANSPORT INHIBITOR RE-
SPONSE/AUXIN SIGNALING F-BOX) receptors in nucleus3. Auxin binding 
to TIR1/AFBs enhances its affinity for Aux/IAA (Auxin/INDOLE-3-ACETIC 
ACID) repressors which otherwise engages in an inhibitory interaction with 
ARF (AUXIN RESPONSE FACTOR) transcription factors at low auxin con-
centrations4. Formation of the TIR1/AFB-auxin-Aux/IAA complex results in 
ubiquitination and degradation of Aux/IAAs, allowing transcriptional activa-
tion of genes by ARFs. Built on decades of genetic and biochemical charac-
terizations in Arabidopsis, a qualitative model of the NAP has emerged. This 
model captures the general topology, modes of NAP operations, and explains 
genetic interactions (Figure 1.A). However, it is important to keep in mind 
that any biomolecular interaction will depend on both intrinsic affinity and 
on concentrations of both partners. Therefore, to truly understand and predict 
the output of the NAP, quantitative information on binding affinities and in 
vivo protein concentrations are needed. The current view of the NAP lacks 
such quantitative information. It is therefore imperative to develop tools to 
quantify these parameters and advance the qualitative model5.

Figure 1: Schematic representation of nuclear auxin signaling pathway (NAP) in Marchantia polymorpha. MpARF1 
is an auxin dependent transcriptional activator that is inhibited by MpAux/IAA at low auxin concentration. At high 
auxin concentration, TIR1 binding to auxin enhances TIR1-auxin-Aux/IAA interaction, resulting in degradation of 
Aux/IAA by TIR1SCF proteasomal complex. This allows activation of gene transcription by free MpARF1. MpARF2 
and MpARF3 act as transcriptional repressors, independent of auxin concentration in cell.
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One possible approach to quantitatively analysis the NAP is by visualization 
of the endogenous protein levels in vivo. Previously, visualization of transla-
tionally fused auxin signaling proteins in Arabidopsis thaliana have revealed 
their nuclear and, in some cases, cytoplasmic localization. For instance, Ara-
bidopsis TIR1 was shown to express primarily in the nucleus whereas the 
four other members of TIR1/AFB family, namely AFB2, AFB3, AFB4 and 
AFB5 expressed in both the cytoplasm and nucleus. AFB1, the sixth member 
of the TIR1/AFB family, was reported as a cytoplasmic protein6. Likewise, 
expression of most ARFs in Arabidopsis have been detected only in the nu-
cleus, except a recent report on cytoplasmic condensates formed by Arabi-
dopsis ARF7 and ARF197. Aux/IAA repressors have also been detected in the 
nucleus in multiple Angiosperms8 with a few nucleocytoplasmic Aux/IAA 
members9. However, all these protein expression analyses were performed 
through adding an additional copy of a signaling component fused to a fluo-
rescent protein, necessarily at a different genomic locus. Whether the endog-
enous copy of these proteins have same expression and stability, is an open 
question. Visualization of the native signaling proteins is difficult in angio-
sperms, as targeting the endogenous copy requires a genomic knock-in by ho-
mologous recombination. Since plant DNA repair occurs mainly via non-ho-
mologues end joining (NHEJ)10 and the frequency of homology-based DNA 
repair ranges from 10-3 to10-6 11, development of knock-in using homologous 
recombination and quantifying endogenous protein expression is challenging 
in angiosperms like Arabidopsis. High genetic redundancy of angiosperm ge-
nomes further increases the complexity (23 ARFs, 29 Aux/IAA and 6 TIR1/
AFBs in Arabidopsis), restricting the analysis of individual proteins without 
interference from paralogous gene function.

Recent advances in genome sequencing12, phylogenetic13 and functional anal-
ysis14,15 have identified a simpler NAP in the bryophyte species Marchantia 
polymorpha. The Marchantia NAP is composed of a single TIR1 auxin recep-
tor, single Aux/IAA repressor and three ARFs representing three classes (A, 
B and C). Importantly, a transformation protocol for homologous recombina-
tion-based genomic knock-in has been established16. Despite the low efficien-
cy of homologous recombination, millions of spores produced by Marchantia 
allows to scale up the transformation.
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We used this method to knock-in a fluorescent tag at the C-terminus of each 
auxin signaling protein16. This allowed us to reveal the in vivo quantities of 
each auxin signaling protein and their spatial expression map in dormant 
gemmae. To study the colocalization patterns of the activator MpARF1 and 
repressor MpARF2, we created double knock-in lines of ARF1 and ARF2. 
Colocalization analysis at a single cell resolution uncovered differential ARF 
stoichiometry depending on cell types and corroborated a previously pro-
posed transcriptional regulation model for ARFs. Overall, this chapter pres-
ents a novel, quantitative overview of the nuclear auxin signaling network in 
Marchantia polymorpha.

Results
Development of genomic knock-in lines of nuclear auxin signaling pro-
teins
To visualize the native expression patterns of the core auxin signaling pro-
teins, we generated genomic knock-in translational fluorescent fusion lines of 
Marchantia polymorpha. A construct carrying a fluorescent reporter coding 
sequence (mScarlet-I17 or mNeonGreen18) and a constitutively expressed hy-
gromycin selection marker, was flanked by cloning two genomic DNA homol-
ogy arms of 3.5kb each (Figure 2.A). The upstream and downstream region 
from the stop codon of target gene was used as homology arms to facilitate 
C-terminal in-frame fusion of the fluorophore. Wildtype Marchantia spores 
were transformed by Agrobacterium-mediated transformation protocol16 and 
knock-ins lines were selected by genotyping the transformants. A mScarlet-I 
fluorophore was knocked-in at the C-terminus of TIR1, Aux/IAA, the three 
canonical and one non-canonical ARF (ARF1, 2, 3 and ncARF). For ARF1 
and 2, two additional knock-ins with mNeonGreen tag were developed. 
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Figure 2: (A) Principle of homologous recombination based genomic knock-in of fluorescent genes 
at the C-terminus of endogenous gene of interest. Recombination of two homologous arms allow in-
tegration of a fluorescent reporter gene (mScarlet-I or mNeonGreen in this case) in the plant genome. (B) 
Physiological auxin sensitivity assay of knock-in lines. Wildtype Tak-1 strain was used as positive con-
trol. arf1-4 mutant does not respond to auxin and can be considered as a negative control. Plants were 
treated with 3 microMol synthetic auxin analog 1-Naphthaleneacetic acid (NAA) and imaged after one 
week of growth. All knock-in lines have wildtype like response of stunted thallus growth and ectopic rhiz-
oid formation, suggesting complete functionality of the signaling proteins when fused to a fluorescent tag.
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All knock-in lines showed normal development of thallus, rhizoids and gem-
ma, unlike the severe developmental defects reported for knock-out and over-
expression mutants of these proteins13,14,19,20. For instance, MpARF1 knock-
out mutant is defective in thallus patterning, gemma development and shows 
auxin insensitivity14 (Figure 2.B). Normal development of genomic knock-ins 
suggests normal quantity and activity of the fused proteins in these plants. 
To test for physiological auxin responsiveness of the knock-ins, we treated 
them with 3mM synthetic auxin analog 1-Naphthaleneacetic acid (NAA) and 
images were taken after a week. Tak-1 and Tak-2 wildtype control plants de-
veloped ectopic rhizoids on the adaxial side of the thallus, and their thallus 
development was strongly inhibited in response to NAA. All knock-in lines 
showed similar physiological auxin responses, suggesting full functionality 
of the tagged auxin signaling proteins (Figure 2.B). 

Next, we used confocal microscopy to visualize and compare the native pro-
tein expression patterns in dormant gemmae of knock-ins. This revealed that 
the auxin receptor TIR1 has a wide expression pattern in dormant gemmae, 
while the Aux/IAA repressor showed no expression at all (Figure 3.A-B). 
The absence of Aux/IAA expression in dormant gemmae could be due to its 
rapid degradation by TIR1 in presence of high auxin concentration within 
the gemma cup21. The three Marchantia ARFs which represent 3 phyloge-
netic classes, showed different expression levels in dormant gemma (Figure 
3.C-E). ARF1-mScarlet-I (class A) was highly expressed in the nucleus of 
every cell type: apical cell, rhizoids initiating cells and green cell (present 
between apical and rhizoid cells) of gemma, whereas ARF2-mScarlet-I (class 
B) showed a relatively lower expression only in the apical and green cells. It 
is worth noting that the rhizoid initiating cells showed high ARF1 expression, 
while ARF2 was not expressed in this cell type. ARF3-mScarlet-I (class C) 
showed a weak yet broad expression pattern at dormant stage. Unlike ARF2, 
ARF3-mScarlet-I was detected in all 3 cell types including rhizoid cells. The 
non-canonical ARF (ncARF)-mScarlet-I showed expression in almost all cell 
types, with relatively higher expression near the apical notch region (Figure 
3.F). Together these results provide the first native expression profile of a 
complete nuclear auxin pathway at its endogenous protein quantities.
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Figure 3: Overview of native and quantitative expression patterns of auxin response proteins fused 
to mScarlet-I (mSC-I) in dormant gemma of genomic knock-in lines. (A) TIR1-mSC-I is moderate-
ly expressed in all cell type, whereas (B) Aux/IAA-mSC-I is barely detectable. (C-E) The three class-
es of ARFs show clear differences in their stoichiometries. ARF1-mSC-I shows relatively high ex-
pression, whereas ARF2- and ARF3-mSC-I expression is lower. Unlike ARF1 and ARF3, ARF2 is not 
detectable in rhizoid initiation cells. (F) The non-canonical ARF has a weak expression in all cells. (G) 
Magnified images of A to F, showing protein expression in the three main cell types of gemmae. A false 
colour look-up table has been used to generate a quantitative map of auxin response protein expression.

48

Chapter 3



Colocalization analysis revealed cell specific modes of ARF1/2 stoichiom-
etry   
Class-A and class-B ARFs were reported to compete for the same DNA binding 
elements22,23 and their relative stoichiometries were proposed as a determin-
ing factor for auxin responses19. Such ARF competition model would work, 
if class-A and -B ARFs are colocalized, where differences in their relative 
stoichiometry would be key. Hence, we investigated the native colocalization 
of the ARF1 (class-A) and ARF2 (class-B) in the same tissue. To this end, 
we created two additional single knock-in ARF fusions with a different flu-
orophore mNeonGreen. Both ARF1-mNeonGreen and ARF2-mNeonGreen 
lines showed similar expression patterns as the mScarlet-I single knock-ins 
(Figure 4). We crossed the ARF1-mScarlet-I line with ARF2-mNeonGreen 
and ARF1-mNeonGreen line with ARF2-mScarlet-I to generate two double 
knock-in lines: ARF1-mScarlet-I ARF2-mNeonGreen and ARF1-mNeon-
Green ARF2-mScarlet-I. Confocal imaging of the double knock-ins showed 
that ARF1 and ARF2 spatial expression profiles were the same irrespective of 
the fluorophore used (Figure 5.A-B), and similar as observed before in single 
ARF knock-ins.

Figure 4: Overview of native expression of ARF1-mNeonGreen and ARF2-mNeonGreen in dormant gemmae. 

These knock-ins show the same expression patterns as observed in the mScarlet-I knock-in lines (see Figure 3.C-D). 

Upon colocalization analysis of ARFs in dormant double knock-in gemmae, 
we noticed that ARF1 and ARF2 proteins had cell type-specific differences 
in their spatial expression map, similar to what we initially observed by com-
paring single knock-ins. In rhizoid initial cells, ARF2 showed negligible ex-
pression compared to ARF1, pointing towards a ARF1-dominated gene reg-
ulation in these cells (Figure 6.A, C). In contrast, in the meristematic apical 
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notch cells, ARF2 showed higher expression than ARF1 (Figure 6.A-B). This 
suggests a possible role of repressor ARF2 in maintaining low auxin response 
in the apical meristem cells despite the high auxin levels in the meristem21. 
In the green cells, present in the region between apical and rhizoid initiating 
cells, we observed colocalization of both ARF1 and ARF2, providing a scope 
of competitive ARF-DNA binding and gene regulation. These unique ARF 
co-localization patterns in various cell types of dormant gemmae, fulfils the 
requirements to fit a previously proposed ARF stoichiometry dependent gene 
regulation model in Marchantia19 (Figure 7).

Figure 5: Overview of ARF1 and ARF2 expression in dormant gemmae of (A) ARF1-mScarlet-I (mSC-I) - 
ARF2-mNeonGreen (mNG) and (B) ARF1- mScarlet-I (mSC-I) - ARF2- mNeonGreen (mNG) double knock-in 
lines. ARF1 shows relatively higher accumulation than ARF2 and this is consistent in both double knock-ins with 
switched fluorophores, confirming that the expression patterns are specific to the ARFs and not influenced by mS-

carlet-I or mNeonGreen.
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Figure 6: (A) Localization patterns of ARF1 and ARF2 near the apical notch area shows differences in the two ARF 
expression profile in different cell types of gemmae. The green cells comprising the region between apical notch and 
rhizoid cells, show co-expression of ARF1 and ARF2.  (B) In apical stem cells of the notch, ARF2-mNG expression 
is higher than ARF1-mSC-I. (C) In the rhizoid initiating cells, a dominance of ARF1 mSC-I expression is observed. 
ARF2-mNG expression in rhizoid initial cells is negligible.

Discussion
The in vivo expression profile of a protein provides spatial context of its bi-
ological function in a cell or tissue. Although the expression of auxin sig-
naling proteins was studied previously in angiosperms, generating tools to 
visualize the native protein remains challenging. Consequently, quantita-
tive data on nuclear auxin response pathway are unavailable. Here we used 
Marchantia polymorpha as model system to develop the required tools for a 
quantitative survey of the auxin signaling network. Despite the low frequen-
cy of DNA homologous recombination, the availability of millions of spores 
from Marchantia allowed us to obtain genomic knock-in of the core NAP 
proteins. Fluorescently tagged native proteins were functional as manifested 
by their normal development and auxin sensitivity. One minor exception was 
the ncARF-mScarlet-I knock-in which showed partial inhibition of thallus 
growth on NAA treatment, compared to complete inhibition observed in other 
knock-ins and wildtypes. Based on the protein domain annotations, ncARF 
is a truncated ARF which lacks the DNA binding domain but has the middle 
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region and PB1 domain intact13. A CRISPR mutant of MpncARF was previ-
ously reported as less responsive to auxin treatments both physiologically 
and transcriptionally. Accordingly, ncARF was proposed as a positive regu-
lator of auxin response13. It was suggested that ncARF PB1 domain probably 
interacts with AuxIAA to protect canonical ARFs from inhibition by Aux/
IAA13. Since the C-terminal PB1 domain is the only functional domain of 
ncARF and we fused the mScarlet-I gene in the C-terminus of ncARF, this 
could have partially limited the protein function. As a result, the ncARF-mS-
carlet-I line showed reduced physiological response to auxin. However, the 
ncARF-mScarlet-I knock-in line grew normally on untreated media and de-
veloped ectopic rhizoids in response to auxin, similar to wildtype Marchantia 
(Figure 2.B).

Confocal microscopy on the knock-ins revealed the native expression maps of 
ARFs. Based on the relatively higher native expression of ARF1 in knock-in 
gemmae, one can anticipate the importance of this protein in gemmae devel-
opment. This can be confirmed from the phenotype of the Mparf1 knock-out 
mutant that forms empty gemma cups with no gemmae developed inside14. 
Both the repressor proteins, ARF2 and ARF3 showed relatively lower en-
dogenous expression compared to the activator ARF1. One noticeable differ-
ence among the three ARF expression patterns is the presence of ARF1 and 
ARF3 in the rhizoid cells whereas ARF2 is not expressed in these cells. This 
could be due to either low activity of ARF2 promoter in the rhizoid cells or 
a selective regulation of ARF2 protein levels in rhizoid cells. Class A ARFs 
of Arabidopsis have been well documented for their regulatory function in 
primary and secondary root development. For example, Arabidopsis ARF5/
MONOPTEROS was shown to specify root primordia via its downstream 
target TARGET OF MONOPTEROS7 (TMO7) in embryonic tissue24. Ara-
bidopsis ARF7 and ARF19 were found to regulate lateral root development 
via transcriptional regulation of LATERAL ORGAN BOUNDARIES DO-
MAIN16 (LBD16). A double mutant of Atarf7and Atarf19 had severe lateral 
root growth inhibition and reduced auxin response25. Higher relative concen-
tration of MpARF1 over MpARF2 in Marchantia gemmae could allow for a 
broader ARF1-DNA binding landscape without any competition from ARF2 
in rhizoid initial cells. This could possibly assist rhizoids cells to have a high-
er transcriptional response to auxin and differentiate into a rhizoid cell. 
Another remarkable difference between ARF1 and ARF2 colocalization was 
observed in the apical cells located near the apical notch of gemmae. Apical 
cells are meristematic cells that divide to add new cells in developing gem-
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mae. However, in dormant gemmae, apical cell division remains stalled un-
less the gemmae start germinating upon contact with growth medium. Pres-
ence of higher ARF2 and no ARF1 expression in dormant apical meristem 
cells are expected to cause a lower auxin responsiveness in these cells. Since 
ARF2 is a repressor of transcription19, it could inhibit the expression of auxin 
response genes in apical cells that are required for initiating cell division in 
the meristem. Such ARF2 mediated repression of apical cell division could be 
a requirement for keeping gemmae dormant inside gemma cup. However, this 
would also mean that for gemma germination, such transcriptional repression 
by ARF2 must be removed by regulating ARF2 protein levels. 

Figure 7: Three modes of gene regulation by relative stoichiometry of class A and class B ARFs, adapted from Kato 
et. al. 2020 (Nature Plants). In higher relative concentration of ARF1, DNA binding and gene activation is controlled 
by ARF1 in an auxin dependent manner (top panel). This mode might be operational in rhizoid initial cells where 
ARF2 expression is below detection limit and ARF1 is abundant. The second mode of gene regulation considers 
presence of both class A and B ARFs and competition for DNA binding and gene regulation (middle panel). Presence 
of both ARF1 and ARF2 in green cells could lead to such competition driven gene regulation in these cells. The 
third mode describes gene repression by class B ARFs, independent of cellular auxin concentrations (bottom panel). 
Apical meristem cells of gemmae could represent this third mode as these cells have higher ARF2 expression and 
no ARF1 expression.

Since both class A and class B ARFs are known to recognize the same DNA 
binding element in Arabidopsis22,23, it would not be surprising if the relative 
concentrations of two competing ARFs would determine auxin responsive-
ness. The contrasting localization map of ARF1 and ARF2 in various cell 
types, satisfy the protein abundance requirements to support a previously pro-
posed ARF stoichiometry dependent gene regulation model (Figure 7)19. The 
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relatively high ARF1 expression observed in rhizoid cells point towards an 
ARF1-dominated gene activation mode. Whereas in the apical cells we see 
the opposite; ARF2 abundance indicating a gene repression mode in absence 
of ARF1. Green cells with both ARF1 and ARF2 expression fits with compet-
itive ARF-DNA binding mode. MpARF-DNA binding assays and transcrip-
tome analysis at single cell resolution would help confirming these possibil-
ities in future.
 The biological function of class C ARFs has remained less explored. 
Recent studies on class C MpARF3 revealed their function as repressor of 
developmental transitions and gemma development26,27. Although Mparf3 
CRISPR mutants showed flat thallus growth and unaltered transcriptional re-
sponse to auxin, gemma maturation inside the gemma cup was completely 
arrested13. Based on these data, ARF3 was considered as an auxin indepen-
dent transcription factor involved in reproductive development. We observed 
a wide ARF3 expression pattern in dormant gemmae, which suggests that 
although ARF3 may not involve in auxin response, it could still be playing 
other important function. It would therefore be interesting to explore direct 
targets of ARF3 mediated gene repression.
 In the knock-in lines we observed expression of TIR1-mScarlet-I in 
dormant gemmae whereas the Aux/IAA-mSCarlet-I was completely unde-
tectable. Inside gemma cups, gemmae remain dormant in a high auxin envi-
ronment21. Presence of TIR1 and absence of Aux/IAA in dormant gemmae 
could mean that gemmae perceive the high auxin environment. Consequently, 
Aux/IAA is degraded by the TIR1SCF complex. However, there is no evidence 
that auxin sensed at this stage can translate into a transcriptional response. 
Presence of repressor ARF2 in dormant gemmae could antagonize such tran-
scriptional responses and help maintain gemmae dormancy.
 Overall, we observed that all endogenous proteins of Marchantia nu-
clear auxin signaling network are nuclearly localized. Unlike some Arabidop-
sis homologs, we did not observe any cytoplasmic expression of these pro-
teins. Thus, the recent discovery of fast auxin response pathways mediated by 
cytoplasmic TIR1/AFB family members might be a novel innovation in an-
giosperms28,29 and absent in Marchantia. We also found that the native quanti-
ties of each signaling proteins are different based on cell type in gemmae. Im-
portantly, the availability of these genomic knock-in lines for auxin signaling 
proteins, unlocks the possibilities of addressing some yet unresolved prob-
lems in auxin research. For instance, class A and B ARFs have been shown 
to compete for the same DNA binding sites called auxin response elements 
(AuxREs)19,23. However, the role of relative ARF stoichiometry in driving this 
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competitive DNA binding remains unclear due to lack of quantitative data. 
ARFs have been shown to homodimerize and heterodimerize in vitro, heter-
ologous and overexpression systems30,31. These known ARF interactions have 
not yet been tested in vivo at native ARF concentrations. We hope that with 
this novel resource of an entire set of auxin signaling protein knock-in lines, 
it would be possible to answer some of these unresolved questions.

