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Abstract
Recently, we identified Phosducin-like2 (AtPhLP2) in Arabidopsis as a possible

regulator of growth and development that could be involved in the
non-transcriptional auxin response in roots. Based on preliminary data, this
protein could also be crucial for other developmental processes, as the progeny
of knock-out mutants is not viable.

The aim of this thesis is to elucidate the function of AtPhLP2 in Arabidopsis
thaliana root development by analyzing the expression of PhLP2 and
characterizing the phlp2 knock-down line. I prepared transgenic Arabidopsis
thaliana lines to monitor the activity of the putative PhLP2 promoter. The
promoter was active in the aboveground parts of the plant as well as in the
vascular bundles of the root and in the root meristem. The localization of the
protein was consistent with promoter activity, and strong expression was
additionally observed in germinating pollen. At the cellular level, the signal was
visible in the nucleus and cytoplasm. To estimate a possible link to auxin
signaling and other processes in which PhLP2 might be involved, I
characterized the phenotype of phlp2 knock-down lines available in the
laboratory and quantified the general growth characteristics and responses of
these seedlings to gravistimulation or IAA treatment. I show that the PhLLP2
knock-down line exhibited severe root waving, a short meristem and minimal
number of lateral root primordia, yet there was no insensitivity to IAA observed
and the rapid auxin response was not impaired. The distinct phenotypic
expression of the knock-down mutant cannot be explained by disruption of
auxin signaling, and further research is needed to unravel the function of PhLP2

in Arabidopsis thaliana development.
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development



Abstrakt
Nedavno jsme u husenicku identifikovali Phosducin-like2 (AtPhLP2) jako

mozného regulatora ristu a vyvoje, ktery by se mohl ucastnit netranskripcni
auxinové odpovédi v kofenech. Na zaklad¢ predbéznych udaji by tento protein
mohl byt klicovy 1 pro dal§i vyvojové procesy, protoZze potomstvo knock-out
mutantll neni zivotaschopné.

Cilem této diplomové prace je objasnit funkci AtPhLP2 ve vyvoji koifene
Arabidopsis thaliana pomoci analyzy exprese PhLP2 a charakteristiky
knock-down linie. Pfipravila jsem transgenni linie Arabidopsis thaliana pro
sledovani aktivity pfedpokladaného promotoru PhLP2. Promotor se ukazal jako
aktivni v nadzemnich ¢astech rostliny a také v cévnich svazcich kotfene a v
kofenovém meristému. Lokalizace proteinu odpovidala aktivit¢ promotoru, silné
exprese byla navic pozorovana u kli¢iciho pylu. Na bunécné trovni byl signal
viditelny v jadie 1 cytoplazmé. Pro odhadnuti mozného spojeni s auxinovou
signalizaci a dalSich procest, kterych by se PhLP2 mohl tucastnit, jsem
charakterizovala fenotyp knock-down linii dostupnych v laboratoifi a
kvantifikovala jsem obecné rastové charakteristiky a reakce téchto semendcku
na gravistimulaci nebo oSetfeni IAA. Uvadime, ze PhLP2 knock-down linie
vykazovala silné zvinéni kofene, kratky meristém a minimum primordii
lateralnich kotenii, avSak nebyla zjiS§téna necitlivost na IAA a rychld auxinova
odpovéd’ nebyla poruSena. Vyrazny fenotypovy projev knock-down mutanta
nelze vysvétlit narusenim auxinové signalizace a k odhaleni funkce PhLLP2 ve

vyvoji Arabidopsis thaliana je nutny dal$i vyzkum.

Kli¢ova slova: phosducin-like 2, rychla auxinova odpovéd’, fosforylace, vyvoj

kofene
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Introduction

Auxin is a phytohormone that regulates plant growth and development via well
studied transcriptional pathway. However, there are auxin-dependent processes
happening so rapidly that there is not enough time for transcription to occur.
Non-transcriptional pathway of auxin signaling is known as a rapid auxin
response. In a model plant Arabidopsis thaliana, some of the crucial
components of the rapid auxin response pathway were recently identified
(Dubey et al., 2021; Prigge et al., 2020; Serre et al., 2021), yet other players
remain unknown. To identify novel regulators of this process, we took
advantage of existing datasets and picked candidate genes. Based on swift
auxin-promoted phosphorylation changes, Phosducin-like Protein 2 (PhLP2;
At5g14240) was identified as a potential player in the rapid auxin response.
Surprisingly, it was not possible to obtain knock-out mutants from public
databases and CRISPR-Cas9 mutants generated in our laboratory were not
viable. Knock-down mutants with lower expression of PALP2 can be
propagated, yet they exhibit strongly afflicted phenotype, which indicates the
essential role of this protein in Arabidopsis thaliana development. In this thesis,
I would like to describe the relation of PhLP2 to rapid auxin response and other
developmental processes based on its expression and the phenotype of the

knock-down line.
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Aims and hypotheses

Established hypotheses:

PhLP2 is dephosphorylated immediately after [AA application
PhLP2 knock-out mutants are not viable

Phenotype of PhLLP2 knock-down mutant is strongly affected

Aim of the thesis is to elucidate following questions:

Where in the plant is PhLP2 expressed?

Does PhLP2 participate in the rapid auxin response or other auxin-related
processes?

What other processes could be PhLP2 involved in?

Is PhLP2 involved in gametophytic or embryonic development?

14



1. Literature overview

1.1 Plant morphogenesis

Plant development requires proper organ and structure formation, a
morphogenesis. It is a complex process consisting of many overlapping steps
leading to the plant structure initiation, growth and maintenance through
ontogenesis. It determines organ shape and function with respect to external
conditions (Huang et al., 2018).

Despite a huge diversity of plant structures and their biological functions, the
process of morphogenesis begins at a cellular level and depends on the meristem
activity and cell differentiation. In other words, cells gain their function and at
the same time, they form tissues. (Barlow, 1989; Huang et al., 2018).

Growth depends on the cell division, cell expansion or, at most times, the
combination of both. So to shape the organ, it is crucial to coordinate
meristematic activity and subsequent differentiation of newly formed cells,
which is regulated by many factors. One of them is the phytohormone auxin

(Hilty et al., 2021; Marconi and Wabnik, 2021).

1.2 Auxin and its transport

Plant morphogenetics is in many aspects regulated by the phytohormone auxin.
Its significant role in different processes was predicted by Charles Darwin and
his son Francis in the 1880s. Later, the first characterized (and as was found out,
also the most abundant) representative was the indole-3-acetic acid (IAA). Itis a
small molecule derived from tryptophan (Leyser, 2010; Zhao, 2012).

The majority of auxin is synthesized in the apical meristem from where it is
distributed to other tissues. Auxin transport is mediated via specific facilitators,
whose distribution at the cell membrane moreover enables polarity of the
transport. AUXINIT/LIKE-AUX (AUX/LAX) is a gene family of 4 Arabidopsis
influx carriers mediating transport of auxin from apoplast to symplast working

as 2H" symporters. When entering a slightly alkaline environment of cytoplasm,
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auxin dissociates to its deprotonated form IAA™ and thus can not pass through
the plasma membrane (PM) back to the apoplast (Péret et al., 2012). On the
other hand, transport of auxin from the cytosol to the apoplast is driven by the
PIN-formed (PIN) protein family. Arabidopsis thaliana possesses 8 PIN proteins
and their distribution on the PM determines the direction of the auxin flow.
Distribution of auxin transporters on the PM enables polar auxin transport
(Friml, 2003; Okada et al., 1991; Ung et al., 2022).

Mutation of either PINs or their positive regulators encoded by PINOIDs (PIDs)
leads to strongly disrupted organ development (Benjamins et al., 2001; Mudgett
et al., 2023). Both cases exhibit a typical pin-formed shoot with very little or no
flowers (Fig. 1 and 2).

Another transporters participating in auxin fluxes are P-glycoproteins (PGP)
belonging to the ATP-BINDING CASSETTE B (ABCB) family, providing both
efflux and influx. These carriers are distributed non-polarly on the PM (Ng et
al., 2015) and its mutation also causes visible phenotype (Fig. 2). Auxin

transport at the cellular level is visualized in Fig. 3.

Fig. 1: A - Col-0 typical shoot phenotype, B - mutation of PID exhibits
pin-formed phenotype (Wang et al., 2007, edited)
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Fig. 2: comparison of Col-0 (left) to pgpIpgp19 double mutant (center) and pin?2
mutant (right), bar = 1 cm (Blakeslee et al., 2007, edited)

Fig. 3: Scheme of the auxin transport on the cell level (Ng et al., 2015)
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1.3 Mechanisms of auxin signaling

Presence of auxin in the cell induces a specific reaction and there are different
mechanisms of how it happens. One of them is the effect on expression of
specific genes. Auxin transcriptional signaling pathway has been studied for a
long time. It was proposed that without auxin presence (or when auxin is present
minimally) AUXIN RESPONSE FACTORs (ARF), which activate the
expression of auxin-responsive genes, binds with their repressor
AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA), therefore transcription of
following genes is disabled. When present, auxin mediates interaction between
ubiquitin ligase complex (SKP1 CULLIN-F-BOX) SCF"RVAFB (TRANSPORT
INHIBITOR RESPONSE 1 / AUXIN SIGNALING F-BOX (TIR1/AFB) and
Aux/IAA. As a result, the Aux/IAAs get ubiquitinated and degraded by the 26S
proteasome. Since ARFs are then not inhibited by Aux/IAAs, they are able to
regulate related gene transcription (Gray et al., 2001; Kepinski and Leyser,
2004).