Materials and Method
Plant growth conditions
Marchantia polymorpha male Takaragaike-1 (Tak-1) and female Ta-
karagaike-2 (Tak-2) were used as the wildtype variety. For vegetative propa-
gation, plants were grown on ½ Gamborg B5 media plates in growth cham-
bers with 40 μmol photons m–2 s–1 continuous white light at 22 °C. For sexual 
reproduction, plants were grown on 1% sucrose supplemented ½ Gambo-
rg B5 media within hyrophonic boxes exposed to 40μmol photons m–2 s–1 

continuous white fluorescent light for 1 month. Plants were then moved into 
40 μmol photons m–2 s–1 continuous white light supplemented with 15μmol 
photons m–2 s–1 far-red light to induce antheridiophore and archegoniophore 
development. Plants were repeatedly crossed manually to ensure fertilization. 
Sporangia with mature spores were collected aseptically and used for spore 
transformation.

Development of genomic knock-in translational fusions 
Marchantia knock-in lines were generated to study the native auxin response 
proteins at endogenous concentrations. A NOS terminator and a fluorescent 
marker gene (either mScarlet-I or mNeonGreen) were cloned sequentially at 
the HindIII restriction site of pJHY-TMp1 binary plasmid to create pJHY-
mSC-I and pJHY-mNG vectors. After each cloning step, the HindIII site was 
regenerated by adding a HindIII site in the forward primer. This allowed sub-
sequent cloning at the 5’ end of the previous insert in the same plasmid. Two 
3.5kb genomic DNA fragments were amplified by PCR to use as homologous 
arms for recombination. The first genomic DNA fragment contained the 3.5kb 
sequence upstream of the stop codon of the gene of interest while the second 
fragment was composed of the 3.5kb sequence downstream of the stop codon. 
The first fragment was cloned at the HindIII site and the second fragment 
was cloned at the AscI site of pJHY-mSC-I and pJHY-mNG. This cloning 
strategy was used to create homologous recombination constructs for ARF1, 
ARF2, ARF3, TIR1, Aux/IAA and ncARF. Wild type (Tak-1) spores were 
transformed by agrobacterium mediated transformation protocol described 
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before16,32. Transformants were selected on 1/2 Gamborg B5 + 100mg/litre 
Cefotaxime medium with hygromycin (10mg/L) selection. Genomic DNA 
PCR was used to isolate true knock-in lines.

Auxin sensitivity and physiological analysis of knock-ins
Knock-in lines were tested for their wildtype like growth, physiology, and 
auxin sensitivity. Tak-1, Tak-2 and all knock-in lines were treated with either 
DMSO or 1mM NAA supplemented ½ B5 media and grown for 7 days. On 8th 
day, plants were imaged with stereomicroscope to compare their physiologi-
cal responses to auxin

Confocal Microscopy
Live Marchantia gemma imaging was done with a Leica SP8X-SMD confo-
cal microscope equipped with a hybrid detector and a pulsed white-light laser 
(WLL). The mScarlet-I was excited with a 561 nm laser line (4% laser output 
of WLL) and mNeongreen was excited with a 506 nm laser line (4% laser 
output of WLL). Fluorescence emission was detected by the hybrid detector 
at 570 to 620 nm (for mScarlet-I) and 512nm to 560nm (for mNeongreen). 
All images were acquired with a water immersive 20X objective lens. Fluo-
rescence was detected in photon counting mode and time-gated detection was 
used to suppress chlorophyll autofluorescence. Images were processed us-
ing ImageJ software. Maximum-intensity projections of z-stack images were 
used to quantify total cellular fluorescence in each nucleus analysed, normal-
ized through background fluorescence measurements.
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Supplementary table 
List of primers used in this chapter 

Primer Name Primer sequence 
SJD001_tNOS.FOR gcgattaattaagcttgagctcgaatttccccgatcgttc

aaacatttggcaataa 
SJD002_tNOS.REV atgcccgggcaagctagttagctcactcattaggcacc

ccag 
SJD003_mScarlet-I.FOR gcgattaattaagcttGGCGGCGGCAGCAT

GGTGAGCAAGGGCGAGG 
SJD004_mScarlet-I.REV attcgagctcaagctGTTACTTGTACAGCT

CGTCCATGCC 
SJD005_MpARF1geneCter.FOR gcgattaattaagctTTGGCAGAATGAGT

GTGGCCAATTCTC 
SJD006_MpARF1geneCter.REV TGCCGCCGCCaagcttGGGGCACCCC

CGCTGGG 
SJD007_MpARF1downstream.FOR taaactagtggcgcgATCTCGTTTTCACA

CTCCACACTCCGAT 
SJD008_MpARF1downstream.REV ttatccctaggcgcgTTCCTCCCCCGCTCG

AAATCAC 
SJD009_MpARF2 gene C ter.FOR gcgattaattaagctTGAGCGAGCAACAC

GAAGACTC 
SJD010_MpARF2 gene C ter.REV TGCCGCCGCCaagcttCATGTCGTCG

CCGCGCGC 
SJD011_MpARF2downstream.FOR taaactagtggcgcgACCATATGCCTTTT

TTATGTATTTAAATTCTTCATCTA
TTCTC 

SJD012_MpARF2downstream.REV ttatccctaggcgcgACTCCGCAATTTCG
CCTCAGAGTG 

SJD013_MpARF3 gene coding C ter.FOR gcgattaattaagcttAGCATTTACCTACC
GACCGACG 

SJD014_MpARF3 gene coding C ter.REV TGCCGCCGCCaagcttCCAGGCGCCT
TGCGGACT 

SJD015_MpARF3 downstream 
noncoding.FOR 

taaactagtggcgcgccGAAATCGTGTTCG
AATTCATCAACCTGTGTTGTATG 

SJD016_MpARF3 downstream 
noncoding.REV 

ttatccctaggcgcgAGTGGTGCCAAGTG
CGGTTC 

SJD017_MpTIR1 gene Cter seq.FOR gcgattaattaagcttCAGTCTAGCCCCTC
AGAGAGAAAGAG 

SJD018_MpTIR1 gene Cter seq.REV TGCCGCCGCCaagcttTTGTGCTATT
TCGACAAAGTCGGG 

SJD019_MpTIR1 downstream seq.FOR taaactagtggcgcgATCTACAATTTCTT
GGATCTGTTCCGACCCTGAATA 

SJD020_MpTIR1 downstream seq.REV ttatccctaggcgcgccTGTCGAGTCATGC
AGCATGCCAA 

SJD021_MpIAA gene seq Cter.FOR gcgattaattaagcttGTGAGTGATTGTGC
GAGGGGTG 
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SJD022_MpIAA gene seq Cter.REV TGCCGCCGCCaagcttCACGTTCGGT
TGAGTCGTCTTGTTTG 

SJD023_MpIAA downstream 
noncoding.FOR 

taaactagtggcgcgATGTTATTCATTCA
TATACGATGTCTCTCTGTCCTCTC
TTCTCT 

SJD024_MpIAA downstream 
noncoding.REV 

ttatccctaggcgcgccTTGGAAGGGAACA
TGGCAGAGAAACG 

SJD025_Mp ncARF coding Cter.FOR gcgattaattaagcttACCTTTTGCGGTAC
CGTCAAACAACTAATACTTTAG 

SJD026_Mp ncARF coding Cter.REV TGCCGCCGCCaagcttGTACTGTTTC
AAAGTTCCAGTTCCTAAATTGTTG
TAAGCA 

SJD027_MpncARF downstream.FOR taaactagtggcgcgCCTTGTTCATTACTT
TTTCTATATTCATCATTTCACACA
TTATTC 

SJD028_MpncARF downstream.REV ttatccctaggcgcgccATAGTCATTGGCC
TCAGTTCCCTG 

SJD069_ARF3 genomic.2ND.FOR gcgattaattaagcttAGCATTTACCTACC
GACCGACGCCCGCAGCATAG 

SJD070_ARF3down2ND.REV ttatccctaggcgcgAGTGGTGCCAAGTG
CGGTTCGAAGTGAGG 

SJD071_TIR1down2ND.REV ttatccctaggcgcgccCTACTGTATGTAT
GCGTACGAAGACTCG 

SJD073 ARF3gene4K.FOR AGCTCAAGTCTTGGACTTAGG 

SJD074 ARF3gene4K.REV TGTGTGACACCAACTGCTTCC 
SJD075 ARF3down4K.FOR TGCATATATGAGACATTGAAGG 

SJD076 ARF3down4K.REV TCAATAACCGATCAGACCAGAC 

SJD077 TIR1down4K.FOR GATGTTACATTGTGGTGTTCAC 

SJD078 TIR1down4K.REV CTCTCATCATGTGCTGAATAACTC 
SJD079_mNeonGreen.FOR gcgattaattaagcttGGCGGCGGCAGCAT

GGTGAGCAAGGGCGAGGAG 
SJD80_mNeonGreen.REV attcgagctcaagctGTTACTTGTACAGCT

CGTCCATGC 
SJD081_ARF3genomic stitch.FOR CAGCAGCTTCGCGCGCAATCG 

SJD082_ARF3genomic stitch.REV GAGCTCGATTGCGCGCGAAGC 

SJD083-ARF3down stitch.FOR GTGCGAAGTGAGGTCATCCACGA
ATGG 

SJD084-ARF3down stitch.REV CATGATGGCCATTCGTGGATGAC
CTCAC 

SJD085-TIR1down stitch.FOR CTACGGTATGCAAGTGTCTGTTGC
TTCG 

SJD086-TIR1down stitch.REV ACTCGTATGCGAAGCAACAGACA
CTTGC 
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SJD089-TIR1 down stitch.REV2 ttatccctaggcgcgccGTTCATTACACTT
GCGACCGCTGCTAC 

SJD091-MpARF1down.GNTYP3 CATCGGAGTGTGGAGTGTGA 

SJD092-MpARF1down.GNTYP4 AAGCTGCGTGTACTATCAGC 

SJD094-MpARF2down.GNTYP 3 GGCGAGACGGAAGAACAGAG 

SJD095-MpARF2down.GNTYP4 GATTCGTTGCAAGTTCGTGTG 

SJD097-MpARF3down.GNTYP 3 AGCATACAACACAGGTTGATG 

SJD098-MpARF3down.GNTYP4 TGGTCTAACACACCATCACTC 

SJD100-MpTIR1down.GNTYP 3 GAAAGGTATTCAGGGTCGGAACA
G 

SJD101-MpTIR1down.GNTYP4 GAACTAGTTGTCTGGAGTCTG 

SJD103-MpIAAdown.GNTYP3 AGAGAGGACAGAGAGACATCG 

SJD104-MpIAAdown.GNTYP4 TTGAGGAGTGGTGGTGATAG 

SJD110-MpncARFgene.GNTYP2 TACCTCGTGATTCTTCTCAC 

SJD111-MpncARFdown.GNTYP3 GATTGTGTACTCGGTAATGTG 

SJD112-MpncARFdown.GNTYP4 CACCATGTAGGTTCATCTGAG 

SJD113-MpARF1gene.GNTYP1 NEW CGTAGACATCTTCTCACAACTG 

SJD114-MpARF2gene.GNTYP1 NEW GTGATACCATGTATGCTCAACG 

SJD115-MpARF3gene.GNTYP1 NEW CTTAGGCTGTCTTCCTGTCCTG 

SJD116-MpTIR1gene.GNTYP1 NEW CTCTCTGTACTTGCTACAATCC 

SJD117-MpIAAgene.GNTYP1 NEW GAGCCTCATTATCTTCTTCTCC 

SJD119-MpncARFgene.GNTYP1 NEW TTCTTCTATACACGTTGCATTCG 
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Abstract
The plant hormone auxin is a key regulator of growth and development. Aux-
in perception by nuclear TIR1/AFB receptors triggers proteasomal degrada-
tion of Aux/IAA repressors and releases ARF transcription factors from in-
hibition. ARFs can specifically bind to DNA, bringing about transcriptional 
changes that direct plant development. Among the three phylogenetic class-
es of ARFs, class-A and class-B ARFs are known to competitively bind the 
same DNA elements. Therefore, relative concentrations of these ARFs and 
their DNA binding affinities are key determinants of transcriptional auxin 
response. Although the in vitro DNA-binding affinities of ARFs were deter-
mined, the endogenous relative concentrations of ARFs are unknown. Here 
we used genomic fluorescent knock-in lines to track Marchantia polymor-
pha ARF protein accumulation patterns in germinating gemmae. By quan-
tifying temporal accumulation patterns of the three MpARFs, we found that 
MpARF1 (class A) and MpARF2 (class B) are unstable during germination. 
We found that this instability is caused by proteasomal degradation, while 
MpARF3 (class C) lacks such regulation. Degradation during germination 
results in complete loss of MpARF2, whereas MpARF1 remains detectable. 
A consequence of different residual ARF levels is a shift in the stoichiome-
try of ARF1 and ARF2 in germinated gemmae. Mathematical modelling pre-
dicted this stoichiometry shift as a requirement for transcriptional activation 
of auxin-responsive genes. Auxin-insensitivity of gemmae overexpressing 
MpARF2 validated model predictions. Overall, this chapter reports a role of 
proteasomal ARF degradation in defining relative MpARF1/2 concentrations, 
essential for auxin response and gemmae development. 
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Introduction
Auxin influences growth of all land plant species studied. Auxin response 
involves transcriptional regulation of many genes, mediated by a mecha-
nism that revolves around proteasomal degradation of Aux/IAA (Auxin/IN-
DOLE-3-ACETIC ACID) repressors by the TIR1/AFB (TRANSPORT IN-
HIBITOR RESPONSE/AUXIN SIGNALING F-BOX) auxin receptors1–3. 
Auxin-dependent degradation of Aux/IAAs releases DNA-binding transcrip-
tion factor ARFs (AUXIN RESPONSE FACTOR) from inhibition and per-
mits ARF-activated transcription4,5. Based on phylogeny and functional char-
acterization in angiosperms, ARFs have been categorized into three classes: 
class A, B and C. Given that there are multiple ARF members within each 
class and their functions are often redundant in the angiosperm Arabidopsis 
thaliana, it is hard to derive general properties of ARF function from angio-
sperms. The auxin response systems in the bryophytes Physcomitrium pat-
ens6 and Marchantia polymorpha6–8 have a much more limited number of 
components, which helped to reduce complexity and derive common, core 
principles of ARF function9,10. Phylogenetic analysis showed that the nuclear 
auxin signaling pathway (NAP) in Marchantia consist of a single TIR1 auxin 
receptor, a single Aux/IAA repressor and one ARF in each of the three classes 
(A, B and C)8. Canonical ARFs are composed of three functional domains: 
the N-terminal DNA binding domain (DBD), the middle region (MR) and the 
C-terminal Phox-Bem1 (PB1) oligomerization domain. The conserved DBD 
allows recognition of specific DNA motifs (Auxin Response Elements) pres-
ent in the upstream region of auxin-regulated genes. Single molecule FRET 
(Förster Resonance Energy Transfer) analysis showed that DNA binding af-
finities of class-A MpARF1-DBD and class-B MpARF2-DBD are within one 
order of magnitude, suggesting the possibility of competitive DNA binding at 
near-stoichiometric concentrations9. Together, these studies in Physcomitri-
um and Marchantia led to the model that auxin response is defined by an an-
tagonistic interaction between A- and B-class ARFs, competing for the same 
DNA binding sites. However, this ARF antagonism model is largely built on 
qualitative in vivo data on ARF function. The true in vivo concentrations of 
ARFs, and the relative stoichiometries of antagonistic ARFs are unknown. 
Given that DNA binding is determined both by affinity and concentration, it 
is essential to quantify the relative concentrations of the A and B-class ARFs 
and investigate if auxin response capacity is determined by such stoichiom-
etries.
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Quantitative analysis of ARFs is challenging in the functionally redundant 
protein network of angiosperms. In contrast, the Marchantia NAP is much 
simpler with only one ARF of each class, and therefore offers a suitable sys-
tem for quantitative analysis11. In chapter 3, using the fluorescent genom-
ic knock-in lines, we showed that both activator (MpARF1) and repressor 
(MpARF2 and MpARF3) ARFs have differences in their relative expression 
levels in dormant gemmae. However, dynamics of ARF accumulation during 
growth are yet unclear. In this chapter, we used germinating Marchantia gem-
mae as a model to explore the temporal dynamics of the three MpARF accu-
mulation patterns. Using both single and double ARF fluorescent knock-in 
lines (see Chapter 3), we found that the MpARF1 (class A) and MpARF2 
(class B) protein levels are highly dynamic, and actively regulated. In con-
trast, MpARF3 (class C) accumulation patterns were stable throughout gem-
mae development. Further analysis revealed that the MpARF1 and MpARF2 
levels are controlled by proteasomal degradation, impacting on MpARF1/2 
stoichiometry. Mathematical model simulations, validated by experimental 
evidence, confirmed that regulated ARF degradation is required to change 
relative MpARF1/2 concentrations, essential for auxin response and gemmae 
development. 

Results
Temporal expression maps of MpARFs during gemma development 
In chapter 3, the accumulation patterns of MpARF proteins were shown in 
dormant gemmae. Dormant gemmae represent a stage of quiescence, while 
auxin activity is strongly connected to growth. We therefore explored patterns 
of ARF accumulation in the first 24 hours after removing gemmae from the 
gemmae cup, a period in which growth initiates. To this end, we used fluores-
cently tagged ARF knock-in lines, that we showed to have full functionality 
of each ARF both in the presence and absence of auxin (Chapter 3). For time-
lapse imaging of live tissue, we used a microscope slide mount (Supplemen-
tary Figure 1) that allowed to grow and image the same gemmae over time. 
Starting with dormant gemmae at 0 hours after transfer to the mount, we 
checked ARF expression after 8 and 24 hours of active growth. Remarkably, 
while the ARF3-mScarlet-I accumulation patterns did not change in the first 
24-hour time window, we found both ARF1-mScarlet-I and ARF2-mScar-
let-I protein levels to progressively decline after germination (Figure 1.A-C). 
Given the higher starting levels of ARF1 and lower ARF2 concentrations in 
dormant gemmae, the former was still detectable after 24 hours, while ARF2 
signal declined to undetectable levels already at 8 hours (Figure 1.A-B). Com-
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parable protein accumulation dynamics were found for the ARF1-mNeon-
Green and ARF2-mNeonGreen proteins (Figure 1.D), indicating that the pro-
tein level decline is independent of the fluorescent tag. Expressing unfused 
nuclear mScarlet-I or mNeonGreen from a constitutive promoter (pEF1a::N-
LS-mScarlet-I; pEF1a::NLS-mNeonGreen) led to stable expression patterns 
(Figure 2.F-G) showing that the protein concentration decline during gemma 
germination is specific to MpARF1 and MpARF2.

 
Figure 1: Comparison of temporal dynamics of ARF1, ARF2 and ARF3 fused to mScarlet-I (mSC-I) in single 
knock-in lines. (A-B) ARF1 and ARF2 shows fluorescence decline after gemma germination, whereas (C) ARF3 
fluorescence remains unchanged in the first 24 hours. After 24 hours, ARF1 shows a low expression, whereas ARF2 
is completely degraded. (D-E) ARF1-mNeonGreen and ARF2-mNeonGreen single knock-in lines show similar 
temporal expression patterns as observed in mScarlet-I fusion variants. (F) Non-fused fluorescent proteins are stably 
expressed at same developmental stages of gemmae, indicating specificity of fluorescence decline for ARF1 and 
ARF2.

Regulated protein degradation controls MpARF levels
Protein accumulation patterns can be actively regulated by both transcrip-
tional and post-transcriptional mechanisms. To test whether MpARF con-
centration decline is transcriptionally regulated in germinating gemmae, we 
quantified MpARF1 and MpARF2 transcripts using qRT-PCR. Neither of the 
ARF transcript levels changed significantly over the first 8 hours after germi-
nation (Figure 2.A), suggesting that MpARF1 and MpARF2 protein levels 
are post-transcriptionally controlled. Such control could be at translational or 
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post-translational level. Given that there are examples of proteolytic degrada-
tion of ARF proteins in Arabidopsis12, we asked if active protein degradation 
causes the decline in MpARF levels. Indeed, both proteins accumulated to 
much higher levels when ARF double knock-in gemmae were treated with 
the proteasome inhibitor MG132 (Figure 2.B-C, E). Quantification of protein 
accumulation patterns showed that upon MG132 treatment, ARF1 levels sta-
bilize, whereas ARF2 concentration even slightly increased beyond the initial 
accumulation level. In contrast, ARF3 was unaffected by MG132 treatment 
(Figure 2.D-E). We validated MpARF degradation by treatment with an al-
ternative proteasomal inhibitor Bortezomib, which also blocked degradation 
and caused ARF accumulation (Figure 3.A). Importantly, proteasome inhibi-
tion completely prevented the decline of ARF1 and ARF2 fluorescence sig-
nals (Figure 2.B-C, E). These results imply that both ARF1 and ARF2, but not 
ARF3, are proteasomally degraded.
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Figure 2: (A) qRT-PCR of MpARF1 and MpARF2 shows stable gene transcription during gemma germination. 
(B-D) Time-course imaging of MpARF1, MpARF2 and MpARF3 in germinating gemmae. Both MpARF1 and 
MpARF2 fluorescence signal starts to decline after germination. ARF2-mNG fluorescence is undetectable after 6 
hours, whereas ARF1-mSC-I expression is maintained at 8 hours. Upon treatment with proteasome inhibitor 100mM 
MG132, the signal decline of ARF1-mSC-I and ARF2-mNG is blocked, implying proteasomal regulation of ARF1 
and ARF2. Contrarily, ARF3-mSC-I expression remains stable in both mock and 100mM MG132 treated samples, 
suggesting that ARF3 lacks proteasomal regulation, unlike ARF1 and ARF2. (E) Quantification of ARF1, ARF2, and 
ARF3 protein expression fold changes in mock and 100mM MG132 treated samples.
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To investigate which biological signal might trigger MpARF degradation 
during germination, we exogenously treated double knock-in gemmae with 
common plant hormones and their inhibitors. Hormones including auxin, ab-
scisic acid, gibberellic acid, and jasmonic acid were ineffective in preventing 
degradation. Similarly, auxin transport or biosynthesis inhibitor were also 
ineffective, suggesting ARF degradation is not controlled by auxin or other 
tested hormones.

Figure 3: (A) Treatment with an alternative proteasomal degradation inhibitor Bortezomib also blocks the degrada-
tion of ARF1-mScarlet-I (mSC-I) and ARF2-mNeonGreen (mNG). (B-C) Treatment with common plant hormones 
including auxin (2,4-D and IAA), abscisic acid (ABA), gibberellic acid (GA), jasmonic acid (JA) do not have any 
effect on MpARF degradation. Auxin transport NPA or endocytosis inhibitor Brefeldin-A (BFA) also has no effect. 
Co-treatment of auxin biosynthesis inhibitor Yucasin (Y) and Kynurenine (K) alone or in combination with cold 
treatment and JA treatment also fails to stabilize MpARFs. Only proteasomal inhibitor MG132 can block ARF 
degradation.

Proteasomal degradation leads to higher ARF1/2 stoichiometry
A key question is what function this regulated ARF degradation serves. Given 
that it was previously proposed that auxin responsiveness in Marchantia is 
determined by the stoichiometry of ARF1 and ARF29, one possibility is that 
this stoichiometry is actively regulated by ARF degradation. In chapter 3, we 
found that ARF1 and ARF2 are present in different stoichiometries in differ-
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ent cell types. We asked whether ARF1/2 stoichiometries in dormant gemmae 
change following germination. Therefore, we quantified the ARF1 and ARF2 
levels in germinating gemmae and calculated the ARF1:ARF2 ratio over the 
first 8 hours (Figure 4.A). For comparable fluorophore brightness, we used 
mNeonGreen single knock-in lines in this experiment. Quantified ARF ratios 
suggested that the different ARF degradation profiles result in an increase of 
the ratio of ARF1:ARF2 after germination. The ratio increased from approx-
imately 3.8 at dormant stage to up to 8 in the 6-8 hours grown gemmae. This 
increase in ARF1/2 stoichiometry caused a positive shift in relative MpARF1 
levels in the cell and provides a scope for ARF1-dependent gene activation.

Figure 4: (A) Quantification of ARF1:ARF2 stoichiometry during gemmae germination in ARF1-mNG and ARF2-
mNG single knock-in lines. (B) Mathematical model predicted transcription pattern of an auxin inducible gene 
during gemmae germination. Solid lines indicate transcription rate in normal condition, whereas dashed lines indi-
cate transcription rate in absence of proteasomal degradation of ARF2. (C) Inducible ARF2 overexpression leads to 
retarded growth. pEF1::ARF2-GR lines were treated with 1mM dexamethasone and plant growth was compared with 
wild-type. After 3 days of DMSO treatment, both wild-type Tak-1and pEF1::ARF2-GR lines grew similarly. How-
ever, on dexamethasone treatment, induced ARF2-GR overexpression lines growth was affected negatively in com-
parison to wild-type. (D) Inducible ARF2 overexpression leads to delayed gemmae germination. pEF1::ARF2-GR 
lines were treated with 1mM dexamethasone and plants were checked for rhizoid formation as a sign for germination. 
After 3 days of DMSO treatment, both wild-type Tak-1and pEF1::ARF2-GR lines developed rhizoids. However, 
only Tak-1 developed rhizoids on dexamethasone treatment. No rhizoid was formed in induced ARF2-GR overex-
pression lines.
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ARF1/2 stoichiometry increase is necessary for germination and growth
We next asked what the impact of this change in ARF1:ARF2 stoichiometry 
may be, and first developed a mathematical model of the minimal Marchantia 
NAP and its known interactions (see Text box 1). Using a piecewise poly-
nomial function, we fitted quantified ARF1 and ARF2 temporal expression 
profiles into the mathematical model, where the effect of changing ARF1 and 
ARF2 levels on the outcome of auxin response was modelled as the transcrip-
tion of a hypothetical ARF-regulated gene. Model simulations predicted that 
the ARF1:ARF2 ratio increase would enhance transcriptional response out-
put (Figure 4.B). Conversely, simulated loss of ARF2 degradation predicted 
an opposite effect on response output (Figure 4.B). Thus, ARF2 degradation 
may be required to switch from an inactive to an active transcriptional state 
of auxin-regulated genes.
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Text Box 1: Description of mathematical model for auxin signaling in 
Marchantia  
 
Our initial goal was to create an auxin signaling model for Marchantia to 
test out hypotheses. To do so we have altered an established auxin 
signaling model, the Farcot model13, to better represent Marchantia 
specifically.  
The model we present is specific to modeling transcription rates relative to 
MpARF1 and MpARF2 concentrations within a gemma in the first 8 hours 
after dormancy. Time dependent simulations were run via Python3.8 
utilizing primarily SciPy and NumPy packages, specifically using the ODE 
solver scipy.intergrate.odeint. 
 
The model takes the form of the following equations: 
 
!"!
!# =  #"! − 2&"!"!'$'$ + 2)%"!"!*"!"! − &"!"#'$'& + )"!"#*"!"# −
&'"!+'$ + )'"!+"!  −&"!'"!'$+"!)"!'"!+"!"! − &"!'"#'$+"# +
)"!'"#+"!"# 
!"#
!# = #"# − &"!"#'$'& + )"!"#*"!"# − 2&"#"#'&'& + 2)"#"#*"#"# −
&"#'"!'&+"! + )"#'"!+"!"# −&'"#+'& + )'"#+"# − &"#'"#+"#'& +
)"#'"#+"#"# 
,*"!"!
,- = −."!"!*"!"! + &"!"!'$'$ − )%"!"!*"!"! − &"!"!'*"!"!+

+ )"!"!'+"!"! 
,*"!"#
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+ )"!"!'+"!"! 
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,+"#
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,- = &"!'"!'$+"! − )"!'"!+"!"! + &"!"!'*"!"!+ − )"!"!'+"!"! 
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Where, 
'$ denotes the concentration of MpARF1, 
'& denotes the concentration of MpARF2, 
*(),  2, 3 ∈ {'$, '&} denotes the concentration of an X:Y dimer, 
+	, +"!, +"#, +"!"!, +"!"#, +"#"# denote the proportion or the probabilities 
the promoter is free, bound with MpARF1, MpARF2, MpARF1:MpARF1 
dimer, MpARF1:MpARF2 dimer or MpARF2:MpARF2 dimer 
respectively, 
ℎ	 denotes the concentration of mRNA being produced. 
 
The parameter values used are in the table below 
 

Variable Value Description 
!!!!! 1 Rate of association of ARF1 with 

itself 
!!!!" 1 Rate of association of ARF1 with 

ARF2 
 

!!"!" 1 Rate of association of ARF2 with 
itself 
 

!!!"  "#$% Rate of association of an ARF1 and 
the promoter 

!!""  "#$& Rate of association of an ARF2 and 
the promoter 

!!!!!"  2"#$% Rate of association of an 
ARF1:ARF1 dimer and the promoter 
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!!!!""  "#$% + "#$& Rate of association of an 
ARF1:ARF2dimer and the promoter 

!!"!""  2"#$& Rate of association of an 
ARF2:ARF2 dimer and the promoter 

%!!!! 1 Rate of disassociation of ARF1 with 
itself 

%!!!" 1 Rate of disassociation of ARF1 with 
ARF2 
 

%!"!" 1 Rate of disassociation of ARF2 with 
itself 
 

%!!"  "#''% Rate of disassociation of an ARF1 
and 
the promoter 

%!""  "#''& Rate of disassociation of an ARF2 
and 
the promoter 

%!!!!"  1
2"#''% Rate of disassociation of an 

ARF1:ARF1 dimer and 
the promoter 

%!!!""  '"#''%(% + "#''&(% ((% Rate of disassociation of an 
ARF1:ARF2dimer and 
the promoter 

%!"!""  1
2"#''& Rate of disassociation of an 

ARF2:ARF2 dimer and 
the promoter 

)!!!!, 
)!!!" or 
)!"!" 

0.05 Rate of decay of ARF oligomers 

*% 1 Rate of transcription caused by an 
ARF1 monomer 

*& 10 Rate of transcription caused by an 
ARF1:ARF1 dimer 
 

+!!(-) /01-2*3451
/- (-) + )!!!"

+ 2)!!!! 

Term that keeps total MpARF1 
concentration matching 
experimental data 

+!"(-) /01-2*3452
/- (-) + )!!!"

+ 2)!"!" 

Term that keeps total MpARF2 
concentration matching 
experimental data 
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Model assumptions:
In the model, decrease in total concentration of ARFs is assumed to be via 
the removal of ARF monomers. This is achieved via the  and  terms and is 
inspired by our understanding that the area of an ARF targeted for destruction 
is the DNA binding domain. We assume in this model that there is no effect 
on the rate of transcription caused by MpAux/IAA due to its degradation in 
the early hours gemmae growth.

With respect to parameterization, we assume that the association and disasso-
ciation rate between ARFs is 1 for simplicity, and in absence of any quanti-
tative experimental estimates. We assume ARF1 dimers are more effective in 
promoting transcription than ARF1 monomers and we assume ARF1 mono-
mers and dimers containing ARF2 do not promote transcription. With respect 
to the association and disassociation of ARF molecules and the promoter we 
assume that dimers bind the ARF at a rate that is the summation of the rates 
of the constituent monomers. Furthermore, we assume that the rate of disas-
sociation of dimers is the inverse of the sum of the inverses of the rates of 
dissociation of the constituent monomers. This in effect makes the rate of 
disassociation of dimers lower than that of either constituent monomer whilst 
considering how well either binds the promoter.

Time series simulations:

To produce time series simulations using the model for each individual time 
series dataset we set and equal to a piecewise linear interpolation of the time 
series data and used the parameters above. To compare the effect the differing 
Kds of MpARF1 and MpARF2 had on the system we varied  in 10 differ-
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ent combinations to represent either ARF having a greater Kd than the other 
whilst also altering the association and disassociation rates.

Kd schemes for the x axis of the graph
a-ARF1Kd/ARF2Kd = 4, ARF1:Kon = 1 Koff = 1 ARF2:Kon = 1 Koff = 4  
b-ARF1Kd /ARF2Kd = 4, ARF1:Kon = 1  Koff = 1 ARF2:Kon = 1/4 Koff = 1 
c - ARF1Kd / ARF2Kd = 4, ARF1:Kon = 1  Koff = 1 ARF2:Kon =1/2 Koff = 2
d - ARF1Kd / ARF2Kd = 4, ARF1:Kon =1/2  Koff = 2 ARF2:Kon =1/4 Koff = 4
e - ARF1Kd / ARF2Kd = 4, ARF1:Kon = 2  Koff = 1/2 ARF2:Kon = 1/2 Koff = 2
f - ARF1Kd / ARF2Kd = 1, ARF1:Kon = 1  Koff = 1 ARF2:Kon = 1 Koff = 1
g - ARF1Kd / ARF2Kd = 4, ARF1:Kon = 1  Koff = 1 ARF2:Kon = 2 Koff = 1/2
h - ARF1Kd / ARF2Kd = 4, ARF1:Kon = 1/2  Koff = 2 ARF2:Kon = 1 Koff = 1
i - ARF1Kd / ARF2Kd = 1/4, ARF1:Kon = 1  Koff = 1 ARF2:Kon = 1/2 Koff = 2
j - ARF1Kd / ARF2Kd = 1/4, ARF1:Kon = 2  Koff = 1/2 ARF2:Kon = 1 Koff = 1

To test the model prediction that regulated, low ARF2 levels are needed for 
activating auxin response in gemmae, we overexpressed ARF2 constitutively 
(pEF1a::ARF2 and pEF1a::ARF2-Citrine) and in a Dexamethasone induc-
ible (pEF1a::ARF2-GR) manner in wild-type background. Inducing ARF2-
GR activity with Dexamethasone prevented thallus growth (Figure 4.C) and 
caused delayed formation of rhizoids (Figure 4.D), a reliable marker for aux-
in response output. Likewise, 2-week-old stable overexpression lines (pE-
F1a::ARF2 and pEF1a::ARF2-Citrine) had multiple apical notches, were 
strongly defective in their growth, lacked gemmae cups and were insensi-
tive to auxin treatment (1-Napthaleneacetic acid; 1-NAA; Figure 5.A). The 
high fluorescence signal detected in stable overexpression lines of ARF2 (pE-
F1a::ARF2-Citrine) further confirmed that the auxin insensitivity is indeed 
caused by high ARF2 concentrations (Figure 5.B). These results support the 
model prediction that elevated levels of ARF2 inhibit auxin response. There-
fore, targeted removal of ARF2 by proteasomal degradation is required to 
initiate germination and gemmae growth.
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Figure 5: (A) Constitutive overexpression of ARF2 in pEF1a::ARF2 and pEF1a::ARF2-Citrine line leads to auxin 
resistance. (B) High expression of ARF2-Citrine in pEF1a::ARF2-Citrine line confirms that the auxin resistance 
phenotype is indeed due to the high expression of ARF2.

Discussion
Biological systems are ever dynamic. Depending on environmental condi-
tions and developmental stages, cellular signaling networks are continuous-
ly adapted. Many of these adaptations require active regulation of protein 
stability and function. In chapter 3, using fluorescent ARF knock-in lines, 
we showed that all three Marchantia ARFs are expressed in dormant gem-
mae. However, these ARF expression maps described protein accumulation 
at dormant stage, without any information on temporal expression patterns 
in actively growing tissue. To track the temporal dimension of ARF expres-
sion, here we used quantitative imaging on growing gemmae of single and 
double knock-in lines. Upon tracking the protein levels of the three ARFs, 
we observed one consistent pattern. The class A activator ARF1 and class B 
repressor ARF2 accumulation patterns both declined within a few hours fol-
lowing dormancy release. After 8 hours, ARF2 levels dropped to undetectable 
levels while ARF1 maintained a low expression even after 24 hours. The class 
C repressor ARF3 levels, however, remained constant in the first 24 hours. 
Similar temporal dynamics confirmed in knock-in lines with ARFs fused to 
different fluorophores, eliminated any possibility of the fluorescent tag caus-
ing protein instability. Since our microscope set up allowed tracking ARF 
expression in the same gemma, we in fact were able to image the same nuclei 
for 24 hours. Using this experimental setup, we generated a unique ARF tem-
poral expression map, devoid of any variation among gemmae samples. 
We found the MpARF transcript quantities did not significantly change over 
the same time window, suggesting that control of either translation, protein 
stability or both cause the decline in levels. Indeed, both ARF1 and ARF2 
levels were proteasomally regulated, as confirmed by individual treatment 
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with two different proteasome inhibitors. Upon treatment with these inhib-

itors, we noticed an interesting difference in the accumulation patterns of 
non-degraded ARF1 and ARF2. While the ARF1 concentration remained 

constant, ARF2 levels appeared to accumulate beyond its concentration at 
dormant stage. Quantification of relative fold-changes in ARF concentration, 
confirmed this observation. It is possible that this difference is caused by a 
higher turnover rate for ARF2 than for ARF1, but it is also possible that the 
ARF1 gene is feedback regulated by accumulation of either ARF1 or ARF2 

following proteasome inhibition. We have not tested translational control of 

ARF1 and ARF2. There are examples of regulation of ARF translational ef-

ficiency14, and we cannot exclude that such regulation contributes to the ob-

served dynamics. However, we can positively identify ARF degradation as a 
mechanism that controls accumulation.

ARF2 degradation resulted in a complete loss of the fluorescence signal while 
ARF1 still showed low expression even after 24 hours. This apparently fa-

vours ARF1 function by eliminating competition from ARF2. Quantifying 

the ratio of ARF1/2 concentrations in mNeonGreen single knock-in lines, 
we found that ARF1/2 stoichiometry rises gradually after dormancy release. 

Within 6 hours, the ratio almost doubles, favouring ARF1. As anticipated, 
mathematical simulations predicted an upregulation of transcription rate cor-

related with ARF1/2 stoichiometry increase. However, the predicted ampli-
tude of transcriptional upregulation in the model was modest. In angiosperms, 
and even the fern Ceratopteris richardii, auxin-responsive genes show large 
differences in expression level between untreated and auxin-treated condi-

tions, leading to high amplitudes of up to 100-fold15. In contrast, Marchantia 
auxin-regulated genes do not show more than 2 to 3-fold upregulation upon 

auxin induction16. This probably has to do with the simpler NAP in March-

antia. The large amplitudes in Ceratopteris were caused by lower expression 

in the absence of auxin, rather than higher levels in its presence15,16. Thus, 
more effective repression in the absence of auxin – conditioned by Aux/IAA 

repressors – likely explains the capacity for large response amplitudes in vas-

cular plants. Likewise, the single Aux/IAA in Marchantia may be limiting 
such effective repression.  Model simulations in absence of a proteasomal 

regulation on ARF2 resulted in an opposite output with clear transcriptional 

downregulation. This suggests that ARF2 degradation is probably a necessity 

to release the dormancy and to switch from an inactive to active transcription-

al state of auxin regulated genes. We could validate the prediction from our 

mathematical model that ARF2 degradation is a requirement for switching to 
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active auxin response.  Overexpression of ARF2 led to phenotypes such as 
delay in gemma germination, lack of gemma cup formation, and strong auxin 
resistance. The high fluorescence levels detected for pEF1a::ARF2-Citrine, 
confirmed high ARF2 accumulation in these lines and validates that growth 
defects are correlated with ARF2 accumulation (Figure 5.B). Furthermore, 
the ARF2 overexpression lines developed very few rhizoids, which we can 
attribute to the high ARF2 levels in rhizoid cells (Figure 5.B), antagonizing 
rhizoid development by ARF1. 

Overall, we could connect ARF degradation with an active control of A/B 
ARF stoichiometry. Even in the absence of any treatment, and in static ob-
servation, gemmae represent a rich landscape of ARF1:ARF2 stoichiometries 
(see also chapter 3). From first principles, and supported by mathematical 
modeling, these sites of varying stoichiometries should translate to areas with 
different auxin response outputs. Indeed, we observed that the cells with the 
most “activating” stoichiometry are rhizoid initial cells, that are known to 
be highly sensitive to externally applied auxin. Thus, the endogenous ARF 
expression patterns will likely translate to a corresponding map of auxin sen-
sitivities. Unfortunately, these are hard to map at present due to the absence 
of a cellular-resolution reporter for mapping auxin response output. Given 
that manipulating the stoichiometry does prevent normal auxin response and 
development, we do expect that the maps – both in the gemmae studied here 
and beyond – will be an exciting starting point to map sites of auxin action.