The process of transcription and translation itself, in the case of 400 amino acids
long protein, takes at least 2 minutes - with other signaling steps neglected (Milo
et al., 2010). However, some auxin-related processes are happening in a shorter
time. There is another, non-genomic mechanism of auxin action in the cell
known as a rapid auxin response. This pathway goes along with various
reactions at the cell level, such as apoplastic alkalinization, Ca*" influx to the
cytoplasm and membrane potential changes (Dindas et al., 2018; Monshausen et
al., 2011; Serre et al., 2021). These rapid auxin responses require AFB1, which
is a cytoplasmic auxin receptor (Dubey et al., 2023). Mechanism of its action is
not understood, however, it seems SCF complex-independent (Dubey et al.,
2023; Yu et al., 2015).

One of the players that has for long been connected with the non-transcriptional
responses to auxin is the AUXIN BINDING PROTEIN 1 (ABPI1).
TRANSMEMBRANE RECEPTOR-LIKE KINASE 1 (TMK1) was shown to
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create a complex with ABP1 on PM which enables auxin sensing and
subsequently activation of intracellular GTPases RHO OF PLANTS (ROPs)
(Friml et al., 2022; Xu et al., 2014).

TMKSs are closely connected to plant morphogenesis via participating in many
processes, such as pavement cells development, formation of lateral roots or
apical hook growth (Cao et al., 2019; Huang et al., 2019). TMK1 is also related
to pH changes in apoplast. Auxin mediated phosphorylation of H"-ATPase
through TMK1 on PM happens in several seconds (Lin et al., 2021).

As an example of rapid auxin response, the root growth inhibition can be
mentioned: application of auxin inhibits root growth within tens of seconds, and
after its removal, root growth is quickly restored. This rapid reaction does not
occur in absence of AFB1. However, rapid auxin response is a quite recent
concept and still a lot remains unclear about its molecular mechanism.

(Fendrych et al., 2018).

1.4 Auxin in regulation of root growth and development

During ontogenesis, auxin 1is crucial for the proper root development.
Nanomolar concentrations of auxin inhibit cell elongation but promote cell
division, and the ability of the cells to either divide or elongate is regulated by
auxin gradient. In the root, auxin is transported through the vasculature to the
distal part (where auxin concentration reaches the highest values) and
subsequently is directed to the lateral cap and epidermis from where it continues
in proximal direction. This gradient is formed by specific PIN distribution and is
known as the “reverse fountain” model (Blancaflor and Masson, 2003). The
quiescent center (QC) is a pool of stem cells where new tissues are derived from
and where the auxin maximum can be found. Along the auxin gradient in the
proximal direction from QC, cells progress through the following developmental
stages: meristematic zone (MZ), elongation zone (EZ) and differentiation zone

(DZ) (Fig. 4) (Petricka et al., 2012).

19


https://www.zotero.org/google-docs/?E1ixUu
https://www.zotero.org/google-docs/?5HZfQK
https://www.zotero.org/google-docs/?gSHQZp
https://www.zotero.org/google-docs/?MFLXlt
https://www.zotero.org/google-docs/?vJPULO
https://www.zotero.org/google-docs/?XmbJVn

Continuous growth is kept by activity of the root meristem. Concentration of
auxin in MZ promotes cell division and the further from the QC, the lower the
auxin concentration is (Fig. 5). It was shown that disturbances in auxin transport
lead to disorders in the primary root formation (Hadfi et al., 1998; Petricka et
al., 2012). PLETHORA (PLT) is a family of genes involved in maintenance of
the stem cell activity (Aida et al., 2004). Expression of PLT is regulated by
auxin. Prolonged auxin action triggers expression of PLT which maintains the
stem cell activity. Multiple mutants in PLT genes exhibit short meristem
phenotype. Gradient of PLT is affected by PIN-mediated polar transport of auxin
(Galinha et al., 2007; Mahonen et al., 2014).

Cells are losing the ability to divide in the EZ. As the border of this zone can not
be clearly determined, the area of receding cell division is called a transition
zone (TZ) and overlaps with its neighboring zones. Expansion of cells in EZ is
caused by intracellular changes, such as vacuole enlargement or cytoskeleton
reorganization (Del Bianco and Kepinski, 2011). In the cell, auxin promotes
activity of proton pumps transporting H" to apoplast. Acidification of apoplasts
is closely related to cell growth. Cells are bounded by the cell wall, which is a
stiff structure ensuring mechanical support and stability. For the cell growth, cell
wall loosening is required without losing its integrity. Loosening of the cell wall
components is dependent on decreased pH. The assumption is that decreased pH
activates expansins, proteins present in the cell wall initiating its remodeling.
Cell turgor creates a pressure on the acidified cell wall, which provides a vector
of growth, resulting in cell elongation (Routier-Kierzkowska and Smith, 2013).
Finally, EZ is followed by DZ, where cells gain their final function and
morphological attributes (Konstantinova et al., 2021).
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Fig. 4: Scheme of the root zonation (De Smet et al., 2015)
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Fig. 5: Auxin levels and its distribution in context of the root development and zonation

(Roychoudhry and Kepinski, 2021)

In dicotyledons, primary roots branch through the formation of lateral roots
(LR) (Fig. 6). The main function of LRs is to enlarge the volume of the
accessible soil. In case of Arabidopsis thaliana, these roots are initiated from the
cells of the pericycle adjacent to the xylem pole cells. Origin of LR begins with
a lateral root primordium (LRP) formation, initiated from a single pericycle
foundation cell in the xylem pole (Torres-Martinez et al., 2020, 2019; Von
Wangenheim et al., 2016).

The sites, where the primordia are initiated, are determined by an auxin
accumulation enhancing cell division. This process begins with a single
pericycle founder cell, whose division is triggered by a local auxin maximum.
Subsequently, this cell recruits its neighboring pericycle cells for the

primordium formation (Vermeer et al., 2014).
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Fig. 6: Lateral roots and their initiation

in Arabidopsis thaliana, (Fukaki and Tasaka, 2009)

There were various mutants in auxin signalization or distribution reported to
exhibit lower numbers of LRs in comparison to control. One of the important
mechanisms is the endomembrane trafficking system which regulates PIN

recycling to PM (Okumura et al., 2013).

. PINf
. PIN2
o Auxin

Fig. 7: Scheme of PIN-mediated auxin distribution in the context of LRP development

(Tanaka et al., 2006)
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1.5 Auxin-related processes

1.5.1 Root waving and skewing

When Arabidopsis seedlings are cultivated on the surface of the agar medium,
roots exhibit a sinusoid pattern called waving, which occurs due to many
different factors. A model potentially explaining this phenomenon describes
waving as a result of gravity sensing, mechanosensitive reaction and
circumnutation. A root naturally exhibits spiral growth, which enables it to
penetrate into the substrate, simultaneously the root tip grows towards gravity
vector and gets in touch with the medium, which leads to the thigmotropic
response. Combination of all processes mentioned leads to the sinusoid root
phenotype on the surface of the medium (Roy and Bassham, 2014). A part of the
wave-forming phenotype mechanism is auxin-dependent and disruption in auxin
transport leads to visible phenotype in the context of waving. Auxin influx
carriers pgplpgpl9 double mutant (Fig. 2) exhibits a strong phenotype in
context of the root waving (Blakeslee et al., 2007), as well as a mutant in WAGI1
and WAG2, kinases closely related to PID, PIN-phosphoryltaing kinases:
wagl/wag?2 double mutant display strong wavy patterns of the primary root on

inclined plates (Fig. 8) (Santner and Watson, 2006).
wt wagf-.?;ivag.?—f| wag1-1tvage-1

Fig. 8: Phenotype of double wag mutants compared to Col-0 (wt). Roots of wag
mutant seedlings exhibit waved phenotype (plants grown vertical plates, tilted on

100 © from the 3rd day, depicted by the white line), (Santner and Watson, 2006)

Root of a seedling growing vertically on the medium surface is usually skewed

to the left side according to the vertical axes (Fig. 9) (Rutherford and Masson,

24


https://www.zotero.org/google-docs/?JMetTt
https://www.zotero.org/google-docs/?KZwGdB
https://www.zotero.org/google-docs/?q6SFO1
https://www.zotero.org/google-docs/?yb8X0z
https://www.zotero.org/google-docs/?MB7k2C

1996). One of potential explanations of this phenomena is epidermal cell file
rotation, which is supported by observing right-handed growth in case of
mutants slanting towards the right. But there are other mechanisms that can take
place instead and influence this root deflection. Although skewing is closely
related to waving, the origin of both of these processes seems independent
(Oliva and Dunand, 2007; Schultz et al., 2017).

Skewing occurs even in microgravity conditions, indicating
that it is not dependent on gravitropic response. Skewing is
affected by proteins interacting with microtubules and

remodeling of microtubules leads to differences in root

skewing. Auxin in this process acts on skewing through
TARGET OF RAPAMYCIN (TOR) kinase involved in

cytoskeleton remodeling (Califar et al., 2020).
Fig. 9: Scheme of the root

skewed according to the vertical axes,

(Villaecija-Aguilar et al., 2019)

1.5.2 Gravitropic response

Plants exhibit growth movements called tropisms as a reaction to different
stimuli. Gravity represents an environmental factor determining plant growth
orientation in space. Unlike other factors, the gravity vector remains stable and
plants have their mechanism of perceiving it. Although gravity is perceived in
columella cells, the gravitropic movement is happening in the cells of the
elongation zone (EZ) (Band et al.,, 2012; Blancaflor et al., 1998). As was
mentioned above, nanomolar concentrations of auxin inhibit cell elongation.
Gravitropic stimulation promotes reorientation of the auxin transport to the
lower part of the root. As a result, growth of cell files on the bottom side is
inhibited, while the growth of upper cell files is not. It leads to the asymmetrical

growth of the whole organ (Moritaka Nakamura, 2019). PIN auxin efflux
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carriers are important for redirecting the flow of auxin towards the lower part of
the root (Fig. 10). Their activity is controlled by phosphorylation mediated by
kinases as PID, WAG1 and WAG2 or the family of serine/threonine AGC
kinases (Barbosa et al., 2014; Sato et al., 2015; Su et al., 2017).