A key question is how changes in ARF stoichiometry are brought about. In 
principle, any gene/protein regulatory process can contribute to protein accu-
mulation, and this stoichiometry therefore offers a central pivot point in con-
trolling auxin output. While it remains to be seen what transcriptional inputs 
contribute to diverse ARF gene expression patterns, we do see that – given 
unequal starting levels – a relatively generic degradation rate can create large 
changes in ARF1:ARF2 stoichiometry. Identification of components in the 
degradation mechanism, as well as in (post)transcriptional control will help 
resolve the tuning mechanisms.
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Plastic inset

Aluminium disc

Inverted B5 media 
block with gemma on it

Gemma

Supplementary Figure 1: Basic design of the microscope slide mount, used for time lapse imaging experiments. B5 
media is poured and allowed to solidify inside the plastic inset. The media is supplemented with desired treatment 
or mock before casting in the inset. When media solidifies, gemmae are carefully placed on top of the media and 
covered with a round coverslip. The plastic inset containing the gemmae on the media block, is inverted and placed 
on the aluminium disc and tightened with a screw to prevent movement. Evaporation of water from the reverse side 
of media block is prevented by sealing with parafilm.
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Supplementary Figure 2: Constitutive overexpression of ARF2 or ARF2-Citrine leads to auxin insensitivity. (A) 
Three independent pEF1::ARF2 lines showing auxin resistance in comparison with Tak-1 control. (B) Three inde-
pendent pEF1::ARF2-Citrine lines showing auxin insensitivity in comparison to ARF2-mNG knock-in. 
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Materials and method
Plant growth conditions
Marchantia polymorpha male Takaragaike-1 and female Takaragaike-2 
plants were used as the wild-type variety. For vegetative propagation, plants 
were grown on ½ Gamborg B5 media plates in growth chambers with 40 
μmol photons m–2 s–1 continuous white light at 22 °C. For sexual reproduc-
tion, plants were grown on 1% sucrose supplemented ½ Gamborg B5 media 
within hyrophonic boxes exposed to 40μmol photons m–2 s–1 continuous white 
fluorescent light for 1 month. Plants were then moved into 40μmol photons 
m–2 s–1 continuous white light supplemented with 15μmol photons m–2 s–1 far-
red light to induce antheridiophore and archegoniophore development. Plants 
were repeatedly crossed to ensure fertilization. Sporangia with mature spores 
were collected aseptically and used in spore transformation.

Microscope slide mount setup for time lapse imaging
A microscope slide mount was set up for live imaging of gemmae to pre-
cisely track a selected set of cells for temporal protein expression analysis. 
The mount consisted of a circular aluminium disc with a plastic inset fitted 
at the centre of the disc (Supplementary Figure 2). Melted ½ B5 media with 
or without desired treatments were poured into the cavity of the plastic inset 
and allowed to solidify. Gemmae were carefully placed on top of the solidi-
fied media and covered with a round coverslip. The bottom of the mount was 
sealed with parafilm to prevent any evaporation and media drying during time 
series imaging. Between two imaging time points in a time series experiment, 
the mounts were placed inverted in the growth chambers to keep the gemmae 
exposed to light and allow normal growth. 

Confocal live cell imaging
All live cell imaging was done on a Leica SP8X-SMD confocal micro-
scope equipped with hybrid detectors and a pulsed (40MHz) white-light la-
ser (WLL). mNeonGeen and mScarlet-I were excited with the 506 nm and 
561 nm laser lines, respectively. The laser powers were set at 4% output to 
avoid bleaching of the fluorophores. Fluorescence was detected between 512-
560nm (mNeonGreen) and 570 to 620nm (mScarlet-I) using hybrid detectors 
in photon counting mode. Z-stack images of 1.5mm were acquired using a 
20X water immersion objective lens and time-gated detection to suppress aut-
ofluorescence. Images were processed using ImageJ software. Maximum-in-
tensity projections of z-stack images were used to quantify total cellular flu-
orescence in each nucleus analysed, corrected for background fluorescence.
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RNA extraction, cDNA synthesis and qPCR
Total RNA was extracted from gemmae collected from gemma cups of 
4-week-old Tak-1 and knock-in plants and subsequently incubated in liquid 
½B5 medium for 0, 3.5, and 8 hours, before freezing in liquid nitrogen. RNA 
was extracted from ground tissue using the TRIzol reagent and Qiagen Plant 
mini kit. On-column RNase-free DNase (Qiagen) treatment was performed 
before final elution. cDNA was synthesized from 1 μg total RNA using the 
iScript Reverse Transcriptase kit (Biorad). qPCR reactions were carried out 
with 2x IQ SYBR green (Biorad) on a CFX384 Touch Real-Time PCR detec-
tion system (Bio-Rad). Data analysis was performed as described by Taylor 
et. al.17. Housekeeping genes MpEF1a and MpSAND were used for transcript 
level normalization. 

Inducible ARF2 overexpression
For inducible ARF2 overexpression, the pEF1::ARF2-GR lines were used9. 
Plants (n=10 per genotype) were treated with either DMSO or 1mM dexa-
methasone in B5 media and imaged after 3 days to look for rhizoid formation 
as an indicator of gemma germination. 
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Supplementary table 
List of primers used in this chapter 

Primer name Sequence 
SJD154-MpEF1a 

promoter.FOR gtagcgattaattaagctcaaatgagtcacacacattgttgagagaca 

SJD155-MpEF1a 

promoter.REV 

GCTGCCGCCGCCaagGACCTTTCTCTTCTTCTTTGGAGCC

ATcaacctttctgcaggcac 

SJD185 

EF1promoter.SE

Q.FOR ttggttccgtgcttctatgg 

SJD186-

ARF1.qFOR CCATCTGAGTTCGTAATCCC 

SJD187-

ARF1.qREV CATGTATCTTCGCACACCT 

SJD188-

ARF2.qFOR CTACACGAAGATTCACAAGC 

SJD189-

ARF2.qREV ACTTCTTGTCGAACAGCTC 

SJD198-mNG 

internal.REV CAAAGATGTGTAACTCATGTGTCG 

SJD249 

ARF2CDS_TOP

O.FOR CACCATGTCAGAAGCATCTTCCATCAC 

SJD251 

ARF2_FL_CDS.

REV CATGTCGTCGCCGCGCG 
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Abstract
Selective protein degradation is a common regulatory mechanism in many 
eukaryotic signaling pathways. In plants, auxin signaling is highly regulat-
ed by ubiquitin-dependent targeted proteolysis. Auxin binding to TIR1/AFB 
F-box receptors enhance their interaction with Aux/IAA repressors that leads 
to Aux/IAA degradation, permitting auxin response by ARF transcription 
factors. Previous studies in Arabidopsis and our data on Marchantia ARFs 
showed that the expression levels of ARFs are also under the control of pro-
teasomal pathway. However, neither the ARF degradation mechanism nor its 
biological function has yet been identified. Here we dissected the Marchan-
tia polymorpha ARF2 protein domains and identified a degron in MpARF2-
DBD. Mapping the degron in the MpARF2-DBD dimer structure revealed 
that the degron is positioned at the interface of the dimerization domain 2 
(DD2) of ARF2-DBD. Thus, dimerization would make the degron inaccessi-
ble to the degradation system and stabilize MpARF2. Exposing the degron by 
disrupting ARF2 DBD dimerization leads to accelerated protein degradation, 
suggesting ARF2-DBD dimerization and degradation are indeed mutually 
exclusive events. Combined mutations of the ARF2 degron motif and DBD 
dimerization led to strongly retarded plant growth, suggesting that active re-
moval of monomers is required for normal plant development.
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Introduction
Selective degradation of proteins is an important regulatory mechanism in 
eukaryotic development1. Majority of selective protein degradation occurs 
via the ubiquitin-dependent proteasomal pathway which functions as three-
step enzymatic reaction to dispatch a target protein into the 26S proteasomal 
complex2. Selectivity of protein degradation in this system is generated by 
interactions of ubiquitin ligase enzymes with short sequence motifs in their 
substrates3. These motifs are called “degrons” and are usually sufficient for 
degradation. Degrons are generally unique, short stretches of hydrophobic 
amino acids that either remain buried inside the protein structure or shielded 
by interacting protein partners4. Exposure of a degron due to misfolding or 
loss of interaction, induces degron recognition and protein degradation5.

Ubiquitin-dependent active protein degradation regulates multiple hormone 
signaling pathways in plants1. A very well characterized example is the auxin 
dependent proteasomal degradation of Aux/IAA (AUXIN/INDOLE-3-ACE-
TIC ACID) repressors in nuclear auxin signaling pathway (NAP)6. Percep-
tion of auxin by TIR1/AFB (TRANSPORT INHIBITOR RESPONSE/AUX-
IN SIGNALING F-BOX) receptors and formation of TIR1/AFB-auxin-Aux/
IAA complex triggers this proteolysis7. Aux/IAA degradation allows ARFs 
(AUXIN RESPONSE FACTORS)6,8 to bind specific DNA motifs and regu-
late expression of auxin responsive genes9. However, regulatory protein deg-
radation in NAP is not limited to only Aux/IAAs. Besides Aux/IAA, the TIR1 
auxin receptor which itself is the F-box member of the SCF (SKP1-CULLIN-
F-box) proteasomal complex, also undergoes autocatalytic proteolysis in the 
absence of Aux/IAA substrates10,11. Decoupling TIR1 from the SCF complex 
prevents its auto-degradation, causing growth defects and auxin resistance11. 
Furthermore, ARF transcription factors have also been reported to undergo 
proteolysis in Arabidopsis (AtARF1, 6, 7, 17, and 19)12–14. However, unlike 
Aux/IAA and TIR1, the underlying mechanisms and biological importance of 
ARF degradation has remained unexplored. 

Based on transactivation assays in Arabidopsis protoplast15 and phylogenetic 
analysis16, ARFs have been divided as class A (transcription activators), B and 
C (transcription repressors). DNA binding assays and DNA-ARF co-crystal 
structures suggested that A- and B-class ARFs can bind the same TGTC(TC/
GG) auxin response element (AuxRE) and are therefore proposed to engage 
in a competition for binding sites at near-stoichiometric concentrations17,18. 
Given their competitive interaction and reports of both class A activator (At-
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ARF 6, 7, 19)13,14 and class B repressor (AtARF1) degradation12, a plausible 

outcome of ARF degradation is a change in the relative ARF-A/B stoichiome-

try that defines auxin response. Despite the potential importance, the reported 
examples of ARF degradation could not be associated with any biological pro-

cess, delaying investigation of the ARF degradation mechanism. In chapter 

4, we found that Marchantia polymorpha ARF1 (Class A) and ARF2 (Class 

B) are proteasomally degraded, leading to a shift in ARF1/2 stoichiometry 

that favours MpARF1. We found a clear association of MpARF degradation 

with gemma germination and auxin sensitivity. Therefore, ARF degradation 

in germinating gemmae provides a great starting point to investigate the deg-

radation mechanism and its biological importance.

In this chapter, we aimed to identify the degron responsible for MpARF2 

degradation. Canonical ARFs have three conserved domains: an N-terminal 

DNA binding domain (DBD), C-terminal Phox and Bem1 (PB1) domain and 

an intrinsically disordered middle region (MR). To understand which of the 

three domains is required for ARF2 degradation, we performed domain de-

letion experiments and identified a short degron motif in DBD. The degron 
sits at the interface of dimerization domain 2 (DD2) in MpARF2-DBD di-

mer structure, which possibly makes dimerization and degradation mutually 

exclusive. We confirm this hypothesis by mutational analysis and show that 
monomeric MpARF2 are prone to degradation and stabilization of MpARF2 

monomers are detrimental to plant growth.

Results
Identification of a degron driving MpARF2 degradation
In chapter 4, we found that MpARF1 and MpARF2 are proteasomally degrad-

ed upon gemma germination. As an initial step in dissecting the mechanisms 

underlying regulated ARF degradation, we focused on identifying require-

ments for MpARF2 degradation. To identify the ARF2 domain that mediates 

degradation, we first expressed each of the three conserved MpARF2 do-

mains (DBD, MR and PB1) and the full-length (FL) as mNeonGreen protein 

fusion, driven by a 2kb MpARF2 promoter fragment, and explored accumu-

lation before and after germination. A nuclear localization signal (SV40 NLS) 

was added in-frame to ensure nuclear entry of the fused ARF domains. We 

performed time-lapse confocal imaging on dormant (0 hour) and germinated 

gemmae (8 hours) to check for stability of the fused proteins. Full-length 

MpARF2-mNeonGreen was expressed at dormant stage but degraded after 

germination (Figure 1.A), as observed before for the ARF2 knock-in lines 
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(Chapter 3). Both the MR and PB1-mNeonGreen fusion proteins strongly 
accumulated at 0 hours and 8 hours after germination, suggesting that these 
domains do not carry the degradation signal. In contrast, the DBD-mNeon-
Green fusion protein showed hardly any expression, neither at dormant stage 
nor after 8 hours (Figure 1.A). However, treatment with the proteasomal in-
hibitor MG132 caused hyper-accumulation of both DBD-mNeonGreen and 
FL-mNeonGreen (Figure 1.B), confirming that the DBD carries the signal 
that is sufficient for MpARF2 degradation. Interestingly, the DBD alone was 
much less stable at dormant stage than full-length protein (Figure 1.A), sug-
gesting that a structural feature within full-length MpARF2 might be protect-
ing it from degradation at dormant stage. 

To identify a minimal degron motif within MpARF2-DBD, we tiled the DBD 
into 8 short fragments of 75 amino acids, with each carrying 25 overlapping 
residues with neighbouring fragments (Figure 1.C). Each fragment was ex-
pressed as mNeonGreen fusion in Marchantia, as we did before for the three 
MpARF2 domains. All DBD fragments, except fragments 5, 6 and 7 showed 
strong and stable nuclear accumulation (Figure 1.C) in both dormant and ger-
minated gemmae. Fragments 5, 6 and 7 did not show expression, but treat-
ment with MG132 caused protein accumulation (Figure 1.D). This identifies 
the region encompassed by these three fragments as a degron sufficient for 
MpARF2 degradation. 

These experiments demonstrate sufficiency of these regions for degradation, 
but do not tell if the degron is required in the context of the larger domain. We 
therefore divided the 25 amino acid overlapping region between fragment 6 
and 7 into 3 smaller overlapping motifs of 12 amino acids each and swapped 
each motif with the equivalent sequences from the non-degradable MpARF3 
protein in the context of full-length MpARF2-DBD-mNeonGreen. Among 
these, only the first motif swap led to stable accumulation of ARF2-DBD, 
while the other two were degraded (Figure 1.E-F). Thus, this delineation 
identifies a minimal 12 amino acid region in the MpARF2 DBD that is both 
necessary and sufficient for regulated degradation. 
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Figure 1: (A) ARF2 domain split analysis. Each domain of ARF2 fused to mNeonGreen (mNG) was expressed 
separately to determine the location of the degradation signal in the protein. Both the MR and the PB1 domain show 
high stability at 0 and 8 hours. The full-length ARF2 is stable at dormant stage, but it is degraded after germination. 
The DBD is degraded already at dormant stage. (B) 100mM MG132 treatment can inhibit degradation of both full-
length and ARF2-DBD. (C) ARF2-DBD fragment analysis to narrow down the location of the degron. ARF2-DBD 
was divided into 8 overlapping fragments and fused to mNG. Expression of each fragment in plants shows that 
fragments 5,6 and 7 are instable in dormant stage, whereas all other fragments are stable after 8 hours. (D) 8 hours 
of 100mM MG132 treatment on fragments 5,6 and 7 is sufficient to block degradation of these fragments. (E) ARF2 
DBD degron swap experiment. The 25 amino acid overlapping region between ARF2-DBD fragment 6 and 7 were 
divided into three small motifs. Each small motif was named as degron 1, 2 and 3. We swapped these small motifs 
in ARF2-DBD with homologous sequences from ARF3-DBD, which lacks proteasomal regulation. Swapping de-
gron 2 and degron 3 with ARF3 sequence is not sufficient to stop ARF2-DBD degradation. Only when the degron 1 
(the first 12 amino acids in the overlap between fragment 6 and 7) is replaced, ARF2-DBD becomes stable both at 
dormant stage and after 8 hours of growth. (F) MG132 treatment blocks the degradation of degron 2 and degron 3 
swapped ARF2-DBD, confirming their proteasomal degradation.
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Mutations in conserved degron of class B ARFs leads to auxin 
insensitivity
Besides our systematic search for the ARF2 degron in Marchantia, a simulta-
neous but independent forward genetic screen was conducted in Prof. Mark 
Estelle’s laboratory to identify auxin-resistant mutants of the moss Physcomi-
trium patens. Through personal communications we learned that using UV 
mutagenesis, two auxin-resistant mutants were identified, both of which con-
tained point mutations in the ARFb2-DBD of Physcomitrium (PpARFb2E266K 
and PpARFb2R269Q). Importantly, both mutations caused increased PpARF2 
stability. Due to the high similarity in the regulation of class B ARF stabil-
ity in two bryophyte species Physcomitrium and Marchantia, we wondered 
whether this is a conserved degradation mechanism. Therefore, we aligned 
the PpARFb2 and MpARF2 protein sequences and identified the homologous 
amino acids (E297 and R300) in MpARF2. Coincidentally, these residues 
were located at the C-terminal end of ARF2-DBD fragment 5, immediately 
adjacent to the overlapping region between fragment 5 and 6, suggesting par-
allels between MpARF2 and PpARFb2 degradation. Using site directed mu-
tagenesis, we generated a pARF2::MpARF2E297K-mNG line to test MpARF2 
stability. A first striking feature observed in pARF2:: MpARF2E297K-mNG 
gemmae was the presence of multiple apical notches, unlike the usual two 
oppositely positioned notches in wild-type gemmae (Figure 2.A). Upon 
checking for protein stability using confocal imaging, we indeed found the 
ARF2E297K mutation to render higher stability of the protein in dormant gem-
mae (Figure 2.B). To our surprise, there was still considerable degradation of 
MpARF2E297K after gemma germination and a lower (relative to its expression 
at dormant stage) level of mutant ARF2 accumulation was sustained. Nev-
ertheless, the low yet detectable levels of ARF2E297K in germinated gemmae, 
was sufficient to cause gemma germination inside gemma cup and insensi-
tivity to externally applied auxin (Figure 2.D-E). These results confirm that 
the identified degron represents a conserved signal for class B ARF degrada-
tion in bryophytes. However, this analysis also shows that there are multiple 
mechanisms that control MpARF2 stability in dormant gemmae and follow-
ing germination.
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Figure 2: Multiple sequence alignment showing conservation between Physcomitrium patens ARFb2, Marchantia 
polymorpha ARF1 and ARF2. Degron residues identified by mutagenesis in PpARFb2 are indicated by black trian-
gle. MpARF2-DBD fragments 5,6 and 7 identified as responsible for MpARF2 degradation are underlined.
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Figure 3: (A) pARF2::MpARF2E297K-mNG gemmae contain multiple apical notches. (B) pARF2::MpARF2E297K-mNG 

has higher stability compared to wild type ARF2-mNG. (C) Despite higher stability in dormant stage, there is con-

siderable degradation of pARF2::MpARF2E297K-mNG after germination. However, there is still detectable amount of 

protein left after 24 hours. (D) The pARF2::MpARF2E297K-mNG mutant gemmae start germinating inside the gemma 

cup and (E) are auxin insensitive.  
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Selective degradation of ARF2 monomers is required for normal 
development 
Previously, a crystal structure of the MpARF2 DBD bound to a synthetic 
auxin responsive element (inverted repeat 7) was published18. We used this 
protein structure to map the location of the minimal degron fragments that 
can drive MpARF2 degradation. All three fragments (5,6 and 7) of MpARF2-
DBD could be mapped onto the homodimerization interface (Figure 4.A). 
ARF-DBD dimerization is required for high-affinity DNA binding in Arabi-
dopsis17,19. Arabidopsis ARF5/MP protein that cannot dimerize through their 
DBD fail to complement the arf5/mp mutant17. The location of the degron at 
this interface prompts the hypothesis that MpARF2 degradation selectively 
targets monomers, since the degron would be occluded in the dimer. To test 
this hypothesis, we engineered a dimerization mutation into the MpARF2-
DBD (ARF2G286I) and assessed its stability. As predicted, this mutant is highly 
unstable, and causes loss of protein accumulation even in dormant gemmae 
(Figure 4.B).

Figure 4: (A) Mapping fragments 5,6 and 7 on the crystal structure of ARF2-DBD shows that the degron is 
located at the DBD dimer interface. (B) Time-lapse imaging of ARF2 dimerization mutants. Disruption of DBD di-
merization (ARF2G286I), PB1 dimerization (ARF2K760S+OPCA) and double dimerization (ARF2G286I+K760S+OPCA) in ARF2 
causes degradation of the full-length proteins in dormant stage. (C) Treatment with proteasomal degradation inhib-
itor results in accumulation of both the DBD dimerization mutant and the DBD PB1 double dimerization mutant.
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In addition to the DBD, most ARFs have a C-terminal PB1 domain 
that can also serve as homotypic dimerization domain20,21. These two di-
merization domains likely act cooperatively, with each favouring dimeriza-
tion at the other domain17,22. Given that the DBD alone is less stable than the 
full-length MpARF2, we explored if dimerization through the PB1 domain 
indirectly stabilizes MpARF2. We therefore engineered a PB1 dimerization 
mutant (ARF2K760S, OPCA), and found this to render MpARF2 highly unstable 
(Figure 4.B)21. Likewise, combining the ARF2G286I and ARF2K760S, OPCA muta-
tions led to similar instability compared to each single mutant (Figure 4.B). 
MG132 treatment allowed mutant proteins to accumulate, confirming their 
degradation due to mutations (Figure 4.C). These results are consistent with 
the idea of cooperative dimerization preventing degradation of MpARF2.

Figure 5: (A) Severe growth defects in Marchantia expressing ARF2 with the DBD dimer mutation and degron 
mutation (ARF2G286I+F6F7 swapped) compared to plants expressing ARF2 mutated in either the DBD dimerization or de-
gron swapped. The double mutant does not have any differentiation of tissue and grows as a mass of undifferentiated 
callus. This shows the negative effect of a stable ARF2 monomer in plants and highlights the importance of ARF2 
degradation by proteasome. (B) Stable expression of pARF2::ARF2G286I+Degron swapped-mNG in the undifferentiated tis-
sue, confirming stability of the monomeric protein due to degron swap with ARF3 sequence. (C) The double mutant 
ARF2G286I+Degron swapped-mNG line shows reduced sensitivity to auxin. Growth of green tissue is not inhibited, although 
there is slight increase in rhizoid formation.

If the MpARF2 dimerization interface occludes the degron, and allows for 
selective degradation of monomeric MpARF2, a key question is what func-
tion this serves. We therefore engineered a version of MpARF2 in which both 
DBD dimerization and degradation are prevented without affecting any other 
property of the protein and expressed it from an ARF2 promoter fragment. 
To prevent DBD dimerization, we used the G286I mutation, and the swap of 
sub-degron motif 1 (region shared between DBD fragment 6 and 7 in Fig-
ure1.C) from MpARF3 was used to prevent degradation. This should lead 
to the stable accumulation of monomeric MpARF2 that cannot dimerize via 
DBD. This MpARF2 double mutant showed a striking phenotype, lacking a 
flat thallus, rhizoids, gemmae or gemma cups, whereas the individual DBD 
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dimerization mutant or degron motif 1 swap alone showed mild effects on 
growth (Figure 5.A). The double mutant grew as a mass of undifferentiat-
ed cells and this strong phenotype was observed in all (n=10) independent 
transformants, suggesting accumulation of monomeric MpARF2 strongly 
interferes with normal development. Accumulation of nondegradable ARF2 
in the callus-like tissue of the double mutant was confirmed by detection of 
fluorescence signal (Figure 5.B). On treatment with exogeneous auxin, the 
double mutant growth was unaffected, showing that auxin-induced thallus 
growth inhibition can be antagonized by higher MpARF2 stability (Figure 
5.C). Together, these findings suggest that biological functions of MpARF2 
degradation are twofold; (1) it changes MpARF1:MpARF2 stoichiometry to 
favour ARF1-mediated transcriptional activation (see Chapter 4) and (2) se-
lective degradation prevents the accumulation of MpARF2 monomers that 
negatively affects tissue differentiation and plant growth. 

Discussion
In this chapter, our goal was to identify the degradation signal in MpARF2 
protein structure and to uncover the biological role of ARF2 degradation. 
By mapping the degron motif in MpARF2, we made a surprising discov-
ery: the region both necessary and sufficient for degradation is located at 
the interface between both DBD monomers in the protein dimer. While the 
possibility of degron occlusion is based on our observation in the protein 
dimer structure, we cannot be certain that dimerization blocks the degron. 
However, it is extremely unlikely that in the full-length protein dimer, this 
DBD interface will be accessible for interaction with the proteolysis adap-
tor protein. Thus, our finding suggests a regulatory mechanism where degra-
dation selectively targets MpARF2 monomers. We observed that mutations 
that interfere with dimerization render proteins unstable, and this includes 
mutations in the N-terminal DBD and C-terminal PB1 domain of MpARF2. 
This suggests that cooperative dimerization protects the protein from degra-
dation and, also helps to rationalise the earlier findings that the MpARF1 PB1 
domain is essential for in vivo function, yet can be replaced by an entirely 
unrelated dimerization domain18. This also aligns with the recent smFRET 
(single-molecule Förster resonance energy transfer) data showing that PB1 
domain is required for stronger dimerization and DNA binding of ARFs22. A 
mutant version of MpARF2 that can neither dimerize nor be degraded leads 
to extremely strong growth and developmental phenotypes, suggesting that 
indeed, monomers are detrimental to normal development. A key question 
is why this is the case. A plausible explanation is that the limited specificity 
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of an ARF monomer for 4 conserved nucleotides (TGTC) allows binding of 
monomers across the genome (one in every 256 bases), while an inverted 
repeat of the same element would lead to a specificity that is orders of magni-
tude higher (one in every 65,536 bases). As such, a monomer could be a loose 
cannon in auxin-dependent gene regulation (Figure 7). While this interpreta-
tion is plausible, and to some degree testable, it is a mystery why this problem 
was not solved by evolving higher homotypic ARF dimerization affinity. Is 
the dynamic regulation of the monomer-dimer equilibrium important for aux-
in response, perhaps under environmental influences, or are there structural 
and functional constraints that we are yet to identify?

Figure 7: Proposed model showing the necessity of a monomer specific degradation mechanism for specific auxin 
response. In presence of proteasomal regulation, ARF2 monomers are selectively removed (upper panel), allowing 
only ARF2 dimers to bind DNA with specificity. In absence of this regulation (lower panel), monomers repress genes 
by non-specific DNA interaction and cause growth defects. 
 

ARFs can bind to inverted (IR), everted (ER) and direct (DR) repeats of their 
binding site, with defined spacing17,19,23,24. The MpARF2 degron maps to the 
dimerization interface that is generated in unbound, or IR motif bound ARF’s. 
This conformation creates an ARF dimer where each monomer is a mirror im-
age of the other. However, cooperative binding to DR or ER elements would 
likely require a different conformation, in which the degron is exposed. 
Therefore, selective MpARF2 monomer degradation may additionally act as 
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a mechanism to favour class B ARF binding to IR motifs only, whereas bind-
ing to DR or ER elements would be prevented by proteasomal degradation. 
This offers a testable hypothesis that a competitive ARF DNA binding model 
could be valid only for IR-type auxin responsive elements (AuxRE), and DR 
or ER-type AuxREs containing genes could be exclusively regulated by class 
A MpARF1. 
 
Now that we have identified the degron motif for MpARF2, it will be inter-
esting to see if the mechanisms underlying MpARF1 degradation work simi-
larly. The region spanning the degron is highly conserved between MpARF1 
and MpARF2, which makes it likely that the same binding partner mediates 
degradation of both proteins. If so, this would directly mean that the control 
of A/B ARF stoichiometry and monomer/dimer equilibrium are mechanisti-
cally connected. However, an alternate hypothesis is that distinct proteasomal 
adapters exist for class A and B ARFs, leaving scope for diversification in 
their regulation and function. A similar degradation mechanism would limit 
any possibility of exclusive stability/accumulation of a class of ARF in a spe-
cific tissue in a specific time. Therefore, identification of ARF binding part-
ners, such as E3 ubiquitin ligase subunits may help to address this question.

MpARF1 and MpARF2 are the sole representatives of the A-class and B-class 
ARFs in Marchantia, and both share ancestry with proto-A/B-ARFs in algal 
ancestors25. It is thus plausible that DBD-mediated degradation is a property 
inherited from the algal ancestor. This urges the question of how widespread 
this type of regulation is. Several of the 23 Arabidopsis ARFs (AtARF1, At-
ARF6, AtARF7, AtARF17 and AtARF19) have been reported to be protea-
somally degraded12,14,26. Neither the degron nor the biological relevance of 
these degradation is known, but there is clearly a potential for this degrada-
tion mechanism to be intimately connected to auxin response. Therefore, it 
would be important to find conservation of degron and E3 ligases for ARF 
degradation beyond bryophytes.

Finally, with identifying ARF proteolysis, it now seems that all components 
in the NAP are subject to selective degradation. Aux/IAAs are degraded in 
an auxin-dependent manner6. Intriguingly, when not engaged in binding Aux/
IAA proteins, Arabidopsis TIR1 protein is targeted from degradation27. Thus, 
auxin response is marked by profound proteasomal degradation, which may 
be a requirement for the system to rapidly adapt to changing internal and ex-
ternal conditions.
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Materials and method
Plant growth conditions
Marchantia polymorpha male Takaragaike-1 (Tak-1) and female Ta-
karagaike-2 (Tak-2) plants were used as the wild-type variety. For vegetative 
propagation, plants were grown on ½ Gamborg B5 media plates in growth 
chambers with 40 μmol photons m–2 s–1 continuous white light at 22 °C. For 
sexual reproduction, plants were grown on 1% sucrose supplemented ½ Gam-
borg B5 media within boxes exposed to 40μmol photons m–2 s–1 continuous 
white fluorescent light for 1 month. Plants were then moved into 40 μmol 
photons m–2 s–1 continuous white light supplemented with 15μmol photons 
m–2 s–1 far-red light to induce antheridiophore and archegoniophore develop-
ment. Plants were repeatedly crossed manually to ensure fertilization. Spo-
rangia with mature spores were collected aseptically and used in spore trans-
formation.

Confocal live cell imaging
All live cell imaging was done on a Leica SP8X-SMD confocal micro-
scope equipped with hybrid detectors and a pulsed (40MHz) white-light la-
ser (WLL). mNeonGeen and mScarlet-I were excited with the 506 nm and 
561 nm laser lines, respectively. The laser powers were set at 4% output to 
avoid bleaching of the fluorophores. Fluorescence was detected between 512-
560nm (mNeonGreen) and 570 to 620nm (mScarlet-I) using hybrid detectors 
in photon counting mode. Z-stack images of 1.5mm were acquired using a 
20X water immersion objective lens and time-gated detection to suppress aut-
ofluorescence. Images were processed using ImageJ software. Maximum-in-
tensity projections of z-stack images were used to quantify total cellular flu-
orescence in each nucleus analysed, corrected for background fluorescence.

ARF2 domain split analysis
To locate the degron within ARF2 protein structure, each domain of ARF2 
was expressed separately in plants. In pJHY-TMp1 vector backbone, a ~1.1kb 
promoter of ARF2 was cloned with respective DBD or MR or PB1 domains 
or full length ARF CDS fused to an mNeonGreen fluorescent marker. Each 
CDS was fused to an N-terminal SV40 NLS sequence to ensure nuclear lo-
calization of the protein. All primers were designed with appropriate over-
lapping overhangs and HiFi DNA assembly master mix (NEB) was used for 
cloning. Constructs were transformed in wild-type spores and transformants 
were selected on hygromycin selection plates.
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ARF2 DBD fragment analysis
To narrow down the core degron region within ARF2 DBD, the DBD was 
divided into 8 fragments of 75aa each. Each fragment had a 25aa overlap 
with its preceding and succeeding fragments. All 8 fragments, fused to an 
N-terminal SV40NLS sequence, were cloned at the HindIII site of pJHY- 
mNeonGreen plasmid. A ~2kb ARF2 promoter was cloned upstream of each 
fragment. These constructs were used to generate 8 transgenic lines express-
ing different parts of the ARF2 protein fused with mNeonGreen marker.

ARF2 dimerization mutant analysis
ARF2 dimerization mutant lines were created to test the stability of mono-
meric ARF2. Overlapping primers with mutated nucleotides were used to am-
plify ARF2 CDS and cloned at HindIII site of pJHY- mNeonGreen plasmid, 
using NEB HiFi cloning master mix. G286I (DBD dimerization mutation), 
K760S+OPCA (PB1 dimerization mutation), and G286I+K760S+OPCA 
double dimerization mutant ARF2 CDS were cloned in frame with mNeon-
Green tag and under the pARF2 promoter. Each construct was transformed 
in WT spores to generate 3 different dimerization mutant variants. Gemmae 
of these plants were used to visualize mutant ARF2 expression and stability 
during dormancy and growth.
 
ARF2 DBD degron swap with ARF3 DBD sequence
The 25aa overlapping region between fragment 6 and fragment 7 of ARF2 
DBD were divided into 3 fragments of 12aa each. These 12aa fragments from 
ARF2 DBD were swapped with the aligned sequences from ARF3 DBD. 
Overlapping primers with ARF3 sequence at 5’ end, were used to amplify the 
ARF2 CDS and fragments were cloned into pJHY- mNeonGreen using NEB 
HiFi cloning master mix.
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Supplementary Table 1 
List of primers used in this chapter 
 

Pimer name sequence 
SJD205-
pARF2.FOR tagcgattaattaagctGCATTCTCGCTCACCTGCCTGA 
SJD206-
pARF2.REV 

ATGCTGCCGCCGCCaagcttGGTCGGAACTTCTGTCTAA
AATGC 

SJD207-NLS-
ARF2DBD.FOR 

GTTCCGACCaagctTATGGCTCCAAAGAAGAAGAGAA
AGGTCATGTCAGAAGCATCTTCC 

SJD208-NLS-
ARF2DBD.REV TGCCGCCGCCaagctGGAAGGGCTCCACTTCCCAT 
SJD209-NLS-
ARF2MR.FOR 

GTTCCGACCaagctTATGGCTCCAAAGAAGAAGAGAA
AGGTCTCTCCCTCCACGACCATC 

SJD210-NLS-
ARF2MR.REV 

TGCCGCCGCCaagctGATTGGATCTCTGGGGACCCTTA
TCCT 

SJD211-NLS-
ARF2PB1.FOR 

GTTCCGACCaagctTATGGCTCCAAAGAAGAAGAGAA
AGGTCAAGACGTCGCAAAATTTC 

SJD212-NLS-
ARF2PB1.REV TGCCGCCGCCaagctGCATGTCGTCGCCGCGCG 
SJD213 tagcgattaattaagctAAAAGCCTGTAATCACACGACG 

SJD214 
tagcgattaattaagctAAGGCAGCCAAAATACAGCCTCCTAA
TA 

SJD215 tagcgattaattaagctCACCAGCCCCTCCCTCTGTA 
SJD216 AATACTAGACGCGCTCCACT 
SJD217 AAATGCTAGACTACGCAGCT 
MdR1 AGTCTAGCATTTTAGACAGAAGTT 
MdR2 TCTCAGGGGTGAGAATGGCCA 
MdR3 gtagcgattaattaagctACTCTCTGATGTTGTGAAGGACG 

MdR4 
gaaattcgagctcaagcttGGTCGGAACTTCTGTCTAAAATGCT
AGAC 

MdR5 
AGAAGTTCCGACCAAGCTTATGGCTCCAAAGAAGAA
GAGAAAGGTCATGGTGAGCA 

MdR6 
GAAATTCGAGCTCAAGCTTTACTTGTACAGCTCGTC
C 

MdR7 CACATTCTGAGTCAGTGAACAGG 
SJD219.pARF2.PacI
.FOR GATTAATTAAAAAAGCCTGTAATCACACGACG 
SJD220.pARF2.PacI
.REV tcttaattaaGGTCGGAACTTCTGTCTAAAATGC 
SJD221.NLSARF2
DBD.FOR 

GACCTTAATtaagctATGGCTCCAAAGAAGAAGAGAAA
GGTCATGTCAGAAGCATCTTCC 

SJD222.NLSARF2
MR.FOR 

GACCTTAATtaagctATGGCTCCAAAGAAGAAGAGAAA
GGTCTCTCCCTCCACGACCATC 
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SJD223.NLSARF2P
B1.FOR 

GACCTTAATtaagctATGGCTCCAAAGAAGAAGAGAAA
GGTCAAGACGTCGCAAAATTTC 

SJD235 F1-
ARF2DBD.REV TGCCGCCGCCaagctGTGCCTTCTGAGGACCAG 
SJD236 F2-
ARF2DBD.FOR 

GTTCCGACCaagctTATGGCTCCAAAGAAGAAGAGAA
AGGTCTCCAACGTCTCCGTAGCA 

SJD237 F2-
ARF2DBD.REV TGCCGCCGCCaagctGGCTGAGTTGTATGTCGTTG 
SJD238 F3-
ARF2DBD.FOR 

GTTCCGACCaagctTATGGCTCCAAAGAAGAAGAGAA
AGGTCGAACTCGACGCCCAAATT 

SJD239 F3-
ARF2DBD.REV TGCCGCCGCCaagctGGGTATCAGAGACAGTGAG 
SJD240 F4-
ARF2DBD.FOR 

GTTCCGACCaagctTATGGCTCCAAAGAAGAAGAGAA
AGGTCGACTGCGCCGAGCCCCCG 

SJD241 F4-
ARF2DBD.REV TGCCGCCGCCaagctGTTGACCTCGAAATATGTGAC 
SJD242 F5-
ARF2DBD.FOR 

GTTCCGACCaagctTATGGCTCCAAAGAAGAAGAGAA
AGGTCCCTCCAAATCAGGAATTA 

SJD243 F5-
ARF2DBD.REV TGCCGCCGCCaagctGGGGTTGCAGTTGTTGCTGG 
SJD244 F6-
ARF2DBD.FOR 

GTTCCGACCaagctTATGGCTCCAAAGAAGAAGAGAA
AGGTCCTGTTTCTCAGGGGTGAG 

SJD245 F6-
ARF2DBD.REV TGCCGCCGCCaagctGCACAGCCTTGAGGTACTTAG 
SJD246 F7-
ARF2DBD.FOR 

GTTCCGACCaagctTATGGCTCCAAAGAAGAAGAGAA
AGGTCTTCTCTCTAATTTACAAC 

SJD247 F7-
ARF2DBD.REV TGCCGCCGCCaagctGATTAACCTGGAGGGATCTC 
SJD248 F8-
ARF2DBD.FOR 

GTTCCGACCaagctTATGGCTCCAAAGAAGAAGAGAA
AGGTCGGAACTATCACCGGAATT 

SJD254 
K760S.mARF2.FO
R gtagctacacgaGCattcacaagcagggatcg 
SJD255 
K760S.mARF2.RE
V cgatccctgcttgtgaatGCtcgtgtagctac 
SJD256 
OPCA.mARF2.FOR gtgtacacagCAcacgaagacgCAgtcctcctcgtgg 
SJD257 
OPCA.mARF2.REV ccacgaggaggacTGcgtcttcgtgTGctgtgtacac 
SJD258 
ARF2.SEQ.FOR agctgattctgaaacgtcaagc 
SJD259 
ARF2.FLCDS.FOR CCGACCTTAATtaagctATGTCAGAAGCATCTTCC 
SJD260 
G286I.mARF2.FOR ccaacgatgcacatcATCgttctcgcggccgc 
SJD261 
G286I.mARF2.REV gcggccgcgagaacGATgatgtgcatcgttgg 
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SJD280 
DEG1.SWAP.FOR 

TTCGAGGTCGTCTACTACCCTCGCGCCAGCACGGCC
GAGTTCGTTATTCCGTACTCTAAG 

SJD281 
DEG1.SWAP.REV 

GGCCGTGCTGGCGCGAGGGTAGTAGACGACCTCGA
ATCGAGATTTCTCCGTTGCCGCATG 

SJD282 
DEG2.SWAP.FOR 

GCGCCAGCACGGCCGAGTTCTGCGTCAAAGCGCAG
GCCTACCTCAAGGCTGTGAAAAGCA 

SJD283 
DEG2.SWAP.REV 

GGCCTGCGCTTTGACGCAGAACTCGGCCGTGCTGGC
GCGAGGGTTGTAAATTAGAGAGAA 

SJD284 
DEG3.SWAP.FOR 

TTCTGCGTCAAAGCGCAGGCCGTCAAGGCGGCCCTC
AAAAGCAACTTCAACGTTGGC 

SJD285 
DEG3.SWAP.REV 

GAGGGCCGCCTTGACGGCCTGCGCTTTGACGCAGAA
CTCCGAAGGGCAAGATCGAGG 

SJD289 
pARF2.SEQ.FOR TAATCAGCTGCGTAGTCTAGC 
SJD292 
ARF2DBD.DEGSW
AP.HiFi.FOR 

TAGCATTTTAGACAGAAGTTCCGACCaagctTATGGCT
CC 

SJD293 
ARF2DBD.DEGSW
AP.HiFi.REV GCTCACCATGCTGCCGCCGCCaagctGG 
SJD303 F6F7.FOR CACCGTGTTGACGTCTCCAACG 
SJD304 F6F7.REV GAAGTTGCTTTTCACAGCCTTG 
SJD305 
E297K.mARF2.FO
R ccatgcggcaacgAAGaaatctcgattctctctaatttacaacc 
SJD306 
E297K.mARF2.RE
V atcgagatttCTTcgttgccgcatgggcagc 
SJD307 
A2DBDF7.NLS.FO
R 

CAGAAGTTCCGACCaagctTATGTTCTCTCTAATTTACA
ACCCTCG 

SJD308 
A2DBDF7.NLS.RE
V 

CTGCCGCCGCCaagctGGACCTTTCTCTTCTTCTTTGGA
GCATTAACCTGGAGGGATCTC 
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Abstract
Auxin is a small signaling molecule essential for the highly adaptive plant 
life. The nuclear auxin signaling pathway acts as an input/output system 
where the auxin signal is fed into the network by a TIR1-Aux/IAA corecep-
tor complex. At the core of this network, the ARF transcription factors pro-
cess the auxin input signal and return an output in the form of transcriptional 
change. Since plant development is a continuous process, auxin signaling is 
required to adapt dynamically to program plant growth. In previous chap-
ters, we explored the dynamics of the auxin signaling core by following ARF 
levels in Marchantia gemmae transitioning from a dormant state to active 
germinated stage. To have an integrative view of the pathway, here we have 
investigated the dynamics of auxin input, the single MpTIR1 receptor and the 
single MpAux/IAA repressor. We found an inversely correlated concentration 
dynamics of free auxin (Indole-3-acetic acid) and MpTIR1 receptor levels. 
In addition, Aux/IAA repressor stability analysis showed high sensitivity to-
wards auxin, suggesting fast relay of signal to ARFs. Finally, we quantified 
the system output by analysing the transcriptional changes correlated with 
auxin receptor-repressor dynamics and observed major reprogramming in ac-
tive gemmae. Furthermore, we show that the auxin responses in gemmae are 
unique at different stages after germination. Overall, this chapter presents 
the dynamics of auxin input signal leading to a differential transcriptional 
response during gemmae germination.
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Introduction
Auxins are a group of small organic molecules that control a multitude of 
developmental processes in plants1–3. The major natural form of auxin is 
Indole-3-Acetic Acid (IAA; referred to as auxin)4. Auxin is perceived by a 
nuclear F-box containing receptor protein family TIR1/AFBs (TRANS-
PORT INHIBITOR RESPONSE/AUXIN SIGNALING F-BOX)5,6. Aux-
in-bound TIR1/AFB receptors selectively ubiquitinate Aux/IAA (Auxin/
INDOLE-3-ACETIC ACID) repressors in an auxin concentration dependent 
manner, leading to their proteasomal degradation7. Degradation of Aux/IAA 
acts as an activating switch as it releases ARFs (AUXIN RESPONSE FAC-
TORs) from inhibition. Following Aux/IAA degradation, the auxin input sig-
nal is processed by ARFs, resulting in a transcriptional output8,9. Studies in 
both angiosperms and bryophytes revealed that ARFs are a conserved fam-
ily of DNA binding proteins and are divided into three phylogenetic class-
es-A, B, and C8,10–12. Reported ARF-DNA interaction analysis showed that 
auxin-dependent class-A and auxin-independent class-B ARFs have similar 
DNA binding preferences, leading to a mechanism where the transcription-
al output is determined by relative abundance of two competing ARF class-
es13–16. Using this relatively simple nuclear signaling pathway, auxin regulates 
processes such as germination17, embryogenesis17,18, meristem maintenance19, 
root development20, defence20, and stress response21. Therefore, nuclear auxin 
signaling pathway (NAP) operates as an input/output device where auxin acts 
as the input signal that is received by the TIR1/AFB-Aux/IAA co-receptor 
complex. The received signal is processed by the competitive function of 
class-A and B ARFs and finally the output is returned in the form of transcrip-
tional reprogramming that controls plant growth. 