Several processes were reported to accompany the gravitropic response. As one
of the first reactions to the gravitropic stimulus, influx of Ca*" to the cytoplasm
of columella cells was described. Interestingly, Ca*" influx after gravitropic
stimulation was observed even in the case of starch-less mutants, however, it
seems that starch grains are required for optimal reaction (Caspar and Pickard,
1989; Li et al., 2024). Reaction of TZ and EZ to the incoming auxin is also
accompanied by Ca*" influx. Complexity of the signal transduction was not

fully explained yet (Kulich et al., 2024; Serre et al., 2023; Shih et al., 2015).

Gravﬂ:y | PIN1
& PIN2

1 H PIN3

M PIN4
Auxin

Fig. 10: Distribution of auxin in root tip following gravitropic stimulation,

(Tanaka et al., 2006)
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In Arabidopsis, both canonical and rapid auxin responses are required for
bending of the root towards the gravity stimulus and mutation in their
participating components exhibits defects in gravitropic response. Rapid
response controls mainly the initial steps (its main player afb/ mutant is
defective in the early stages of gravitropic response, yet the bending occurs
eventually) (Fig. 11) (Dubey et al., 2023). The TIR1/AFB pathway takes over
later on. AXR3-1 (the dominant mutant in the IAA17 repressor of ARF)
interferes with the transcriptional pathway. Upon inducible overexpression,
roots become agravitropic despite their rapid response remains unaffected (Fig.

12) (Kubalova et al., 2023).

Fig. 11: Comparison of gravitropic bending in 45 minutes after gravistimulation in Col-0

(upper) and afbi-3 (bottom) (Dubey et al., 2023)
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l

Fig. 12: Comparison of the gravitropic response of Col-0 (left) and iAXR3-1 (right).
(Kubalova et al., 2023)

Oh

gravity

Importance of the polar auxin transport in the gravitropic response could be
illustrated by the phenotypes of its mutant. Gravitropic response in pgplpgpl9
double mutant remains conserved, while pin2 mutant is agravitropic (Fig. 2)

(Blakeslee et al., 2007).

1.6 Auxin role in protein phosphorylation

Phosphorylation was identified as a mechanism potentially participating in the
rapid auxin response. Phosphorylation is an enzymatically mediated
modification of protein activity without a need of de-novo protein synthesis and
is distributed widespread among eukaryotes (Jin and Pawson, 2012).
Auxin-dependent phosphorylation was reported for many proteins including
SORTING NEXIN 1 (SNX) involved in endomembrane trafficking (Zhang et
al., 2013). H-ATPase (4HAI) is phosphorylated by the TMKI1 receptor and
controls apoplast acidification (Lin et al., 2021). Finally, it was shown that
exogenous application of IAA triggers a substantial and ultra-rapid
phosphorylation of many proteins, and this response was present in Arabidopsis
thaliana, Marchantia polymorpha and Klebsormidium nitens (Kuhn et al.,
2024a). As the TIR1 and AFBI1 receptors are not present in algae, there has to
be another mechanism steering the phosphorylation response. The PhLP2

protein has been discovered as one of the proteins the phosphorylation of which
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reacts to application of auxin and auxin analogs (Han et al., 2021a; Kuhn et al.,

2022).

1.7 PhLP2 and phosducin family

Based on revealed phosphorylation changes in a short time after TAA
application, previously uncharacterized PhLP2 was selected as a potential
candidate participating in rapid auxin response (Han et al., 2021a).

PhLP2 belongs to the phosducin family, which is a group of cytosolic proteins
found in all eukaryotes. These proteins contain helical N-terminal domain and
thioredoxin C-terminal domain. The helical domain was observed to interact
with By subunits of the heterotrimeric G-protein complex (described below).
The thioredoxin domain contains the Cys-X-X-Cys motif in the active site and
possesses a disulfide oxidoreductase activity. The Cysteine residues are
important for disulfide bonds disconnection in oxidized substrates. Thioredoxins
in plants participate in multiple processes like membrane transport, hormone
metabolism, photorespiration or adenosine triphosphate (ATP) synthesis (Collet
and Messens, 2010).

Phosducins are evolutionary conserved and branch into three monophyletic
groups, phosducin-I, phosducin-II and phosducin-III (Fig. 13). Known
mechanisms of phosducin function slightly differ among groups mentioned
(Blaauw, 2003).

In general, phosducins are so far better studied in animal systems. In human,
phosducin I occurs within various tissues including retina, where it participates
in visual sight transduction (Lee et al., 1990; Reig et al., 1990).

In the yeast two hybrid (Y2H), interaction with CYTOSOLIC CHAPERONIN
COMPLEX (CCT) (also known as T-complex protein ring complex; TRiC) was
reported for PhLP1 and this protein was shown to participate in a proper

cytoskeleton components folding (Castellano and Sablowski, 2008).
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Human phosducin-like 2 (PDCL2) is expressed in both male and female

reproductive tissues and also was identified as related to CCT (Li et al., 2022).

So far, there is very little known about phosducins in plants. Arabidopsis

thaliana encodes two functionally redundant proteins from the group III;

PhLP3a and PhLP3b (Castellano and Sablowski, 2008; De Mendoza et al.,

2014). It was shown that these proteins are necessary for proper microtubule

folding and their double knock-down mutant exhibits defects in various

microtubule-dependent processes, such as mitotic spindle formation or cell wall

structure. PhLLP3 knock-down mutant in Caenorhabditis elegans exhibited a

slower growth and even embryonic lethality
due to defects in microtubule organization
(Castellano and Sablowski, 2008). PhLP2 (Fig.
17) was recently identified as the third known
protein from phosducin family present in
Arabidopsis thaliana, moreover, it is the sole
representative from the second clade (Blaauw,
2003; Roosjen et al., 2022). According to the
G-protein signaling interactome in Arabidopsis
thaliana, the second group of phosducins
might be involved in the heterotrimeric
G-protein signaling in context of proper
subunit folding (Humrich et al., 2005; Lukov

et al., 2005).
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1.8 Heterotrimeric G-protein signalization

Signaling mediated by G-proteins is one of the most common mechanisms of
signal transduction among eukaryotes and mediates communication between
intercellular and extracellular environments. The G-protein complex itself
consists of three subunits, which are able to associate and dissociate: a-subunit
containing domain with a GTPase activity and a dimer of B and y subunits,
which binds to the a-subunit in its inactive state to form the heterotrimeric
complex. The signaling activity is regulated by a coupled transmembrane
receptor (Fig. 14). There are differences between signaling in plant and animal
cells, but some processes are similar. The transmembrane receptor is activated
by a ligand from outside of the cell, and the subsequent conformational changes
lead to activation of G-proteins via exchange of guanine di/triphosphate (GDP
to GTP) in a-subunit, which then dissociates from the complex and releases the
B/y dimer. Both o and P/y subunits are able to transduce the signal to
downstream effectors. Inactivation is mediated by a hydrolysis of GTP
associated with the a-subunit and re-association of the complex (De Mendoza et

al., 2014).

(1) Inactive State {2} Ligand Binding and (3) Downstream Activation
GTP Exchange
Ligand
1 i | i
Go g @ Go g, Ga Gy

Eo ap e &
G protein
coupled
receptor
Downstream (GPCR)

Effectors

Current Opinion in Plant Biology

Fig. 14: Heterotrimeric G-protein signaling, animal model (Stateczny et al., 2016)
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1.8.1 Plant G-protein signalization

In plants, activation of the a-subunit through GDP — GTP exchange can happen
spontaneously without the help of a coupled receptor. In other words, plant
a-subunits are capable of self-activation and are constitutively active without
additional regulation. REGULATOR OF G-PROTEIN SIGNALING 1 (RGS1)
1s a known GTPase activating protein in animals acting as a negative regulator
of G-protein signaling and its function is also conserved in plants, moreover,
this regulator was shown to participate in the sugar signaling. In the presence of
glucose (as its signaling molecule), RGS1 is phosphorylated by the receptor like
kinase WITH NO LYSINE KINASE 8 (WINKS) and undergoes endocytosis
(unlike in animals, plant RGS1 is a transmembrane protein), which leads to the
exchange of GDP for GTP on the a-subunit and downstream signaling (Oliveira
et al., 2022; Stateczny et al., 2016).

There were reported several phenotype characteristics in connection to
G-protein signaling disruption. For example, the G-protein complex affects a
sensitivity to auxin towards cell division, including LRP formation. (Ullah et al.,

2003).

1.8.2 Phosducin in G-protein signalization

Interactions of the phosducin family with other structures are better studied in
animals than in plants. For instance, PhLP1 was in humans identified as a
potential co-chaperon for proper GB-subunit complex folding via interacting
with CCT (Humrich et al., 2005; Lukov et al., 2005; Stirling et al., 2007; S.
Wang et al.,, 2023). This complex consists of various subunits forming a
barrel-shaped structure, where unfolded proteins can enter. Each subunit
exhibits an ATP-ase activity, thus initiates conformation changes in target
protein, which is subsequently released and able to interact with its binding

partners. CCT is predicted to mediate folding up to 10 % of cytosolic proteins,
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including the Gf. Participation of PhLP1 in G folding was proven in vivo in
mice - deletion of PhLP1 in photoreceptor cones, rods and striatal neurons lead
to decreased levels of GPy and GBs-RGS complexes and defects in G-protein
signaling (S. Wang et al., 2023). Nevertheless, some phosducins regulate
stability and activity of G-protein subunits directly, such as MAU-8, a PhLP
from C. elegans, which binds Gf through its C-terminus. This interaction is
modulated by de/phosphorylation of the PhLLP (Lacoste et al., 2006).
Interestingly, Arabidopsis PhLP2 was shown to interact with RGS1 and some of
its interactors in a Y2H. (Klopffleisch et al., 2011).

Based on information gained, PhLP2 function in Arabidopsis could be related to
multiple processes including protein folding, heterotrimeric G-protein signaling

or processes related to auxin.
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2. Methods

2.1 Medium and treatments used
> Murashige Skoog medium (72 MS) - salt mixture (Duchefa) -2.15 g/l, MES
(MES.H20) - 0.5 g/, pH 5,8 adjusted with KOH; 1% sucrose, 1% agar

(Duchefa plant agar)

Arabidopsis pollen germination medium - 0,01 % H;BO;, SmM CaCl,, ImM
MgSO,, 5nM KCI, pH 7,5 adjusted with KOH; 10 % sucrose, 1,5 % (low

melting point) agarose (Sigma-Aldrich)
IAA treatment medium - [AA (Sigma-Aldrich) in stock solution (10uM
concentration in 96% EtOH). From the stock, 35 pl (for 10nM concentration) or

175 pl (for 50nM concentration) was diluted in 35 ml /2 MS medium

Floral dip medium - 100 g sucrose, 500 pl silwet, fill up with dH,O to 1000 ml

72 MS glufosinate ammonium, phosphinothricin (BASTA) - 15 pg/ml of BASTA

in %2 MS medium (described above) (Cayman chemical)

LB (Luria-Bertani) medium - 4 g peptone, 4 g yeast extract, 4 g NaCl, 6,4 g
KOBE agar /Roth/, 400 ml distilled water

SOC medium - 20 g peptone, 5 g yeast extract, 0,58 g NaCl, 0,19 g KCI, 10 ml
IM MgCl12, 10 ml MgSO4, water to total volume of 1 1, pH= 6-7 (adjusted with
NaOH) + 10 ml 20% (w/v) glucose solution
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YEB medium - 5 g beef extract, 1 g yeast extract, 5 g peptone, 5 g sucrose, 300
mg MgSO,, fill up to 1000 ml with dH,0, 20 g agar, pH = 7,2

Electrophoresis gel - 1% agarose (peqGOLD, Universal agarose, VWR), 0,5x
TAE buffer, 1.5% GelRed (GelRedTM Nucleic Acid Gel Stains, Biotium)

2.2 Plant material
The following Arabidopsis thaliana transgenic lines were used (Table 1), all

were in the Columbia-0 background (NASC ID N70000).

Line Note

35S::RNAi PhLP2 Created by Denisa Oulehlova, David
Usak

pPhLP2::PhLP2-NLS-mCherry Created by Veronika Polakova

pPhLP2::PhLP2-mScarlet Created by Denisa Oulehlova, David
Usak

pPhLP2::PhLP2-mEGFP Created by Denisa Oulehlova, David
Usak

Table 1: Transgenic lines used for following experiments

2.2.1 Growth conditions

For in vitro experiments, plants were cultivated in the growth room with long
day light conditions (16/8 hours) at 22 °C and light intensity approx. 100 umol
m™ sec”’. Seedlings were grown on plates containing 122 MS medium in vertical
position (unless otherwise specified). Before transferring plants to the
cultivation room, plates were stratified for 1-4 days at 4 °C in constant darkness.
Plants cultivated in pots containing Jiffy pellets were placed in the cultivation
room with an automatic water irrigation system and the same light conditions as

in case of previously described cultivation room.
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2.2.2 Sterilization of seeds

Harvested seeds were placed into 2 ml tubes, each line separately. Opened tubes
were left in a glass desiccator containing a solution of 50 ml household bleach
(Savo) and 1,5 ml 37% HCI. The desiccator was closed and approximately after
90 minutes in conditions of evaporating chlorine gas, tubes were closed,
removed and transferred to the laminar flow hood for 30 minutes to get rid of

chlorine gas.

2.3 Molecular cloning
To obtain transcriptional fusion of PhLP2, the promoter-containing region was
cloned. Cloning was designed using a web tool Goldenbraid (GB)

(Sarrion-Perdigones et al., 2013, https://gbcloning.upv.es/). For that procedure,

two types of restriction enzymes were used: Bsal and BsmBI. Geneious Prime

2019 2.3 software (https://www.geneious.com/) was used for the in silico

assembly of the construct. Cloning procedure is depicted in Fig. 16.
The cloning procedure consists of following steps:

1. Creation of a particular GB-part (Fig. 15)

2. Creation of a-plasmid (Alpha) level transcription unit

3. Creation of Q-plasmid (Omegal) level transcription unit

B - parts

N

DIST | PROX | CORE

el e Vg A
GGFG TGIAC TCICC TAICT GC.FtTmI M‘;G AG‘GC TTECG l'}G‘:TT GGITA !‘-‘G‘GT

Fig. 15: Scheme of the GB-part composite
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pDG1 alpha2

Arabidopsis thaliana
Floral dip

Fig. 16: Scheme of the GB cloning system. The domestication provides the pUPD2
containing a GB-components, which can be subsequently combined into a pDGlalphal
vector. This vector can be later ligated together with pDG1 alpha2 carrying BASTA resistance
into the destination vector (omegal), which is suitable for transformation of Arabidopsis

thaliana.
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2.3.1 Golden Braid components

GB-part Forward Reverse

PhLP2 promoter GCGCCGTCTCGCTCGGEG | GCGCCGTCTCGCTCAAT
AGCAGCTCCGATCATCT | GGCAAAGTATAACCACC
TCGAT TACGAAG

Table 2: Primers used for PhLP2 promoter, forward and reverse

Al Promoter pPhLP2; Denisa Oulehlova
AT5G14240
A2
B1
B2 SV40 NLS Nuclear localization | Tomas Moravec
signal
B3 mCherry mCherry fluorescent | Eva Medvecka
protein sequence
B4
BS STOP codon
B6 Terminator Ubiquitine Nelson Serre
terminator-pubq3
C1
Vector pUPD2 Domestication Tomas Moravec
backbone vector,

Chloramphenicol
bacterial resistance

Table 3: GB-individual parts used for cloning of pPhLP2::NLS-mCherry
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Al Promoter pPhLP2; Denisa Oulehlova
AT5G14240

A2

B1

B2 Exon Exon 1 from David Usak
AT5G14240

B3 David Usak

B4 MSPi Intron David Usak

B5S Exon (as) Antisense orientation | David Usak

according to B3-B4

B6 Terminator Ubiquitine Nelson Serre
terminator-pubq3
C1
Vector pUPD2 Domestication Tomas Moravec
backbone vector,

Chloramphenicol
bacterial resistance

Table 4: GB-individual part used for the cloning of pPhLP2::RNAi PhLP2

Primers used for the PhLP2 promoter can be found in Table 2. Particular GB
parts for pPhLP2::NLS-mCherry (Table 3) and pPhLP2::RNAi PhLP2 (Table 4)
were available in the laboratory collection. Components for PCR reaction are
listed in Table 5 and conditions are listed in Table 6. Amplified DNA was
checked using TAE electrophoresis and purified using pJET purification kit
THERMO SCIENTIFIC GeneJET Plasmid Miniprep Kit.
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PCR component Amount
5x0,5 QS5 buffer 10 ul
dNTP 1l
primer forward 0,25 ul
primer reverse 0,25 ul
DNA (20x Scar as a template) 1wl
GSE 0,5 ul
H,O 37 ul

Table 5: Components for PCR reaction used for preparation individual GB-part

Step Temperature Duration (s) Repeats
°O)

1. initial 98 30 1
denaturation

2. denaturation 98 5 -

3. annealing 60 15 -

4. extension 72 15 go to step 2, 35x
5. final extension 72 300 1

Table 6: The conditions of PCR reactions

2.3.2 Domestication with the pUPD2 vector

In this step, DNA was

chloramphenicol (CAM) resistance using components listed in Table 7. The

thermal cycler Biometra TOne by Analytik Jena was used for ligation and the

ligated with the pUPD2 vector containing

procedure was performed under conditions listed in Table 8.
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Component Amount

pUPD2 vector 75 ng
PCR product 40 ng

T4 DNA ligase (3U/ul, NEB) 1 ul
buffer for ligase (10x, NEB) 1wl
BsmBI (10U/ul, Thermo Fisher) 1wl
dH,O fill up to 10 pl

Table 7: Domestication with pUPD2 vector

Step Temperature | Duration Repeats
((®) (s)
1 37 120 25 (alternating 1* and 2™
2 16 300 step)
3 16 -

Table 8: The conditions of ligation

2.3.3 Alpha-plasmid level
For creation of a-plasmid level, components listed in Table 9 were used.

Procedure followed the steps as are described in Domestication with pUPD?2

vector.
Component Amount
PhLP2 promoter 75 ng
pDGBI1 alpha 1 75 ng
NLS; SV40 nuclear localization 75 ng
signal
mCherryB3B4-pUPD2 75 ng
STOP codon 75 ng
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ubiquitin Terminator-pubq3 75 ng
T4 DNA ligase (NEB) 1wl
buffer for ligase (NEB) 1wl
Bsal enzyme (NEB) 1wl
distilled water fill to 10 pl

Table 9: Ligation with pDG1 alpha vector

Plasmid was verified using a restriction reaction (components listed in Table
10).