Plant development is a continuous and adaptive process. Since auxin is wired 
intricately with development, it is expected that the nuclear auxin signaling 
could also be dynamically regulated. Despite the immense progress in ge-
netic and biochemical characterization of NAP components in angiosperms, 
the dynamics of the native signaling proteins are largely unknown. This is 
partially caused by the staggering number of potential protein interactions 
in angiosperm NAP systems that impede a dynamic view of the complete 
network. During evolution, the relatively simple ancestral auxin signaling 
circuit has expanded its complexity by gene duplications, whereas the basic 
blueprint has been retained in the liverwort species Marchantia polymorpha. 
Therefore, an integrative analysis of NAP dynamics is probably possible only 
in a simpler protein network as the Marchantia NAP. In previous chapters, we 

111

Dynamics of input and output of the auxin response system in early gemma development

6



investigated the expression of ARFs, the central processing units of NAP and 
their dynamic regulation. What remains unknown is how the dynamics of the 
TIR1-Aux/IAA auxin perception module and the auxin input signal itself feed 
into the pathway and control transcriptional output22. 

Dynamic signaling is mostly associated with changes in developmental stages 
or adaptation to a new environment. Marchantia gemma germination is a key 
developmental transition step where dormant tissue initiates active growth23, 
and therefore provides an excellent window to explore auxin input and output 
changes. In this chapter, we first focused on the dynamics of auxin and its re-
ceptor MpTIR1 during gemma germination. We found an inversely correlat-
ed concentration dynamics of free auxin (Indole-3-acetic acid) and MpTIR1 
receptor levels. In addition, we investigated auxin-dependent degradation of 
MpAux/IAA and found that this conserved mechanism leads to instability of 
MpAux/IAA in dormant gemmae. To estimate auxin response kinetics, we 
quantified auxin-dependent degradation rate of MpAux/IAA repressor. We 
explored the natural transcriptional landscape and auxin response capacity of 
gemmae during transition from dormancy to germination, as an outcome of 
the dynamic signal input and processing.

Results
Receptor-Ligand dynamics in the Marchantia NAP
High auxin concentration is known to maintain gemmae dormancy in gemma 
cups23,24, indicating that germination and growth must involve a readjustment 
in auxin levels. Therefore, we quantified the temporal dynamics of free auxin 
concentration in developing gemmae. In Marchantia, a major form of auxin 
is Indole-3-acetic acid (IAA) produced by the IPA (Indole pyruvic acid) path-
way24. Using LC-MS, we quantified total free IAA concentrations at different 
stages of gemma development. An auxin concentration of over 4 picomole/
gram fresh weight was determined at both 0 hour (dormant) and after 3.5 
hours of growth (Figure1.A). However, auxin levels dropped to less than1 
picomole/gram fresh weight after 8 and 24 hours of germination, showing 
a clear decline which correlates with gemmae growth. This is in agreement 
with a transition from potentially inhibitory higher, to permissive lower con-
centrations during gemmae growth23,25.
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Figure 1: Dynamics of auxin, TIR1 and Aux/IAA during early gemma development. (A) Auxin concentration dy-
namics of free IAA in germinating gemmae. LC-MS quantification shows total IAA levels drop with gemmae ger-
mination. (B) Time-lapse imaging of TIR1-mSC-I shows that the expression levels gradually increase after gemma 
germination. (C) Time -lapse imaging of mock treated Aux/IAA-mSC-I shows no signal up to 8 hours of growth. A 
low expression of Aux/IAA is detected at 24 hours (highlighted with red asterisks), suggesting increased stability of 
the protein after germination. (D) Treatment with 100mM MG132 caused accumulation of Aux/IAA within 2 hours 
(E) Inhibition of auxin biosynthesis by 50mM Kynurenine and 50mM Yucasin, lowers auxin concentration and 
stablizes Aux/IAA, confirming conserved auxin dependency of the repressor degradation. 

In chapter 3, we showed that MpTIR1 has low expression at dormant stage. 
Since auxin concentration declined during gemma germination, we wondered 
whether receptor levels are also tuned accordingly. To this end, we performed 
time-lapse confocal microscopy on MpTIR1-mScarlet-I knock-in line. We 
found that MpTIR1 levels sharply increased in the first 8-hours of gemmae 
germination (Figure1.B). The overall pattern of accumulation, both in terms of 
subcellular localization and expression in multiple cell types, did not change 
over time. This suggests that TIR1 levels globally increase after germination. 
It cannot be concluded from visualizing only protein accumulation whether 
this increase in levels is cause by transcriptional, post-transcriptional, transla-
tional, or post-translational control, or a combination of these. 

113

Dynamics of input and output of the auxin response system in early gemma development

6



MpAux/IAA is proteasomally degraded in auxin-rich dormant gemmae
A direct effect of TIR1-dependent auxin perception is the proteasomal deg-
radation of Aux/IAA repressor proteins7,26. We showed that MpTIR1-mS-
carlet-I is expressed in dormant gemmae (Figure 1B), whereas MpAux/
IAA-mScarlet-I was undetectable (Chapter 3). This suggests either that Aux/
IAA is not expressed in dormant gemmae, or that the high auxin levels in 
dormant gemmae constitutively trigger instability of MpAux/IAA. Since we 
found that auxin levels declined after germination (Figure1.A), it is possible 
that MpAux/IAA is also stabilized post germination. We therefore followed 
MpAux/IAA expression in the first 24 hours of germination. We did not ob-
serve any MpAux/IAA-mScarlet-I fluorescence signal in the first 8 hours but 
detected a weak nuclear signal in rhizoid initial cells after 24 hours (Figure 
1.C). This finding is consistent with Aux/IAA patterns being driven by aux-
in-dependent degradation at earlier stages, followed by accumulation due to 
decreased degradation at later stages. To test this hypothesis directly and ex-
clude that Aux/IAA accumulation patterns are conditioned by transcriptional 
control, we treated gemmae with the proteasome inhibitor MG132. This led 
to clear nuclear protein accumulation within 2 hours (Figure 1.D) and sug-
gests that IAA dynamics determine endogenous Aux/IAA accumulation pat-
terns in early gemmae development. 

To test if indeed MpAux/IAA patterns are a result of auxin dynamics, we 
depleted IAA accumulation by applying inhibitors of the two enzymes in-
volved in its biosynthesis. TRYPTOPHAN AMINOTRANSFERASE OF 
ARABIDOPSIS (TAA1) and YUCCA (YUC) can be inhibited L-Kynurenine 
and Yucasin inhibitors, respectively27,28. To effectively deplete IAA, we com-
bined the two inhibitors and visualized MpAux/IAA accumulation. Nuclear 
MpAux/IAA-mScarlet-I accumulation was detected across gemma within 2 
hours of inhibitor treatment (Figure 1.E). This clearly demonstrated that Mp-
TIR1 is active throughout gemma development in mediating IAA-triggered 
MpAux/IAA degradation. These findings suggest that TIR1-Aux/IAA per-
missive signal is required in both dormant and active stage, but an increased 
auxin sensitivity and ARF1/2 stoichiometry (see Chapter 4) are probably re-
quired for dormancy release and organogenesis.

Determination of the MpAux/IAA protein half-life
The pace of auxin input signal relay from TIR1/AFBs to ARFs depends on 
degradation rate of Aux/IAA repressors. A quick transcriptional response to 
auxin therefore relies on rapid degradation of Aux/IAAs29. Arabidopsis has 

114

Chapter 6



multiple Aux/IAAs previously shown to have a wide range of degradation 
rates from 10 minutes to 1.3 hours and this diversity in AtAux/IAA stability 
was proposed determine the kinetics of auxin response during lateral root de-
velopment30. However, Marchantia has only a single Aux/IAA repressor31 and 
its rate of degradation is unknown. Since a quantitative model of NAP would 
be incomplete without Aux/IAA turnover rate32, we determined the half-life 
of the native protein in vivo. 

Figure 2: (A) Auxin biosynthesis via Indole pyruvic acid pathway is catalyzed by two key 
enzymes TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS (TAA1) and YUC-
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CA (YUC). To lower auxin levels in tissue, both enzymes can be chemically inhibited by 
L-Kynurenine and Yucasin respectively. (B) Time-lapse imaging on MpAux/IAA-mScarlet-I 
gemmae pre-treated with L-Kynurenine and Yucasin. Upon auxin treatment, fluorescence 
rapidly declines due to MpAux/IAA-mScarlet-I degradation. (C) Fitting quantified fluores-
cence data on an exponential decay curve determines MpAux/IAA half-life as 6.5 minutes.

Given that MpAux/IAA is undetectable in dormant gemmae and levels are 
very low even after 24 hours (Figure 1.C), it is impossible to determine pro-
tein half-life. However, as auxin depletion stabilizes the protein, we should 
be able to follow its decline upon re-supply of IAA after its initial depletion. 
We therefore first reduced endogenous auxin levels in dormant gemmae by 
pre-treatment with L-Kynurenine and Yucasin (Figure 2.A). After overnight 
inhibitor pre-treatment, high accumulation levels of Aux/IAA in nucleus was 
observed, which allowed us to determine auxin dependent degradation rate of 
MpAux/IAA. Gemmae with high Aux/IAA accumulation were treated with 
3 mM NAA (1-Napthaleneacetic acid) and protein stability was followed by 
time-lapse confocal microscopy (Figure 2.B). By fluorescence signal quanti-
fication and data fitting of the obtained exponential decay curve (Figure 2.C), 
we determined MpAux/IAA half-life as 6.5 minutes. This suggests an Aux/
IAA degradation rate that can be considered fast compared to known degra-
dation rates in Arabidopsis that range from 10 minutes for AtAux/IAA1 to 80 
minutes for AtAux/IAA 2829,33. This also suggests that the ancestral condition 
of the NAP includes fast Aux/IAA turnover, and that slower degradation rates 
found in Arabidopsis are a derived property.

MpTOPLESS co-repressor expression is stable in actively growing gem-
mae
In Arabidopsis, Aux/IAA-mediated transcriptional repression is mediated by 
the co-repressor protein TOPLESS (TPL)34. TPL interacts with the EAR mo-
tif in Aux/IAAs35, and loss of this motif, of TPL, or of the Aux/IAA-TPL 
interaction causes loss of the repression brought about by Aux/IAAs36. TPL 
therefore represents the main mechanism for inhibition of gene expression in 
the absence of auxin. Interestingly, TPL can also interact with class-B and -C 
ARFs directly35 to repress gene expression. To address if the capacity for gene 
repression through TPL is dynamic during gemmae development, we gener-
ated a pTPL::TPL-mNG line and performed time-lapse imaging in germinat-
ing gemmae. In both dormant and germinated gemmae, we found MpTPL 
stably expressed in every cell type. This suggests that dynamics of MpTPL 
accumulation may not strongly regulate auxin-dependent gene expression. 
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Figure 3: Spatiotemporal expression pattern of pTPL::TPL-mNeonGreen gemmae. The pro-
tein is expressed in all cell types and detected throughout development from dormant to 24 
hours after germination. 

Transcriptional reprogramming in germinating gemmae
Dormant gemmae represents a metabolically inactive stage with minimal 
signs of growth23. Upon germination, it starts to grow, establish dorsiven-
tral polarity and develop rhizoids23. We showed that in the same time frame, 
endogenous auxin levels and its receptor concentration also changes. The 
dynamics of the NAP components and the accompanying growth processes 
must require transcriptional changes and high metabolic activity, which are 
minimal in dormant gemmae. To capture the early transcriptional changes 
during germination and the effect of dynamic auxin concentration in NAP re-
sponse, we performed an RNA sequencing experiment on gemmae collected 
from 0 hour (dormant), 3.5 hours and 8 hours of growth. Principal compo-
nent analysis resulted in a strong clustering within biological replicates and 
a high variance between different time points, suggesting major differences 
in the transcriptomes at different developmental stages (Figure 4.A). After 
3.5 hours of gemmae growth, we found hundreds of differentially regulated 
genes which was even more prominent after 8 hours (Figure 4.B). While a 
major overlap of the genes differentially regulated at 3.5 and 8 hours indicates 
a sustained progression of transcriptional changes, genes uniquely regulat-
ed at these time points were also detected (Figure 4.C). Among the nuclear 
auxin signaling components, MpARF1 and MpARF2 expression levels were 
comparable among the three time points (Figure 4.D), corroborating our pre-
vious qRT-PCR data in Chapter 4. For MpARF3, however, we observed tran-
scriptional downregulation. This is in contrast with the stable expression of 
MpARF3-mScarlet-I protein (chapter 4). 
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Figure 4: PCA plot of RNA-seq transcriptomes of gemmae cultured in B5 medium for 3.5 
and 8 hours as well as dormant gemmae. b. Volcano plot showing the number of significant-
ly (padj<0.05, in red) differentially expressed genes (DEGs) after 3.5h and 8h of growth 
compared to the dormant state. Non-DEGs are represented by black dots. c. Venn diagram 
illustrating overlap of DEGs in 3.5h and 8h gemmae. d. Expression levels of key components 
of the NAP (left) and MpPIN proteins (right) after 3.5h and 8h of growth on a 2Log scale. 
Asterisks indicate * padj<0.05; ** padj<0.01; *** padj<0.001. e. Gene Ontology analysis 
showing the 15 most enriched GO terms for biological process (based on the lowest p-values) 
after 8 hours in the down -and upregulated gene pools. Color scale corresponds to the per-
centage of genes found within the given category and dot size showcases the False Discovery 
Rate. y-axis depicts the fold change, i.e. observed count/expected count. Abbreviations in 
GO terms are: p. = process; c.w. = cell wall; o. = organization. 
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Interestingly, both MpAux/IAA repressor and MpTPL co-repressor transcripts 
were upregulated after germination, while at the protein level, MpTPL re-
mains stably expressed and MpAux/IAA expression does increase slightly. 
Therefore, both transcriptional upregulation and reduced auxin concentration 
may contribute to increase in MpAux/IAA accumulation. In our transcrip-
tome data, MpTIR1 is downregulated after gemma germination, contrary to 
the clear increase of protein expression observed in the knock-ins (Figure 
1.E). This discordance could be due to factors such as longer protein half-life 
or delayed translation due to mRNA secondary structures and highlights the 
importance of quantitative analysis at protein level.

To investigate auxin response changes during early stages of germination, we 
initially checked the expression of the most commonly studied auxin regu-
lated genes in Marchantia (Figure 4.E). Previously, MpWIP and MpC2HDZ 
genes have been shown to be positively regulated by auxin whereas MpYUC2 
transcription was downregulated upon auxin treatment13,37. In our transcrip-
tome data, we found both MpWIP and MpC2HDZ transcripts downregulated 
and MpYUC2 upregulated, indicating lower auxin levels at later time points 
(Figure 4.E). This is in line with our total IAA quantification data that shows 
reduction in auxin levels after germination (Figure 1.D). Based on expression 
of MpWIP, MpC2HDZ and MpYUC2, there seems to be lower auxin response 
after germination. However, expression of this limited number of genes may 
give a biased view and not reflect the general pattern of response. Based on 
our MpARF1/2 ratio data in chapter 4 an increased auxin response can be 
expected after germination. Gene ontology analysis indicated that among up-
regulated genes at 8 hours, there are genes related to DNA replication, cell 
wall organisation and secondary metabolism, all of which are associated with 
growth. Therefore, to understand the general output pattern in entire auxin de-
pendent transcriptome, we extracted a list of about a hundred auxin-regulated 
genes from available transcriptome data of auxin-treated wild-type plants38. 
By comparing expression of all these genes in our transcriptome data, we 
obtained a more global, unbiased view of auxin output after germination 
(Figure 5). Transcript levels of the majority of auxin-upregulated genes were 
higher after germination and likewise, transcript counts of most auxin-down-
regulated genes were lower in germinated gemmae. Thus, at a global scale, 
transcriptional auxin response is elevated after dormancy release. Among the 
auxin-upregulated genes, a specific cluster showed peak expression at 3.5 
hours, correlated with the sharp increase in ARF1/2 ratio (see chapter 4) at 
this time point. A smaller cluster of genes among both up- and downregulated 
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Figure 5: Transcriptional dynamics of auxin responsive genes during gemmae germination. 
A list of auxin responsive genes was extracted from available transcriptome data38 and tran-
scripts per million (TPM) values of those genes in the three time points during germination 
were plotted in a heatmap. Most of the genes, including both up and downregulated ones, 
suggest an increased auxin dependent transcription. This is particularly prominent in the 
pattern of down regulated set of genes which are downregulated after germination, indicat-
ing increased auxin response output. Likewise, most of auxin upregulated set of genes are 
upregulated after germination, and many of them are at a peak at 3.5hrs when ARF1/2 ratio 
was shown to rise (chapter 4).
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sets, showed an opposite regulation. For instance, transcript levels of a set of 
known auxin-upregulated genes were lower after germination. Similarly, a 
few auxin-downregulated genes had increased transcript levels after germi-
nation. These expression patterns correlate more with declining auxin levels, 
than ARF1/2 ratio. Therefore, the majority of transcriptional responses are 
likely regulated by an increased ARF1/2 ratio while expression of a smaller 
set of genes is synchronized to auxin and regulated by individual ARF levels.

Figure 6: Plot of log2(Fold change) differentially regulated genes between 2 hour and 4.5-
hour old gemmae treated with mock or auxin. (A) Plot of fold changes in average transcript 
per million (TPM) counts of all differentially regulated genes in the two time points. Com-
monly regulates genes are marked as black. Genes with opposite regulation at 2 hour and 4.5 
hours are indicated with blue and red colours respectively.  (B) Plot of only the significantly 
regulated genes that are common (in black) and unique (in grey) in the two time points.

Dynamics in the auxin input module and the ARF ratio increase cause a major 
reorganization of NAP in germinated gemmae. We wondered whether this 
reorganization leads to a shift in the capacity to respond to auxin. To compare 
this capacity to external auxin before and after germination, we treated gem-
mae that had been grown (outside of the cup) for 1 hour or and 3.5 hours, with 
1mM IAA or mock for 1 hour. Thus, we collected the auxin-treated samples 
as 2-hour and 4.5-hour-old gemmae. We compared gemmae transcriptomes 
of the two time points and found hundreds of genes that are differentially 
regulated between the two stages of development (Figure 6.A), suggesting 
that capacity for auxin response changes following germination. In total, 289 
genes (152 genes at 2 hours and 137 genes at 4.5 hours) were differentially 
regulated by auxin in the two time points, of which only 26 genes were com-
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mon between the time points (Figure 6.A). Thus, the remaining 263 genes 
represent a set of genes that are uniquely auxin-regulated in either time point. 
It is worth noting that, despite having a large gene set showing opposite reg-
ulation between two time points (Figure 6.A; red and blue dots), no genes 
were commonly regulated with opposite patterns with statistical significance 
(Figure 6.B). 