Components were incubated in the tube for 1 hour at 37 °C. Electrophoresis was
used for visualization of the fragment length, the result was subsequently

compared to the predicted values to verify plasmid accuracy.

Component Amount

DNA 1,5 ul
Restriction enzyme (NEB) 0,1 ul
buffer (10x CutSmart, NEB) 1wl

dH,O filled up to 10 ul

Table 10: Components for the restriction reaction

Then, the sample was also verified using Sanger sequencing (Eurofins

Genomics).

A verified plasmid was later transformed into E.coli cells using components
listed in Table 11. E.coli competent cells (TOP10 strain) were melted on ice for
10 minutes. After that, they were carefully mixed with 1 pl of the ligation
mixture. The sample was kept on ice for 30 minutes. After that, the heat shock
was applied (42 °C for 30 seconds) and the cells were returned to ice for 5

minutes. Room temperature SOC medium was added to the mixture and the
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cells were incubated at 37 °C for 45 minutes while shaking (250 rpm). 2%
X-B-Gal (5-Bromo-4-chloro-3-indoxyl-beta-D-galactopyranoside; Biosynth)
was spreaded on the surface of solid LB medium containing chloramphenicol (¢
= 50 ul/ml). Bacterial suspension was applied on the prepared stiff medium.

Sample was cultivated overnight at 37 °C.

Component Amount
5 a E. coli (NEB) 10 ul
DNA 100 ng
SOC 190 pl
2% X-B-Gal 50 ul

Table 11: Components used for the transformation to E.coli competent cells

Transformed colonies were selected according to a blue / white selection. A
couple of independent white colonies were inoculated into 3 ml of a liquid LB
medium and incubated overnight at 37 °C while shaking (250 rpm).

The next day, DNA was isolated using the THERMO SCIENTIFIC pJET
Plasmid Purification Kit containing GenelJet. Procedure was followed according

to manufacturer instructions.

2.3.4 Omega-plasmid level

Transformed colonies were selected on Spectinomycin (50 ul/ml) and X-gal
containing LB plates and the subsequent verification was performed the same
way as in the case of the alpha level-transformation with necessities listed in

Table 12 used.
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Component Amount

pDGl alpha 1 transcriptional unit 75 ng
pDG3 omega 1 vector 75 ng
pDG1 alpha 2 vector with BASTA 75 ng
resistance cassette

BsmBI enzyme (NEB, 10U/ul) 1wl

T4 DNA ligase (NEB, 3U/ul) 1 ul
buffer for ligase (10x concentrated, 1wl
NEB)

dH,O filled up to 10 pl

Table 12: Components used for the cloning with omega plasmid level

Plasmids were verified using a restriction reaction and sequencing (as described

above).

2.3.5 Transformation to Agrobacterium tumefaciens

Components used for transformation of Agrobacterium tumefaciens are listed
and specified in Table 13. Bacterie were thawed on ice and mixed with DNA
obtained in the previous step. Sample was transferred to the electroporation
cuvette and DNA transformation was performed using electroporation
(Eppendorf Eporator 4309) approximately 5 ps at 2 200 V. Then, 200 ul YEB
was added to the cuvette for easier removal. Content was transferred to the
falcon tube containing the rest of LB medium. Bacteria were cultivated for 2
hours at 28 °C while shaking at 225 rpm. 40 pl of the mixture was spread on the
solid LB medium. Plates were cultivated for 2 days at 28 °C.
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Component Amount

DNA Omega-plasmid level 3ul

YEB medium 800 pl

Agrobacterium tumefaciens (GV 3101) 50 ul

LB containing SPEC, GEN, RIF 200 ul
e Spectinomycin (SPEC) 10 pul/ml
e (Gentamicin (GEN) 50 pl/ml
e Rifampicin (RIF) 25 pl/ml

Table 13: Components and their amount used for transformation to Agrobacterium

tumefaciens

2.3.6 Stable transformation to Arabidopsis thaliana

Stable Arabidopsis thaliana lines were obtained performing floral dip
transformation (Clough and Bent, 1998). Necessities used are stated in Table 14
and procedure was performed via following steps: Colony of Agrobacterium
tumefaciens carrying desired construct was propagated in a 1 ml liquid LB
medium and cultivated at 28 °C while shaking (250 rpm). After 6 hours, 10 ml
of LB medium was added and the culture was incubated overnight. Siliques
from Arabidopsis thaliana ecotype Col-0 (NASC ID: N70000) plants at a
flowering stage were removed to reduce the number of seeds not carrying the
mutation. Floral dip medium was added to the LB medium containing
transformed Agrobacterium. Each plant was dipped into the bacterial mixture
for approximately 30 seconds. Plants were stored overnight in dark conditions.
The next day, plants were transferred to the cultivation room. Seeds were

harvested after approximately 3 weeks of cultivation.
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Component Amount

LB medium 11 ml

Transformed A4. tumefaciens colonies -

Arabidopsis thaliana Col-0, flowering 3 individuals

Floral dip medium 40 ml

Table 14: Components used for stable transformation to Arabidopsis thaliana

2.4 Selection of transgenic plants

T1 seeds of Arabidopsis thaliana containing plasmid construct were sterilized
the way described above and after that transferred on vertical plates with /2 MS
medium containing the BASTA selection. After 7 days, resistant (visibly viable
and thriving plants) were selected for further microscopy analysis. Several
independent primary transformants with the fluorescent signal were further
propagated in Jiffy pellets to obtain T2 generation seeds. This process was

repeated to obtain next generations.

2.5 Data acquisition and analysis

2.5.1 Scanning

Images were acquired using a scanner EPSON perfection V37/V370 and
EPSON perfection V700 photo. Plates with seedling growing on agar medium
were placed vertically to the scanning area with black fabric as a background.
Images were taken every 30 minutes during various hours (as specified for each

experiment), controlled by an AutoIT script.

2.5.2 Microscopy

For microscopy measurement, vertical stage Zeiss Axio Observer 7 was used,
coupled to a Yokogawa CSU-W1-T2 spinning disk confocal unit with 50 um
pinholes and equipped with a VS401 HOM1000 excitation light homogenizer
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(Visitron Systems). Different objectives were used - EC Plan-Neofluar 5x/0.16
M27 (FWD=18.5mm), Plan-Apochromat 10x/0.45 M27 (FWD=2.1mm),
Plan-Apochromat 20x/0.8 M27 (FWD=0.55mm), LD LCI Plan-Apochromat
40x/1.2 Imm Corr DIC M27 for water or glycerine immersion
(CG=0.15-0.19mm) (FWD=0.41mm at CG=0.17mm), 100x/1.46 Oil DIC M27
(FWD=0.10mm), (UV)VIS-IR. Images were acquired using the VisiView
software (Visitron Systems). mScarlet and mCherry were excited by the laser
561 nm (emission 582 - 636 nm), mEGFF was excited by the laser 488 nm
(excitation 500 - 550 nm). Signal was detected using a PRIME-95B
Back-Illuminated sCMOS Camera (1200 x 1200 pixels; Photometrics).

2.6 Experiments setup

TAA-induced root growth inhibition

Seeds of Col-0 and RNAi1 PhLP2 were cultivated on plates with /2 MS medium
for 5 days in the conditions described above. Plates for treatment were prepared
using an IAA treatment medium described above (IAA was no longer than 3
weeks old). Grown seedlings were transferred to three plates: 2 MS with 175 pl
EtOH (mock), /2 MS with 10nM TAA and 2 MS with 50nM TAA. Growth of the
roots was observed and captured via scanning in 30 min intervals during 12 h
using the scanner.

Two images of each treatment were compared: the first one immediately after
seedling transfer to the plates, the second one after 11,5 hours. The difference of
the length of the roots (from the first image root tip to the second image root tip)

describes the increment of the root in a certain time, as specified below.

Gravitropic response - long term
Plates with seedlings cultivated vertically for 5 days inside the agar medium
were placed in the scanning area rotated by 90 °. From all images taken with the

scanner, a time stack was created, containing 24 images with 30 minute
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intervals. Root bending was measured using the ImagelJ plugin Manual tracking
(mentioned above, following the root tip in every single image of the time

series). Data was processed using Excel.

Gravitropic response - short term

5-day old seedlings of Col-0 and RNAi PALP2 grown into 2 MS medium were
used for this experiment. Plants were transferred from plate to microscopy
chamber in the block of the medium and left for one hour in a vertical position
to recover before they were rotated and the gravitropic response was followed.
Images were captured using microscopic imaging with a 10x objective setup in

brightfield in 5 minute intervals.

Phenotype observation on tilted plates

Seedlings were grown on the surface of 122 MS media in conditions described
above. The first 2 days of cultivation plates were placed vertically in the
cultivation room to prevent seedlings from growing inside the medium, after
that, plates were tilted at 45 °. After 3 days, plates were scanned and
immediately transferred back to the cultivation room. After another 4 days, the
plates were scanned again. This setup was used for measuring VGI, the number

of wave amplitudes and skewing, as specified below.

Root zonation measurement

ImM propidium iodide (PI) in /2 MS medium was spread into the circular Petri
dish (35 mm in diameter). 8-day old seedlings were dipped in the dye and
incubated in the dark for 10 minutes. After this time, seedlings were transferred
to %2 MS agar block and placed in the microscopy chamber. Roots were
observed using the vertical spinning disk microscope. This setup was used for

root zonation determination and cell counting, as specified below.

48



Images were captured using microscopic imaging with a 20x objective setup

excited by the laser 561 nm.

Lateral roots counting
10-day old seedlings of Col-0 and RNAi PhLP2 were observed using

microscopic imaging with a 20x objective setup in brightfield.

Pollen germination

Arabidopsis pollen germination medium was prepared into a 90 mm diameter
Petri dish. Pollen of pPhLP2::PhLP2-GFP plants cultivated in long day (16 / 8
h) conditions in 22 °C was spread on the solid Arabidopsis pollen germination
medium in the presence of a pistil and stigma to promote germination. The
sample was incubated in the dark at root temperature for 2 hours and after that at
28 °C for additional 3,5 hours. Germinated pollen was transferred to the
microscopy chamber directly on a piece of solid medium. This method was used

for protein expression observation.

2.7. Measurement and calculations

2.7.1 Image analysis

Images obtained from either the scanner or the microscope were processed using
software FIJI ImagelJ (Schindelin et al., 2012).

Measuring structures in different time points was corrected in the context of
shift between time points using Imagel plugin Registration >> Correct 3D drift
(used for correcting drift in time series captured using scanner or microscope;

measurement of IAA-induced root growth inhibition and gravitropic response).
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2.7.2 Experimental setup

[AA-induced root growth inhibition was measured using Plugins >>
Segmentation >> Simple Neurite Tracer (SNT) (Arshadi et al., 2021). Images in
the beginning and in the end of observation were overlaid and the difference in

root length was measured using SNT.

To calculate root bending angle, measurement of the root tip position through a
time-stack containing images in certain time intervals (specified in particular
experiments in the chapter Methods, Experimental setup) was performed using
ImagelJ >> Analyze >> Measure. Coordinates obtained from measurement were
processed using Excel for evaluating angle of the tip in every time point relative

to initial root base-tip axis.

Vertical growth index (VGI) was calculated as a ratio of base-tip distance to root
length measured (Grabov et al., 2005) using ImageJ >> Straight line or ImageJ

>> Plugins >> Segmentation >> Simple Neurite Tracer (SNT) (Arshadi et al.,

2021).

Amplitude number was counted manually. One amplitude was determined as a

root deviating from vertical axes until the direction changes.

Skewing was measured using Image] >> Angle tool. Angle was established

between root tip, root base and vertical axes.

Meristem length was measured using Imagel >> Straight line from the tip to the

border of the meristematic zone. Meristematic zone was determined as an area

between the quiescent center and the last not elongating cell in the cell file.

50


https://www.zotero.org/google-docs/?broken=SclX5j
https://www.zotero.org/google-docs/?DRaoRw
https://www.zotero.org/google-docs/?broken=SclX5j
https://www.zotero.org/google-docs/?broken=SclX5j

Cell number was counted manually in one cell file in the area of the meristem

(as described above).

Number of lateral roots was established manually.

2.7.3 Statistical analysis

Data processing and statistical analysis were done using Excel, R software (R
v4.0.2 and RStudio v1.3.1073) or available online tools
(https://www.graphpad.com/quickcalcs/ttest1/?format=C). Plots were created

using R software or Google Collab.
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3. Results

3.1 Metaanalysis of available data for PhLP2

Currently, there is very little experimental data about phosducins in plants.
Therefore, for primary research, I summarized known information and analyzed
data obtained from publicly available databases to assume the possible function

of PhLP2 based on information acquired.

3.1.1 PhLP2 phosphorylation is regulated by auxin

Based on previous research, the protein phosphorylation was found as a
common post-translational modification in protein function, which is
energetically more advantageous than de novo synthesis (Han et al., 2021a).
There were several analyses mentioning phosphorylation changes in PhLP2
related to auxin in a short time, therefore PhLP2 was selected as a potential
candidate participating in rapid auxin response. Also, phosphorylation changes
were observed in mutants in rapid auxin response-related players: AFB1, TMK1
and ABP1 (Table 15). In Col-0, treatment with an auxin antagonist
a-(2-oxo-2-phenylethyl)-1H-indole-3-acetic acid (PEO-IAA) led to high
phosphorylation of PhLP2. AFBI1 is the main player in rapid auxin response and
simultaneously inhibits the canonical pathway (Dubey et al., 2023). TMKI1
mediates phosphorylation of H'-ATPase and apoplast acidification. In the case
of afbl-3 and tmkl-1 mutants, there was an increased phosphorylation of PhLP2
compared to Col-0 and also in the case of abpl-TD1 mutant after 2 minute [AA
treatment compared to abpI-TD1 untreated. On the contrary, dephosphorylation
of PhLP2 was reported in abpl-TD1 untreated in comparison to Col-0 untreated
(Kuhn et al., 2024a). Residue Ser255 in PhLP2 was shown as a phosphorylation

changing site in all cases mentioned (Table 15).
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Phosphorylation of LOG2 |x-LOG10 | Position of Reference
PhLP2 in: (FDR) phosphorylation
Col-0 treated with IAA | 2.969 | 2.048 255 (Han et
compared to Col-0 al., 2021a)
untreated
Col-0 PEO compared to | 3.501 3.458 255 (Han et
Col-0 untreated al., 2021b)
afb1-3 compared to Col-0 | 0.283 | 1.610 255 (Kuhn et )a'-,
tmkl compared to Col-0 0.781 2.319 255 (Kl;%gjt)al-,
a
abpl-TD1 compared to -0.55 1.415 255 (Kuhn et al.,
Col-0 2024a)
abp1-TD1 treated with 0917 1.774 255 (Kuhn et al.,
IAA after 2 minutes 2024a)
compared to abpl-TD1
untreated

Table 15: Rate of phosphorylation of PhLP2 in different mutant backgrounds and conditions.
Phosphorylation in green, dephosphorylation in red

3.1.2 Characterization of PhLLP2 protein

I summarized available information and characteristics of the protein. Protein
structure can be  highly precisely predicted using AlphaFold
(https://alphafold.ebi.ac.uk/), which is an Al system combinating bioinformatics
and physical approach (Jumper et al., 2021). Based on the amino acid sequence,
it is possible to obtain prediction of the 3D structure. The tool was used for
estimation of evolutionary conserved domains, which could hint the protein
function and figure out structural aspects of the interaction map.

PhLP2 was identified as a thioredoxin-domain containing protein, indicating
disulfide oxidoreductase activity (Collet and Messens, 2010). Length of the

protein is 256 amino acids and consists of 4 independent domains (AlphaFold,
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https://alphafold.ebi.ac.uk/). The domains are estimated with different reliability.
Domains 2 - 4 are predicted with higher confidence indicating more
evolutionary  conserved sequences in comparison to domain 1.
De/phosphorylation was reported for Ser255 located in the C-terminal domain
as a penultimate amino acid of the protein (Roosjen et al., 2022). Domain 3 (a
core domain) contains the conserved thioredoxin active site Cys135 (Collet and
Messens, 2010). Protein structure is depicted in Fig. 17.

In the context of subcellular localization, the highest confidence score of gene
product was measured in the nucleus, cytoplasm and mitochondria (Hooper et

al., 2017).

Domain 4

Ser 255

-5
=
N-terminus
Model Confidence
. Very high High (90 Low (70 > | Very low
(pLDDT > 90) > pLDDT > pLDDT > 50) (pLDDT < 50)
70)

AlphaFold produces a per-residue model confidence score (pLDDT)
between 0 and 100. Some regions below 50 pLDDT may be unstructured
in isolation.

Fig. 17: Prediction of PhLP2 structure visualized using the AlphaFold
(https://alphafold.ebi.ac.uk/) with phosphorylation site Ser255 and thioredoxin active site
Cys135 labeled and complemented by the model of confidence

54


https://alphafold.ebi.ac.uk/
https://www.zotero.org/google-docs/?IaeWT4
https://www.zotero.org/google-docs/?z0BVm1
https://www.zotero.org/google-docs/?z0BVm1
https://www.zotero.org/google-docs/?8zEgxO
https://www.zotero.org/google-docs/?8zEgxO
https://alphafold.ebi.ac.uk/

3.1.3 Expression of PhLP2 within Arabidopsis thaliana

I analyzed the PhLP2 expression data using publicly available databases. It was
shown that PhLP2 is expressed in most tissues and developmental stages of the
Arabidopsis thaliana plant. However, there are several interesting differences in

the expression levels (https://bar.utoronto.ca/eplant/). The highest expression

was observed in roots and mature pollen. In mature flowers, higher rate of
expression was reported for stamen filaments and petals than opened anthers or
carpel. PhLP2 is also expressed in young and mature leaves and petioles (Fig.
18) (Klepikova et al., 2016). In the context of the root, the transcript is rather
reported in the xylem pole of vasculature and endodermis; the highest rates were
observed in meristematic and transition zones in comparison to elongation zone
(Fig. 19) (Schmid et al., 2005) Expression occurs in all developmental stages,
although the rate may differ through ontogenesis. PhLLP2 expression in siliques
was the highest in 3 days post anthesis and later in development, PhLP2
transcript level is gradually decreasing (Mizzotti et al., 2018). In seeds, the level
of PhLP2 mRNA increases in time. The highest level of mRNA was measured
in 24 hours after desiccated seeds-stratification in 4 °C in dark, while in 24
hours mRNA level slightly decreased. After transferring seeds to constant light,
the expression changes exhibited a similar pattern (Narsai et al., 2011). In
embryo, the lowest rate of mRNA was reported for the early stage, while the
highest rate occurred in the early heart stage. Later on in development, the levels

slightly decreased (Hofmann et al., 2019).
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Fig. 18: Transcript levels of PhLP2 in different tissues, (https:/bar.utoronto.ca/eplant/), the

scale represents absolute values.
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Regarding condition-dependent changes of PhLP2 expression, there was
significant upregulation in seedlings grown in constant darkness. Similarly, in
seedlings grown in short-day conditions (8/16 h), higher levels of the transcript
were detected at night (Fig. 20) (Todd P. Michael et al., 2008).
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Fig. 20: PhLP2 mRNA levels in A - 8-day old Col-0 seedlings in constant darkness, B -
7-day old seedlings of Ler in short-day condition (8/16 h). Both were grown on 3% sucrose

agar in 22 °C in different conditions.
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3.1.4 Genes co-expressed with PhLP2

When genes exhibit similar expression patterns across various developmental
and environmental contexts, they can be considered to potentially participate in
the same cellular process; the set of genes co-expressed with PALP2 can thus
provide hints at its cellular and molecular function. I therefore analyzed the
coexpression network of PALP2 wusing the ATTED II online tool
(https://atted.jp/) (Obayashi et al., 2022). Overview of the gene co-expression
can be found in Table 16.