Discussion
Vegetative reproduction of Marchantia begins with the germination of dor-
mant gemmae, a step highly interconnected with dynamic auxin signaling23. 
By following the levels of MpTIR1 receptor, MpAux/IAA repressor, and aux-
in (IAA) itself we captured the early dynamics in the input signals of NAP. 
We showed that gemmae progresses from a dormant state with high auxin, 
low receptor, and low Aux/IAA to an active growth state with low auxin, 
high receptor, and higher Aux/IAA. Therefore, as auxin levels decline, auxin 
sensitivity goes up and the capacity for Aux/IAA-dependent auxin response 
dynamically changes during development. Gemma cups provide a high-auxin 
environment23,24, that effectively causes degradation of Aux/IAA proteins at 
dormant state, whereas reduced auxin levels after germination partially sta-
bilizes Aux/IAA. Thus, the entire input module of NAP is readjusted during 
germination. A main activation switch in this auxin input module is the Aux/
IAA degradation that activates class-A MpARF1 mediated gene regulation. 
In angiosperms, a diverse range of Aux/IAA half-lives among multiple family 
members set differential auxin sensitivity across tissue30. Since the kinetics of 
transcriptional auxin response depends on degradation rate of the Aux/IAA 
repressor, we quantified MpAux/IAA half-life using genomic knock-in lines. 
A 6.5-minute half-life of the native MpAux/IAA protein suggests that the 
ancestral copy of Aux/IAA is highly sensitive to auxin, whereas the relatively 
less sensitivity of Arabidopsis homologs is an evolutionary derivative29. This 
quantitative data on MpAux/IAA turnover will be useful in building a predic-
tive quantitative model for Marchantia NAP. 

Transcriptional gene repression by NAP has two routes: an auxin-depen-
dent repression by MpAux/IAA26,39,40 and an auxin-independent repression 
by MpARF213. A common player in both routes is the MpTPL co-repressor. 
Previous studies in Marchantia have confirmed functional conservation of 
MpTPL in gene repression in association with Aux/IAA and interaction with 
MpARF213,31. While investigating a co-regulation of Aux/IAA-TPL repres-
sor and co-repressor pair, we found that MpTPL-mNeonGreen levels remain 
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stable throughout gemma germination. Therefore, MpTPL function in auxin 
response dynamics during germination might be required, but not as a limit-
ing step. Noticeably, MpTPL-mNeonGreen was expressed in every cell type 
of both dormant and germinated gemmae. Thus, instead of cell specific func-
tions, MpTPL might be required as a general co-repressor, as earlier studies 
confirmed TPL function in meristem maintenance, circadian clock regulation, 
gibberellic acid signaling, strigolactone signaling and jasmonic acid signal-
ing41.    

To capture the changes in NAP output, we analyzed transcriptomes of gem-
mae in the same growth stages when auxin inputs are dynamic. While ana-
lyzing the transcript levels of auxin signaling genes, we noticed ARF1 and 
ARF2 levels were stable, as observed in chapter 4. Surprisingly, for ARF3 
a clear downregulation at transcript level was noticed, whereas protein lev-
els did not change in our data in chapter 4. A similar discrepancy between 
transcript and protein levels were noticed for TPL, where protein levels did 
not change despite increasing transcription. The most severe inconsistency 
was observed for MpTIR1 mRNA and protein levels. While transcriptome 
data showed downregulated MpTIR1 transcript levels after 8 hours of ger-
mination, we observed an increased accumulation of the protein. These mR-
NA-protein paradoxes are not uncommon in eukaryotes and can be attributed 
to multiple intermediate regulatory mechanisms.  For example, high stability 
of mRNA could be an explanation for the differences observed in MpTPL 
mRNA and protein levels. If the mRNAs are unstable due to high AU rich 
sequences in the 3’UTR42 or if the mRNA is under the control of small RNAs, 
increased transcription may not translate into protein expression. While these 
uncorrelations can be counterintuitive, they also highlight the importance of 
studying signaling pathways at the level of proteins, rather than solely relying 
on the transcriptomes.

Previously, it was shown that TIR1/AFBs in Arabidopsis can be regulated 
post transcriptionally. For instance, AtTIR1/AFB mRNA levels are negatively 
regulated by microRNA39343. However, a miRNA-based regulation of Mp-
TIR1 depends on the conservation of miRNA393 homologs in Marchantia. In 
absence of Aux/IAA substrate AtTIR1 can also undergo auto-degradation. As 
we observed that in dormant stage there is no MpAux/IAA available for deg-
radation, it is possible that MpTIR1 degrades itself44. This auto-degradation 
is inhibited in stabilization and availability of MpAux/IAA substrate in low 
auxin environment of germinated gemmae. 
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Thousands of genes including many auxin-responsive genes were found to be 
differentially regulated after gemmae germination. On initial examination of 
the most commonly used auxin responsive gene expression, we found down-
regulation of MpWIP and MpC2HDZ and upregulation of MpYUC2, an op-
posite regulation pattern compared to reported expression of these genes in 
auxin treated tissue. Thus, based on the expression these three genes, auxin 
response in germinated gemmae is lower, correlated with the declining free 
auxin (IAA) levels. However, in chapter 4, we found that during gemmae 
germination MpARFs (class-A and B) degrade, and MpARF1/2 stoichiom-
etry increases. A conceivable outcome of ARF degradation is lowered tran-
scription of genes that are solely regulated by either MpARF1 or MpARF2. 
However, for the genes controlled by both ARFs, an increase in ARF1/2 stoi-
chiometry in favour of ARF1 should induce gene transcription, as predicted 
by model simulations.  In addition, about one hundred genes are mis-regulat-
ed in published transcriptome of Mparf1-4 knock-out mutant. Thus, there are 
many genes besides WIP, C2HDZ, YUC2 that represent the complete auxin 
dependent transcriptome. Comparison of this larger set of auxin-responsive 
genes, we found a view that is more general and different from the pattern 
observed initially with three candidate genes. Expression of most auxin-de-
pendent genes suggests an overall increase in auxin output after germination. 
These larger clusters of genes follow the trend of MpARF1/2 ratio dynam-
ics. A smaller set of auxin-regulated genes followed the decline pattern of 
individual ARFs and auxin itself. Therefore, not all auxin-regulated genes 
are necessarily upregulated upon germination and an increase of the ARF1/2 
stoichiometry. Genes regulated by ARF competition are upregulated whereas 
genes regulated by only ARF1 may become down regulated due to reduced 
protein levels. Additionally, genes can also be upregulated due to removal of 
ARF2 repression. 

Considering the major shifts in MpTIR1 and MpARF protein levels, we looked 
for any influence on auxin response before and after this shift. Comparison 
of gemmae transcriptomes after auxin treatment indeed identified hundreds 
of genes that are specific to the stage of gemmae development. Thus, at dif-
ferent time points during germination, the NAP dynamics generates different 
combinations of auxin and signaling proteins that results in unique auxin-de-
pendent transcription. In this analysis, we used gemmae that were grown for 
1 hour and 3.5 hours on normal growth media before treating them with auxin 
for another hour. The initial growth on normal media allowed to provide a 

124

Chapter 6



more uniform condition before treating the samples with auxin. Since the ac-
cumulation of most NAP proteins does not change in the first hour, we grew 
the dormant batch of gemmae equally as the set used for 3.5-hour treatment. 
In retrospect, this pre-treatment does not seem necessary. Although the first 
hour of gemmae may not have detectable NAP dynamics, this period is prob-
ably sufficient to start transcriptional changes required for germination. Since 
0-hour dormant gemmae and 8-hour hour germinated gemmae have the most 
dramatic differences in auxin and NAP protein accumulation, treatment with 
auxin at this two time points would have resulted in more significant differ-
ences and identification of a larger set of uniquely regulated genes. 

An active developmental transition to germination involves initiation of mul-
tiple signaling pathways that might contribute to the global reprogramming 
of transcriptome. In our comparative transcriptome analysis, we observed 
differential regulation of a wide variety of genes, some even unrelated to aux-
in signaling. This could partly be caused by the dynamics of multiple other 
growth factors in gemmae. Furthermore, we compared the transcript levels in 
whole gemmae, which has different levels of auxin and ARFs based on cell 
type. Thus, our data may have considerable amount of background dynamics 
and lacks spatial information. A systematic analysis of cell type specific tran-
scriptome analysis would be more informative in future.

In conclusion, our analysis of NAP input and output dynamics complement-
ed with ARF dynamics in previous chapters, provides a unique integrative 
view of auxin signaling in transition. We were able to show that dormancy 
is associated with high auxin, low receptor, and high ARF1/2 stoichiometry, 
whereas growth requires lower auxin, higher receptor, and higher ARF1/2 
stoichiometry. Thus, the capacity to respond to auxin depends on both the 
TIR1-Aux/IAA “permissive” machinery and the relative function of ARF 
transcription factors.
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Materials and method
Plant growth conditions
Marchantia polymorpha male Takaragaike-1 (Tak-1) and female Takaragaike-2 
(Tak-2) were used as the wildtype variety. For vegetative propagation, plants 
were grown on ½ Gamborg B5 media plates in growth chambers with 40 
μmol photons m–2 s–1 continuous white light at 22 °C. For sexual reproduc-
tion, plants were grown on 1% sucrose supplemented ½ Gamborg B5 media 
within hyrophonic boxes exposed to 40μmol photons m–2 s–1 continuous white 
fluorescent light for 1 month. Plants were then moved into 40 μmol photons 
m–2 s–1 continuous white light supplemented with 15μmol photons m–2 s–1 far-
red light to induce antheridiophore and archegoniophore development. Plants 
were repeatedly crossed manually to ensure fertilization. Sporangia with ma-
ture spores were collected aseptically and used in spore transformation.

Microscope slide mount setup for time course imaging
A microscope slide mount was set up for live imaging of gemma to precise-
ly track a selected set of cells for temporal protein expression analysis. The 
mount consisted of a circular aluminium disc with a plastic inset fitted at 
the centre of the disc (Supplementary Figure 2). Melted ½ B5 media with or 
without desired treatments were poured into the cavity of the plastic inset and 
allowed to solidify. Gemma was carefully placed on top of the solidified me-
dia and covered with a round coverslip. The bottom of the mount was sealed 
with parafilm to prevent any evaporation and media drying during time series 
imaging. Between two imaging time points in a time series experiment, the 
mounts were placed inverted in the growth chambers to keep the gemmae 
exposed to light and allow normal growth of gemmae. 

Confocal live cell imaging
All live cell imaging was done with a Leica SP8X-SMD confocal microscope 
equipped with a hybrid detector and a pulsed white-light laser (WLL). The 
mScarlet-I was excited with a 561 nm laser line (4% laser output of WLL) and 
mNeongreen was excited with a 506nm laser line (4% laser output of WLL). 
Fluorescence emission was detected by the hybrid detector at 570 to 620 nm 
(for mScarlet-I) and 512nm to 560nm (for mNeongreen). All images were ac-
quired in photon counting mode at on a 20X objective lens and time-gated de-
tection mode was used to suppress autofluorescence. Images were processed 
using ImageJ software. Maximum-intensity projections of z-stack images 
were used to quantify total cellular fluorescence in each nucleus analysed, 
normalized through background fluorescence measurements.
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Total Indole-3 -acetic acid (IAA) and oxidized IAA quantification
Total IAA was quantified to estimate the total cellular auxin levels during 
gemma growth. Gemmae were collected from 4-week-old Tak-1 plants. Tak-
1 gemmae were grown on liquid ½ B5 media and samples were collected after 
0, 3.5, 8 and 24 hrs of growth. Samples were snap frozen in liquid Nitrogen 
and ground into fine power and weighed. For the extraction of indole-3-ace-
tic acid (IAA) ~150 mg of snap-frozen plant material was used per sample. 
Tissue was ground to a fine powder at -80˚C using 3-mm stainless steel beads 
at 50 Hz for 2*30 seconds in a TissueLyser LT (Qiagen, Germantown, USA). 
Ground samples were extracted with 1 mL of cold methanol containing [phe-
nyl 13C6]-IAA (0.1 nmol/mL) as an internal standard in a 2-mL eppendorf 
tube as previously described45. Samples were filtered through a 0.45 μm Mini-
sart SRP4 filter (Sartorius, Goettingen, Germany) and measured on the same 
day. IAA was analyzed on a Waters Xevo TQs tandem quadruple mass spec-
trometer.

RNA extraction and sequencing
Marchantia gemma were were collected from gemma cups of 4-week-old 
wild type Tak-1 plants. Gemmae were filtered and snap frozen after 0 (dor-
mant), 3.5 and 8 hours of growth on liquid B5 media. RNA was extracted 
from ground tissue using the TRIzol reagent and Qiagen Plant mini kit. An 
on-column RNase-free DNase (Qiagen) treatment was performed before fi-
nal elution. RNA quality and integrity were checked in bioanalyzer (Agilent 
Bioanalyzer 2100 Nano). RNA samples were sequenced by Illumina Nova-
Seq6000 at BGI. The quality of the raw fastq reads were analyzed in FastQC. 
Reads were then mapped onto the M. polymorpha genome (MpTak1v5.1, 
accessed through MarpolBase; https://marchantia.info/download/tak1v5.1/), 
which was performed using HISAT2 v2.2.165, with -dta and -trim5 10 spec-
ified. SAM and BAM files were handled using SAMTOOLS v1.1166. The 
raw reads were then counted using FeatureCounts v2.0.1 67, parameters were 
as follows: -t exon; -g gene_id; -Q 30; -p; -primary. The results from Featu-
reCounts were imported into R v3.6.1 and raw count normalization as well 
as the identification of differentially expressed genes (padj < 0.05) was per-
formed using DESeq268. Genes with a total read count below 45 were ex-
cluded from the analysis while genes with an absolute 2Log fold change of > 
1 and padj of < 0.05 were deemed differentially expressed. 

For auxin treatment, wild type gemmae were grown on liquid B5 media in 
two batches. One batch was grown for 1 hour and another one for 3.5 hours. 
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After this both batches were treated with either 1mM IAA or DMSO (mock) 
for 1 hour. All samples were collected, frozen and later used for RNA ex-
traction and sequencing.

Gene Ontology analysis 
Gene IDs of differentially expressed genes for the respective timepoints were 
used as input for the PlantRegMap server (http://plantregmap.gao-lab.org/)69. 
The M. polymorpha genome was used as the background with a p-value cut-
off of p<0.05 to distinguish enriched GO terms. 
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Supplementary table 1 
List of 26 commonly regulate genes after auxin treatment (Figure 
6.A) 

  Log2(foldchange)  
GeneID hr2.IAA hr4.5.IAA 
Mp5g03090 2.09 2.8 
Mp7g10960 1.89 1.31 
Mp6g07050 4.09 2.26 
Mp3g22470 2.43 1.33 
Mp3g16900 1.27 1.14 
Mp2g23050 2.21 1.77 
Mp7g09020 -1.06 -1.39 
Mp3g11900 1.12 1.04 
Mp3g16930 2.58 1.42 
Mp7g01430 2.28 1.09 
Mp3g11090 2.37 1.11 
Mp7g16430 2.69 1.42 
Mp7g10970 1.39 1.31 
Mp4g23980 1.79 1.13 
Mp8g02160 1.17 1.5 
Mp3g01570 1.91 1.44 
Mp7g16420 1.16 1.05 
Mp2g24200 2.1 1.01 
Mp8g06300 1.39 1.76 
Mp1g20260 2.18 1.33 
Mp2g25340 1.92 1.06 
Mp1g02980 1.46 1.06 
Mp1g07890 -1.11 -1.07 
Mp5g19050 2.11 1 
Mp4g01840 -1.37 -1.43 
Mp6g03670 3.08 1.96 
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Supplementary table 2 
List of primers used in this chapter 
 

Pimer name Sequence 
SJD160 
TPLgenomic.FO
R gtagcgattaattaagctTGTGCCATGGAGATCTGCGAC 
SJD161 
TPLgenomic.RE
V 

GCTGCCGCCGCCaagctcTCTCGGAGCTTGATCAGAATTT
TGAATG 

SJD162 
TPLdownstream.
FOR gtttaaactagtggcgcgCCGACTAGTGGATAGAGAAATTAG 
SJD163 
TPLdownstream.
REV ctgttatccctaggcgcgACTAATTCGTAGATTGAGCTG 
SJD164-
TPLup.SEQ.REV CTACTTTATAGTTCATTGCAACG 
SJD165-
TPLdown.SEQ.R
EV CACGACACAGACAGATAACATC 
SJD268 
pTPL.FOR GATTAATTAAGATTTGAACGTCCGAGGTGGTG 
SJD269 
pTPL.REV tcttaattaaTGTACGCTGTTCCTATCGC 
SJD270 TPL 
CDS.FOR GTACAttaattaagctATGTCATCGTTAAGCAGGGAGCTCG 
SJD271 TPL 
CDS.REV 

TGCCGCCGCCaagctGTCTCGGAGCTTGATCAGAATTTTG
AATGGAGG 

SJD276 pTPL 
internal.FOR CTCCTCCTCCTCGGTTTCAG 
SJD277 
TPL.CDS 
internal.FOR GAACGCATTCGTTATTGGGTACC 
SJD290 
TPLCDS.HiFi.FO
R GGAACAGCGTACAttaattaATGTCATCGTTAAGCAGGGA 
SJD291 
TPLCDS.HiFi.RE
V TCACCATGCTGCCGCCGCCTCTCGGAGCTTGATCAGA 
SJD330.pTPL.FO
R TtgtaaaacgacggccagtgccaGATTTGAACGTCCGAGGTGGTG 
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General Discussion



Auxin is almost synonymous with plant development1,2. The fact that auxin 

is directly or indirectly wired in every branch of plant life, makes auxin both 

fascinating and enigmatic subject at the same time. Qualitative analysis of 

the nuclear auxin signaling pathway (NAP) in angiosperms have revealed a 

remarkable complexity of genetic and biochemical interactions3,4. Disentan-

gling this complex wiring and understanding NAP at its core is a formida-

ble challenge. Fortunately, recent research advances in early diverging land 

plant species with simpler, ancestral NAP has helped unfolding these core 

principles5,6. Marchantia polymorpha is one such exciting bryophyte model 

species7. While the common ancestral position of Marchantia in land plant 

phylogeny has fascinated evolutionary biologists, the simpler genetic archi-

tecture of the NAP has drawn attention of plant developmental biologists. 

The reduced network of biomolecular interactions in Marchantia NAP is not 

only helpful to unearth the evolutionary origin of known interactions but also 

offers an opportunity to study the basic design of NAP in a quantitative man-

ner8,9. Therefore, in chapter 2, we presented Marchantia polymorpha as a suit-

able system to explore to quantitative aspects of NAP that can complement 

the available qualitative knowledge. We highlighted the quantitative parame-

ters that are key to building a quantitative network of NAP. Determination of 

these parameters would provide explanation of many complex NAP outputs 

that are beyond the scope of qualitative data. We  envision that availability 

of all quantitative parameter and their integration would generate a model to 

predict NAP output based on signal input and dynamics.

Native accumulation dynamics of NAP components 
To set the foundation steps in this quantitative quest of the NAP, we gener-

ated a complete set of fluorescent knock-in lines of all core NAP proteins 
in Marchantia (chapter 3). These genomic knock-ins report the endogenous 

protein accumulation patterns, and therefore is a unique resource for analysis 

of native protein concentrations, dynamics, interactions, stability, complex 

stoichiometry, diffusion rates and so on. Among the many opportunities these 

lines offered, we first choose to quantitatively visualize the accumulation 
patterns of native proteins and follow their dynamics during gemma germi-

nation. At dormant stage when auxin concentrations are higher in gemmae 

(chapter 6), MpTIR1 proteasomally degrades MpAux/IAA and continuously 

send out an high auxin signal that is probably too high for growth. Despite 

the complete removal of Aux/IAA repressor, gemmae remain dormant, sug-

gesting that other downstream elements are not permissive to growth. Upon 

germination, the auxin concentration decreases (chapter 6), and consequently 
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MpAux/IAA gains partial stabilization despite simultaneous increase in Mp-
TIR1 protein levels. Therefore, gemmae growth coincides with two major 
shifts in the NAP, (1) high, inhibitory auxin levels change to lower optimal 
levels and (2) TIR1-Aux/IAA input module switches from a completely per-
missive to a more tuneable repressive status. High auxin induced dormancy 
was reported earlier in Arabidopsis seeds. Overexpression of auxin biosyn-
thetic gene iaaM completely stops seed germination whereas loss of func-
tion mutation in yuc1yuc6 auxin biosynthesis genes enhance germination10. 
In Marchantia, chemical inhibition of auxin biosynthesis causes germination 
of gemmae inside gemma cups11. Besides auxin, ABA (Abscisic acid) is an-
other plant hormone involved in tissue dormancy in both angiosperm10 and 
bryophytes12. ABA has been found to play role in seed13 and bud14 dorman-
cy in angiosperms and gemmae dormancy in Marchantia12. The Arabidopsis 
ABA mediated dormancy pathway is coordinated by ARF mediated auxin 
function10. Given that both the hormones are involved in tissue dormancy 
across species, it is possible that high auxin and high ABA signaling depen-
dent growth inhibition is a common mechanism across diverse tissue and 
generations in land plants. 