Gene Function Other ID Co-expression
rate
SNX1 SORTING NEXIN 1 | AT5G06140 8.2
GOS12 GOLGI SNARE 12 | AT2G45200 7.5
CKA2 CASEIN KINASE AT3G50000 7.4
II: ALPHA CHAIN
2
VAP27-1 VESICLE AT3G60600 7.3
ASSOCIATED
PROTEIN 27-1
SYP51 SYNTAXIN OF AT1G16240 6.6
PLANTS 51
SCL30 SC35-LIKE AT3G55460 6.5
SPLICING
FACTOR 30
AT2G29020 RABS-INTERACTI | AT2G29020 6
NG FAMILY
PROTEIN
WAV2 ALPHA/BETA-HY | AT5G20520 6
DROLASES
SUPERFAMILY
PROTEIN

Table 16: Overview of genes co-expressed with PhALP2, Co-expression rate = relative value,

the higher value, the higher rate of co-expression, data obtained from ATTED-II database
(https://atted.jp/).
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The strongest co-expression coefficient was reported for SNXI, which is a
protein that regulates endomembrane trafficking and as such is also involved in
auxin distribution. There are also other co-expressed genes involved in
endomembrane trafficking, including GOLGI SNAP RECEPTOR COMPLEX
MEMBER 1-2 (GOS12), VESICLE ASSOCIATED PROTEIN 27-1 (VAP27-1),
SYNTAXIN OF PLANTS 51 (SYP5I) or Rab5-interacting family protein.
Co-expression-rate related to PhLP2 was also reported for ALPHA CHAIN 2
OF CASEIN KINASE II (CKA42), which is related to light stimuli and circadian
rhythms (Marques-Bueno et al., 2011), or an alpha/beta HYDROLASES
SUPERFAMILY PROTEIN WAVY GROWTH 2 (WAV?2) participating in root
growth regulation.

In general, there are various highly co-expressed genes involved in membrane

trafficking and protein sorting.

3.1.5 Protein-protein interactions of PhLLP2

Another approach helping to estimate possible functions of PhLP2 is the
overview of its interacting partners. Publicly available databases provide PhLP2
related information based mainly on three publications: Y2H screening by
(Klopftleisch et al., 2011), TOR mass spec by (Van Leene et al., 2019) and
VH1/BRL2 interactome by (Ceserani et al., 2009). Information traceable using
databases and supplementary information can provide further prompter about
PhLP2 function. Protein-protein interactions with PhLP2 are visualized in Fig.

21 and 22.
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Fig. 21: A map of protein-protein interactions with PhLP2 (AT5G14240, center) obtained
from Arabidopsis Interactions Viewer 2.0 (https://bar.utoronto.ca/interactions2/#%7B%7D),

edited
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Based on the Y2H interaction screen, PhLP2 interacts with RGS1 (Klopftleisch
et al., 2011), which is a heterotrimeric G-protein regulator. This is consistent
with the stated phosducin engagement in animal heterotrimeric G-protein
signaling (Chen and Jones, 2004; Stateczny et al., 2016) and RGSI1-related
sugar-binding legume lectin family protein, RGS1-HXK1 INTERACTING
PROTEIN 1 (RHIPI) (Huang et al., 2015).

For PhLP2, there was also predicted interaction with ERECTA-LIKE 4 (ELK4),
which encodes the beta subunit of heterotrimeric G-protein (Lease et al., 2001a).
Several interactors of PhLP are involved in phytohormone regulation:
JASMONATE-ZIM-DOMAIN PROTEIN 3 (JAZ3). Among proteins related to
auxin, there is MAJOR FACILITATOR SUPERFAMILY involved in auxin
transport (Remy et al.,, 2013), further ZINC-FINGER HOMEODOMAIN
PROTEIN 2 (ZHD2) or SCARECROW-LIKE 15 (SCL15).

Leucine rich repeat kinase VASCULAR HIGHWAY 1 (VHI1) related to
meristem development (Al-Harrasi et al., 2020; Clay and Nelson, 2002), beside
others, was also identified as PhLP2 interactor in Y2H (Klopffleisch et al.,
2011).

Affinity capture MS proved RAPTORI1, the main interacting partner of the
TOR, as an interacting partner (Salem et al., 2018; Van Leene et al., 2019).
Several other interactors are related to wvesicle trafficking: such as
SNARE-protein SYNTAXIN OF PLANTS (SYP23) or Rab5-interacting family
protein (Ibrahim et al., 2020; Klopffleisch et al., 2011).

Additionally, there were also predicted interactions with various proteins
(Geisler-Lee et al., 2007). Several of them belong to the CCT group, which are
chaperonins essential for proper actin and tubulin molecules assembly (Brackley
and Grantham, 2009; Grantham, 2020), expressed by stem cells (Llamas et al.,
2021). Another possibly interacting partner is WRM actin related protein 2,
which participates in ACTIN RELATED PROTEIN 2/3 (ARP2/3) complex
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(Mathur et al., 2003). Orthology-based interactor prediction indicate possible
interaction with CYTOCHROME P450 51G1 (CYP51G1) (Geisler-Lee et al.,
2007), which is a protein that belongs to the group of cytochromes required for
proper plasmatic membrane development and integrity (Geisler-Lee et al., 2007;

Kim et al., 2005).
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Fig. 22: A map of physical protein-protein interactions with PhLP2 (AT5G 14240, center),
obtained from BioGRID (https://thebiogrid.org/)

Additional information can be obtained from different database.
Serine/threonine-protein kinase BRI1-LIKE 2 (BRL2) was identified as another

interactor based on a reconstituted complex - the interaction was detected
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between purified proteins in vitro (Ceseranti et al., 2009).

3.2 Pattern of PhLP2 expression and localization

3.2.1 Observation of promoter activity

Since currently there is very little known about the function of PhLP2, an
overview of the tissues in which the promoter is active can provide important
insights into the gene function. For this purpose, I prepared a line with a
pPhLP2-driven expression of NLS-mCherry, which was used for observation of
the promoter activity in different tissues. Native promoter was estimated as a
400 bp long sequence between START codon and a coding sequence of the
neighboring gene CONSTITUTIVE PHOTOMORPHOGENIC 13 (COP13).
According to my observation, the promoter was active in both young and mature
leaves and in trichomes (Fig. 23). In the flower, the promoter was active in
petals and style replum. Less intense signal was observed in the stem tissue,
fertilized seeds or pollen grains (Fig. 25, 26). In the root, I observed the
promoter activity in the root meristem, vasculature and maturation zone in the
epidermis and trichoblasts in particular. Signal was also visible outside of the
nucleus indicating cleaved particular components. Fluorescent protein detached

from NLS could occur in the cytoplasm (Fig. 24).
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Fig. 23: Promoter activity of pPhLP2 visualized wusing transcriptional fusion
pPhLP2::NLS-mCherry (in red) in T2 plants. A - mature leaf, B - young leaf, C - petiole, D -

trichomes
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Fig. 24: Promoter activity of PhLP2 in A - root tip, B - detail of root meristem

Fig. 25: Promoter activity of pPhLP2 visualized using transcriptional fusion
pPhLP2::NLS-mCherry (in red) and autofluorescence (in green) in T2 plants. A - petal; B -
stigma, style; C - anther with filament; D, E - fertilized ovule, F - mature
pPhLP2::NLS-mCherry T2 plant, flowering stage
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Fig. 26: pPhLP2::NLS-mCherry T2 screening of promoter activity in pollen

grains, A - mCherry signal in red, B - autofluorescence in green

Activity of the promoter corresponds to information about transcript levels

obtained from publicly available databases.

3.2.2 Localization of PhLP2 protein in plant tissues

The site of the promoter activity may not always fully correspond to the site of
the protein accumulation. To analyze the localization of PhLP2 protein in
Arabidopsis tissues, I used a native promoter-driven PhLP2 tagged with
mScarlet or mEGFP fluorescent proteins - the pPhLP2::PhLP2-mScarlet and
pPhLP2::PhLP2-mEGFP lines created by Denisa Oulehlova.

In roots, localization was observed mainly in the meristem and early elongation
zone and vasculature (Fig. 27). At the subcellular level, the signal was localized

in the nucleus and cytoplasm. 1 also observed the PhLP2-mScarlet signal in
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petals, mature leaves or trichomes. On the subcellular level, protein is localized

mainly in the nucleus and cytoplasm (Fig. 28) as well as in root.

200 ym

Fig. 27: Localization of PhLP2 visualized in seedlings of pPhLP2::PhLP2-GFP (created and

captured by Denisa Oulehlova). mEGFP signal is present in the meristem zone, early

elongation zone and vasculature.
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300 pm

Fig. 28: Localization of
PhLP2  visualized by
pPhLP2::PhLP2-mScarlet
(PhLP2 signal in magenta,
autofluorescence of
chloroplasts in green) in
nucleus and cytoplasm in
A - leaf epidermal cells, B

petal base, C - trichome

According to indications that PhLP2 knock-out lethality might be caused by

gametophytic defects, I focused on the expression in pollen grains and tubes.