Receptor dynamics in Marchantia
The opposite dynamics of auxin and MpTIR1 receptor is an interesting phe-
nomena in young gemmalings. While the auxin level decline could be due to 
interruption of auxin supply form the gemma cup, the increase in MpTIR1 
accumulation cannot be simply explained by transcription which is rather 
downregulated after germination. Since miRNA mediated gene silencing is 
present in bryophytes15 and miRNA393 is known to post-transcriptionally 
regulate AtTIR1/AFBs16, it is possible that MpTIR1 is regulated by small 
RNAs. However, in Marchantia miRNA conservation is very limited with 
only 7 homologs identified from other lands plant species making it unlike-
ly that miRNA393 controls MpTIR1. Given that there are uncharacterized 
Marchantia specific novel miRNAs present, we cannot be certain that Mp-
TIR1 is not controlled by another miRNA. Apart from miRNA regulation, 
AtTIR1 levels are post translationally regulated by its auto-degradation, in 
absence of Aux/IAA17. It is more likely that complete lack of MpAux/IAA 
in dormant gemmae, triggers MpTIR1 auto-degradation. This can be tested 
easily by treating MpTIR1-mScarlet knock-in dormant gemmae with protea-
somal inhibitor.  
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The TIR1-Aux/IAA auxin perception complex relays the signal to MpARF1 
which regulates auxin dependent transcription18. MpARF2 antagonizes 
MpARF1 function by competing for same DNA binding motif6. We found that 
both MpARFs are expressed at dormant stage (chapter 3) and are probably 
required in early gemma development. Earlier characterization of MpARF1 
function showed that gemmae fail to maintain dormancy and start germi-
nating inside gemma cups in Mparf1 knock-out mutant18. High accumula-
tion of MpARF1 in dormant gemmae and premature germination phenotype 
of Mparf1 mutant, indicates a possible function of MpARF1 in dormancy 
maintenance. On the contrary, our data showed that accumulation of a stable 
MpARF2 leads to gemmae germination inside cups, suggesting ARF2 as a 
negative regulator of dormancy. Based on these data, it is possible that gemma 
dormancy is promoted by auxin and MpARF1 but antagonised by MpARF2. 
In Arabidopsis, both class-A and B ARFs are known to regulate seed dor-
mancy. AtARF10 and AtARF16 binds to the promoter of ABA dependent 
transcription factor gene ABI3 and promotes its expression to maintain dor-
mancy10. Since both class-A and B MpARFs have their highest expression in 
dormant stage, an induction of ABA dependent gemma dormancy by ARFs, 
could override the upstream permissive signal from TIR1-Aux/IAA. 

MpARF stoichiometry is a key factor for gemma germination
If high ARF levels are indeed required for dormancy, germination would not 
be possible without a negative regulation of ARF levels. While investigating 
the dynamics of ARFs in germination gemmae we found a support for this 
hypothesis and noticed a significant decline in ARF concentrations (chapter 
4). As the transcript levels were static and reports of a few AtARF proteaso-
mal regulation were known, we tested and found a proteasomal regulation 
of MpARF1 and 2. This proteasomal degradation of ARFs probably releases 
transcriptional inhibition and allow germination. In chapter 5, by a systematic 
dissection of MpARF2 domains, we identified a degron region in dimeriza-
tion domain (DD2) of DNA binding domain (DBD). Furthermore, we showed 
that this degron is accessible only in ARF2 monomers, since dimers occlude 
the degron located in DBD interface. ARFs are well known to bind DNA 
mostly as dimers19, which provide specificity in their function. We propose 
this mutual exclusion of MpARF2 dimerization and degradation as an ad-
ditional mechanism to ensure specific DNA binding. Degradation of ARF2 
monomers prevent non-specific ARF-DNA interactions and mis-regulation of 
genes. Loss of DNA binding specificity has severe growth defects manifested 
in the stable MpARF2 monomer mutant lines (chapter 5). Since ARF-DBDs 
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are highly conserved domains, it is quite possible that MpARF1 or ARFs in 
other species may have retained this ancestral degron.

Apart from enhanced DNA binding specificity for MpARF2 dimers, pro-
teasomal degradation impacts the relative stoichiometry of MpARF1 and 
MpARF2, a key parameter in regulation of auxin dependent transcription. 
In dormant stage, class-A and B ARFs maintain a lower relative ratio which 
increases sharply after germination (chapter 4). This parameter is relevant 
for genes that are co-regulated by both ARF classes. A lower ARF1/2 ra-
tio may prevent auxin dependent growth even though Aux/IAA levels are 
permissive in dormant gemmae. On the contrary, in germinated stage, high-
er ARF1/2 ratio permits growth whereas TIR1-Aux/IAA control turns more 
rigorous and allows growth based on auxin input only. The importance of 
relative ARF-A/B stoichiometry was also realized in earlier studies in March-
antia. Overexpression of either MpARF altered auxin sensitivity and growth 
whereas near stoichiometric expression of both ARFs restored normal auxin 
response6. We validated these results initially by computational simulations 
of  blocked ARF2 degradation and tested its impact on a hypothetical gene 
co-regulated by both MpARF1 and 2. Later on we decreased ARF1/2 ratio in 
vivo, by inducible and constitutive expression of ARF2. Both computational 
and in vivo manipulations of ARF ratio negatively influenced auxin response 
and highlighted the importance of native ARF1/2 ratio.

The major source of auxin in dormant gemmae is the gemma cup20. This 
“external” supply of high auxin is distributed throughout the tissue which 
prevents formation of any auxin gradient. The even distribution of auxin is 
confirmed by the complete degradation of Aux/IAA throughout dormant gem-
mae. Post germination development is dependent on local auxin synthesis and 
therefore suitable for differentiation by auxin gradient formation. Depending 
on the levels of auxin in different cell types, TIR1-Aux/IAA can control the 
response amplitude. Although these speculations are strongly based on the 
observations in Arabidopsis auxin reporters, development of a transcription-
al reporter for Marchantia would help to definitively confirm this. Although 
dormant gemmae does not grow, it does show signs of auxin dependent dif-
ferentiation such as formation of rhizoid initial cells or maintenance of apical 
meristem. Since the auxin levels and TIR1-Aux/IAA permissive signals are 
mostly uniform throughout dormant gemmae, these basic differentiation must 
be controlled by other NAP components. A conceivable candidate for such 
regulation would be ARFs which express highly at this stage. 
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Figure 1: A schematic overview of nuclear auxin signaling pathway dynamics during gemmae germination. In the 
input module, TIR1-Aux/IAA receptor complex becomes more sensitive with a gradual decline in auxin levels. The 
signal processing unit undergoes major reorganization as both ARF1 and ARF2 are proteasomally degraded. This 
impacts ARF1/2 ratio in favour of ARF1 mediated gene activation. A wide range of transcriptional output is returned 
in response to the signal and dynamics.
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Furthermore, class A and B ARFs accumulate in a pattern that creates differ-
ential relative ARF1/2 ratio in the three major cell types of gemmae (chapter 
3). In future studies it would be interesting to investigate if these unique com-
binations of ARFs and probably an auxin gradient across gemmae could act as 
an instructive signal in cell differentiation in gemmae. A transcriptional auxin 
reporter suitable for Marchantia would again be crucial here to test whether 
these differential ARF1/2 ratio overlaps with distinct auxin responses.

Remodelling of auxin-dependent transcription during gemma germina-
tion
The final outcome of biologically meaningful NAP interactions and dynamics 
is expressed at the level of transcription21. We found transcriptional dynamics 
of majority of auxin regulated Marchantia genes suggesting an increased aux-
in response output after germination (chapter 6). Genes which follow a pro-
gressive pattern of up or down regulation are probably uniquely controlled by 
either ARF2 or ARF1 levels respectively (Figure 1). As ARF2 levels decline, 
ARF2 mediated repression would be released. Likewise, decreased ARF1 
levels would dampen the level of uniquely ARF1 activated genes. This down-
regulation due to dampened ARF1 levels could be further reinforced by rela-
tively more restrictive TIR1-Aux/IAA input signal. Among the auxin upreg-
ulated genes, a significant set displays a bell shaped expression profile with a 
peak expression at 3.5 hours. This is beyond a simple regulation by absolute 
levels of either ARFs, as degradation of ARFs cause a progressive decline in 
their concentrations. The heightened peak of transcription at 3.5 hours, rather 
coincides with a rise in relative ARF1/2 levels. Thus, this could be the set of 
genes commonly regulated by MpARF1 and MpARF2. A low ARF1/2 ratio at 
dormant stage keeps their expression basal, while an increased ratio post-ger-
mination induces transcription by MpARF1. If these genes are indeed co-reg-
ulated by both MpARFs and if monomer specific ARF2 degradation permits 
DNA binding competition only on inverted repeat (IR) elements, the promot-
er regions of the genes with peak expression at 3.5 hours could be enriched in 
IR type auxin responsive elements (AuxRE). Among the genes upregulated 
after germination, the auxin biosynthesis gene MpYUCCA2 was identified22. 
Auxin concentration driven transcriptional feedback on YUCCA genes are 
well known in Arabidopsis23. Since auxin concentration in gemmae decreases 
during germination, it induces MpYUC2 to initiate local auxin biosynthesis. 
Whether MpYUC2 induction is executed either by higher MpARF1/2 ratio or 
by a release of repression from MpARF2, requires further investigation. 
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It is important to bear in mind that the above-mentioned possible outcomes 
of individual ARF mediated transcription levels are built on the concept that 
class-A ARFs are transcriptional activators and class-B ARFs are repressors. 
However, this categorization may not be universal and deviation from this 
categorical function is possible. For instance, AtARF5 (MONOPTEROS), a 
well characterized activator of many auxin dependent genes, has been shown 
to act as a negative regulator of cytokinin signaling by repressing transcrip-
tion of A-type ARR (ARABIDOPSIS RESPONSE REGULATOR) transcrip-
tion factor genes in in shoot apical meristem24. In Marchantia, MpARF1 is 
considered an activator and MpARF2 as a repressor. At high auxin concen-
trations, growth is inhibited in both wild-type and MpARF1 overexpressing 
(enhanced inhibition) plants, whereas MpARF2 overexpression lines grow 
uninhibited. Similarly, nondegradable ARF2 mutant also grows normally in 
high auxin treatment. It can be argued that MpARF2 acts as a repressor in 
lower, physiologically optimal auxin concentrations, whereas in repressive, 
high auxin environment ARF2 promotes growth. While a concrete evidence 
for this argument is yet to be provided, these observations indicate that ARF 
functions could be context dependent and might not be assigned to a certain 
category.

Although we were able to study NAP protein concentrations, dynamics and 
stoichiometry at sub-cellular resolution, a major limitation of this study is 
that the auxin inputs and response outputs were measured in a global manner. 
We quantified auxin concentrations and transcriptome from whole gemmae, 
and thus lack any spatial cues such as auxin gradients and differential auxin 
outputs. Implementation of direct auxin sensors and development of tran-
scriptional reporters may be first steps in eliminating these limitations. With 
the rapid advancements in single cell sequencing, it is probably not far in fu-
ture that we would be able to analyse transcriptomes of different cell types of 
gemmae and compare it with differential auxin and ARF1/2 stoichiometries.

Proteasomal degradation controls MpARF accumulation
An important finding in this thesis is the selective proteasomal degradation of 
MpARF2 monomers. Proteasomal degradation is a major pathway for target-
ed removal proteins in eukaryotes25. Specificity of proteasomal degradation 
is determined by an interaction between E3 ligase and a degron motif in the 
target protein26. Since we have identified the MpARF2 degron motif, an im-
portant follow up would be to use this motif as a bait to identify the E3 ligase 
interactor. The only known E3 ligase for ARF (AtARF1 and 19) degradation 
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is the recently identified AFF1(AUXIN RESPONSE FACTOR F-BOX1), an 
F-box domain containing protein in Arabidopsis27. However, AFF1 seems to 
be an Arabidopsis specific protein, as homologs in Marchantia are absent. If 
multiple functionally diverse AtARF members are proteasomally regulated, it 
is possible that they co-evolved separate E3 ligases evolved from a monophy-
letic origin. Finding the E3 ligase degrading MpARFs would then reveal the 
common ancestor of ARF degrading E3 ligases. However, another possibility 
is that there is no single common ancestor ARF degrading E3 ligase, rather a 
convergent evolution of ARFs gave rise to multiple different E3 ligases inter-
actors for different ARFs in angiosperms. Lack of any Marchantia homolog 
of ARF19 targeting AFF1 E3 ligase indicates more towards the second hy-
pothesis. The most dramatic increase in MpARF degradation is observed in 
the early hours after gemmae dormancy release. An interesting coincidence is 
that in the same time frame, we found the MpTIR1 concentration to increase. 
This strong temporal correlation in the pattern of MpARF degradation and 
rise in the level of MpTIR1 F-box protein, prompts a question if these two 
phenomena are interlinked. One possibility is that MpARF stability is directly 
regulated by MpTIR1. In line with this hypothesis, the Mptir1 knock-out mu-
tant28 and plants carrying non-degradable ARF2 monomer (ARF2G286I+Degron 

swapped) are phenocopies of each other. Both the mutants fail to develop thalli 
and grow slowly as callus like undifferentiated tissue. In addition, both mu-
tants are strongly insensitive to auxin and incapable of rhizoid formation, an 
auxin dependent developmental process. It will be interesting to see if the 
non-degradable ARF2 monomer mutant cell mass also has a larger vacuolat-
ed cell in the inner region and smaller cells at the periphery, like the Mptir1 
knock-out mutant. Analysing MpARF degradation profile in Mptir1 knock-
out mutant would help to answer if TIR1 really has any influence on ARF 
stability.

Taking advantage of a natural developmental transition in gemmae, we cap-
tured the entire NAP in motion. Despite the simplicity of Marchantia NAP, 
we found a wide diversity of auxin response outputs which requires a holistic 
analysis to explain most of them. Still a fraction of outputs do not comply with 
the observed NAP dynamics and to justify them we probably need to consid-
er other auxin mediated transcriptional pathways. The recently discovered 
MARK/RAF (MAP AUXIN RESPONSIVE KINASE/RAF) kinase mediated 
rapid phosphorylation driven pathway has been shown to influence a set of 
transcriptome that is uncommon to the known transcriptome of NAP29 . Apart 
from diverse response outputs, the fact that MpARF levels are not controlled 
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by auxin or other tested plant hormones, indicates that MpARF degradation 
is triggered by a conformational switch form dimer to monomers. Now what 
exactly triggers ARF2 monomerization is a new question to address. Given 
that the NAP network interacts with almost every other plant signaling path-
way, it is possible that MpARF2 dimers are stabilized by other scaffolding 
partners. Release of MpARF2 from a larger protein complex might trigger 
dimer disruption. Another problem that ARF2 monomer instability brings in 
is how MpARF2 monomers are kept stable after translation, until they are in 
a dimer? A solution to this problem can be a co-translational complex forma-
tion30,31 or protection by molecular chaperons. These perplexing open ques-
tions are reminders of the sheer complexity of auxin response systems and 
tells that our understanding of NAP is still far from saturation. 
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Summary
Auxin is a central regulator of plant growth and development. Most of the 
long-term growth responses to auxin are driven by the nuclear auxin signaling 
pathway (NAP) ultimately regulating gene transcription. Extensive research 
in flowering species such as Arabidopsis thaliana have helped us to under-
stand the basic functions the NAP proteins and the network they generate. 
However, much of our understanding is qualitative in nature and based on 
experiments performed either in vitro, heterologous systems or in vivo, at 
non-native protein concentrations. While these approaches provided a gener-
al overview of how NAP proteins function and their possible biomolecular in-
teractions, it is important to note that these protein functions and interactions 
are meaningful only if they occur at their natural concentration in vivo. This 
PhD thesis describes the use of fluorescent knock-in lines to gain a quantita-
tive view of how the NAP operates at the endogenous concentration of each 
signaling component. Such approach will not only validate and complement 
the qualitative knowledge but will also provide quantitative insights into NAP. 
For a quantitative analysis, it is suitable if the functional complexities are at 
minimum, especially for a system like NAP which is involved in diverse de-
velopmental processes. The bryophyte species Marchantia polymorpha has 
the simplest but complete NAP system in terms of the number of compo-
nents, and molecular genetic tools for Marchantia are recently established. 
Therefore, in chapter 1 we advocated Marchantia as an appropriate model for 
quantitative analysis of NAP. An emphasis has been placed on the use of gem-
mae as it offers multiple benefits, especially in a fluorescence imaging-based 
quantitative analysis. This introductory chapter sets the background, presents 
the state of the art of NAP and some open questions, followed by the scope 
of this thesis.

In chapter 2, we prescribed the recipe of a quantitative model by highlight-
ing the key parameters that are essential for a complete quantitative view of 
NAP. Why and how these parameters can be determined is also discussed in 
detail. We propose that on determination and integration of these parameters 
it is possible to have a quantitative understanding of NAP and predict auxin 
response outputs more accurately.

By following the roadmap provided in chapter 2, we developed a full set 
of fluorescent genomic knock-in lines for core NAP proteins in Marchantia. 
The generated lines described in chapter 3 form an important resource for 
the rest of this thesis and beyond. With the use of fluorescence confocal live 
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cell imaging on knock-in lines, a complete view of NAP protein expression 
domains in dormant gemmae was obtained. Each NAP component showed 
nuclear expression but distinct patterns of accumulation throughout gem-
mae. In dormant gemmae, the MpTIR1 auxin receptor is broadly expressed, 
whereas its substrate MpAux/IAA repressor was not detected at all. Among 
the three MpARFs, MpARF1 and MpARF3 accumulate throughout dormant 
gemma, with MpARF1 showing a relatively higher accumulation. MpARF2 
showed a relatively lower accumulation among all ARFs and was completely 
absent in the rhizoid initial cells. Furthermore, we analysed colocalization of 
the MpARF1 (class-A) and MpARF2 (class-B) in double knock-in lines and 
identified distinct zones of cells in gemmae with different ARF-A/B stoichi-
ometries.

Next, we investigated in the dynamics of NAP proteins in actively growing 
gemmae. In chapter 4, we first focussed on the MpARFs and followed their 
natural dynamics during transition from dormancy to germination. Time-
lapse confocal image quantification showed a gradual decline in the level of 
class-A and -B ARFs, whereas the class-C ARF expression remained con-
stant. Further investigation confirmed an active proteasomal regulation on 
MpARF1 and MpARF2, but not on MpARF3. To understand the necessity of 
MpARF2 degradation, we blocked MpARF2 degradation in a computational 
model that simulates auxin and ARF dependent transcription in Marchantia. 
The simulations indicated a transcriptional repression in absence of MpARF2 
degradation. An in vivo overexpression of MpARF2 also suggested that high-
er level of ARF2 prevents optimal auxin response and plant growth. Thus, 
taking advantage of the inactive to active growth transition of gemmae, we 
captured a natural dynamic in the MpARF levels, actively regulated by prote-
asome and highlighted its importance in growth.

Little is known about ARF degradation in any plant species, and therefore we 
further investigated MpARF2 degradation. Chapter 5 reports on a systematic 
dissection of MpARF2 protein to identify the degradation signal in the pro-
tein sequence. By in vivo deletion analysis of MpARF2 domains, we identi-
fied a small degron region in the dimerization domain 2 of the DNA-binding 
domain. Further mapping of this degron onto the structure of MpARF2 di-
mer revealed that the degron is positioned at the dimerization interface of the 
DBD and hence presumably inaccessible in the dimeric form of the protein. 
To test this hypothesis, we generated a series of ARF2 dimerization mutants 
and found an enhanced degradation of the monomer in all stages of gemma 
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growth. This confirmed a mutual exclusivity of MpARF2 dimerization and 
degradation. To understand the biological significance of a system that would 
selectively degrade ARF monomers, we tested the effect of stabilizing a mo-
nomeric MpARF2 in vivo. This resulted in a strong negative effect on auxin 
sensitivity and plant growth, suggesting that monomeric MpARF2 strong-
ly interferes with development. We propose that the strong growth retarda-
tion could be due to the low intrinsic DNA binding specificity of monomeric 
MpARF2 proteins, which mis-regulates transcription of a large number of 
genes.

To complete our survey of NAP dynamics, in chapter 6, we quantified free 
auxin levels in germination gemmae and found a gradual decline in auxin 
concentration. In the same time frame, we monitored the expression patterns 
of MpTIR1 auxin receptor and MpAux/IAA repressor in the knock-ins. While 
MpTIR1 levels increased with the decreasing auxin levels, Aux/IAA gained 
slightly increased stability, probably due to the concomitant decline in auxin 
concentration. We validated auxin-dependency of Aux/IAA degradation and 
quantified its half-life, an important parameter for quantitative view of NAP. 
To investigate the outcome of all signaling dynamics observed during ger-
mination, we compared the transcriptomes of different stages of germinating 
gemmae and found a clear pattern of increased auxin response. We conclude 
that as gemmae transit from dormancy to active growth, internal auxin lev-
els drop while auxin sensitivity and transcriptional response increases due 
to stronger regulation by TIR1-Aux/IAA and a permissive signal by ARF1/2 
relative quantities.   

Finally in chapter 7, we discuss the key results of this thesis in a broader 
perspective. Besides integrating the main conclusions, we point out the lim-
itations of the work described in this thesis and recommend future directions 
in auxin research.
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