Observation was performed using pPhLP2::PhLP2-mEGFP translational fusion.

I observe abundant signal in the cytoplasm in both pollen grains (Fig. 29-A) and

pollen tubes (Fig. 29-B).
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Fig. 29: Localization of PhLP2 in pPhLP2::PhLP2-mEGFP translational fusion in the

cytoplasm of A - germinating pollen grains, B - pollen tubes

According to fluorescent signals observed, protein localization corresponds to
the promoter activity. Interestingly, the signal in germination pollen grains and

tubes was very strong.

3.3 Phenotype analysis of RNAi PhLP2?

In comparison to Col-0, mutant in the PhLLP2 gene could provide a closer outline
of which processes PhLP2 is involved in based on the analysis of the mutant
phenotype. However, there were no phlp2 T-DNA lines containing mutation
among the publicly available databases. Subsequently, colleagues in the
laboratory used CRISPR-Cas9 technology to create a novel phlp2-cr
loss-of-function alleles. In the T1 generation, various individuals exhibited
consistent phenotype of defects in primary root growth, but phlp-cr alleles were
not possible to propagate to the next generation, which might indicate
gametophytic or embryonic lethality (unpublished data). Since it was not
possible to recover homozygous phlp2 mutant lines from publicly available

databases, line with lower expression of PhLP2 was used for phenotype
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analysis. RNA interference (RNAI) is a tool for lowering expression of a target
gene, in contrast with insertion mutation. Degradation of host mRNA happens
via enzymatic machinery, when guided RNA string is led into RNA-induced
splicing complex (RISC) by argonaute proteins and double string RNA-binding
proteins. Guided strand exiting RISC is subsequently led to complementary
mRNA, which is cleaved by argonaute proteins (Taxman et al., 2010).

To observe the function of PhLP2, I wanted to prepare a RNAi PhLP2
knock-down construct expressed under estimated native promoter, because the
phenotype would correspond to natural occurrence of PhLP2. Unfortunately, the
cloning process of the knock-down expressed under native promoter failed and
it was not possible to continue with transformation to Arabidopsis thaliana. For
phenotype analysis I used the knock-down line RNA1 PALP2 already available
in the laboratory (created by Denisa Oulehlova) expressed under the 35S
promoter that provides strong constitutive expression within the plant.

In T2 generation of RNA1 PhLP2, PhLP2 expression level was downregulated
to 30,18 % of Col-0 expression (Table 17).

Col-0 RNAi PhLP2

Gene level (TPM) 92,41 32,66
Table 17: Gene expression level of PALP2 in Col-0 and RNAi PALP2 in T2 generation,

TPM = transcript per million

Observed phenotype of RNAi PhLP2 line was strongly affected in comparison
to Col-0. Among the most prominent phenotype characteristics were distorted
siliques, loss of apical dominance in the shoot, retarded growth, strongly waved

primary root or decreased number of lateral roots (Fig. 30 and 31).
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RNAI PhLP2 Fig. 30: Phenotype of adult
plant of RNAi PhLP2 line,
flowering stage - disordered
siliques, apical dominance
loss; T2 generation (left), T1
generation (right), created by

Denisa Oulehlova

Fig. 31: Phenotype of knock-down line RNAi PhLP2, 5-day old seedlings grown of /2 MS

medium
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3.3.1 Primary root phenotype

One of the most conspicuous characteristics of the RNA1 PALP2 line is that the
primary root was strongly waved in comparison to Col-0 (Fig. 32-A). To
quantify the rate of waved phenotype, I measured a VGI as a ratio of whole root
length to distance from its base to the tip. VGI of 5-day old seedlings of both
lines was compared; the experiment was performed in three replicas. Processed
data indicates that the difference of VGIs between lines RNAi PALP2 and Col-0
was statistically significant (Fig. 32-B) in all measurements performed. Value of
VGI = 1 indicates a perfectly straight root, since the root length and distance
from base to tip are equal. Apparently, lower VGI value describes a more curvy
root. VGI of Col-0 was significantly higher than in RNAi1 PALP2, which is a

result confirming stronger root waving of RNA1 PALP2 in comparison to Col-0.
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Fig. 32: Representative measurement of VGI, A - comparison of Col-0 and RNAi PhALP?2
growing on vertical plates, B - difference in VGI of Col-0 compared to RNAi PhALP2,
Student’s t-test (o = 0,05) was used to determine the significant difference between Col-0 and

RNAi PhLP2. *p <0.05, **p <0.01, ***p <0.001, ns = not significant
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Although the roots of RNAi PALP2 knock-down exhibit demonstrably stronger
curvature, the wave pattern could not be described by the VGI approach. The
number of waves present in the root can describe whether the waving rhythm
differs. On plates cultivated vertically it was difficult to distinguish the presence
of waves in Col-0 plants so it was hard to compare its pattern to knock down
lines. Seedlings of Arabidopsis thaliana are known to exhibit a stronger wave
pattern of primary root growing on plates tilted on 45 ° (Li et al., 2016).
Cultivating the seedlings on 45 ° tilted agar plates can provide visible wave
pattern even in Col-0 (Fig. 33-A). Amplitudes of waves of each root were
counted and related to root length. Experiment was performed in three replicas. I
found that the RNA1 PhALP2 exhibited a higher number of wave amplitudes per
mm (Fig. 33-B), and the difference between Col-0 and RNAi1 PALP2 was

statistically significant.
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Fig. 33: Waved primary roots in 9-day old seedlings of Col-0 and RNAi PALP2 grown on 45
° tilted plates containing > MS medium, A - phenotype of Col-0 compared to RNAi PhLP2,
B - amplitudes of root waving per mm. Student’s t-test (o = 0,05) was used to determine the
significant difference between Col-0 and RNAi PALP2. *p <0.05, **p <0.01, ***p <0.001,

ns = not significant
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Roots of Col-0 growing on the surface of the medium naturally exhibit
left-handed growth orientation (from the upper point of view). Waving and
skewing are related processes (Oliva and Dunand, 2007) and it might be
possible that the phenotype of RNA1 PALP2 exhibits defects in skewing.
Therefore, 5-day old seedlings and 9-day old seedlings were cultivated on 45 °
tilted plates. Angles of the root tip according to the vertical axis were compared
in lines Col-0 and RNAi1 PALP2 in three replicas as above. There was no
difference in skewness between Col-0 and RNAi PALP2 lines in the case of
5-day old seedlings (Fig. 34-A), however, after 9 days of cultivation, I observed
a significant difference in skewing between Col-0 and RNAi PALP2 (Fig. 34-B)
indicating defect in left-handed skewness in the RNAi PALP2 line.
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Fig. 34: A - Boxplot showing differences in angle (in degrees) of skewing of A - 5-day and B
- 9-day old Col-0 and RNAi PALP2 seedlings. Student’s t-test (o = 0,05) was used to
determine the significant difference between Col-0 and RNAi PALP2. *p <0.05, **p<0.01,

*#%p <0.001, ns = not significant

3.3.2 Initiation and outgrowth of lateral roots
The RNA1 PhLP?2 line visibly exhibited a reduced number of lateral roots (Fig.

35). Both the initiation and outgrowth of lateral roots depends on the functional
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auxin pathway (Torres-Martinez et al., 2020). I analyzed the initiation and
outgrowth of primordia to dissect in which step of lateral root formation the
RNAi PhLP?2 line is defective. To do so, 8-day old seedlings of Col-0 and RNAi
PhLP2 lines were compared in context of absence / presence and number of
lateral roots, their primordia and ratio of these characteristics. Both LRs and
primordia were counted on individuals and the number of those structures were
compared as absolute values (Fig. 36). The experiment was performed in three
replicas. I observed a statistically significant lower number of both LRs and
primordias in RNAi PALP2 compared to Col-0 in all replicas. Additionally,
there was no significant difference in ratio of lateral roots / primordia in all three
replicas. Based on results, I concluded that LRs and primordia occur in RNA1
PhLP2, although their abundance is significantly lower. However, the ratio of
LRs and primordia was resembling in Col-0 and knock-down, which indicate
that low number of lateral roots is caused rather by lack of primordial initiation

than outgrowth disability.

Fig. 35: Comparison of LR in 23-day old seedlings of
@ Col-0 (left) and RNAi PhLP2 (right). Col-0 seedlings
& exhibit visible LR emergence, however, RNA1 PALP?2
line possess very little number of LR, moreover

poorly developed
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C Fig. 36: A - Number of lateral roots, B -
number of primordia, C - Ratio of lateral
37 e roots and primordias. Student’s t-test (a =
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3.4 Auxin related processes

Phosphorylation changes in PhLLP2 were observed after application of TAA
(Table 15). This, together with the altered lateral root phenotype, suggests a
possible involvement of PhLP2 in auxin-related processes. Therefore I analyzed

whether auxin responses are affected in RNAi PALP2.

76



3.4.1 TAA-induced root growth inhibition

The application of nanomolar concentrations of [AA inhibits root cell elongation
(Dubey et al., 2021). First, I tested whether the RNA1 PALP2 knock-down is
sensitive to exogenous auxin application and if so, whether the rate of inhibition
differs in RNAi PhLP2 compared to Col-0. 6-day old seedlings were transferred
to plates containing 2 MS medium with three treatments: 10nM TAA, 50nM
IAA and mock. Immediately after transfer, growth of roots was captured using a
flatbed scanner for 11,5 hours in 30 minute intervals (Fig. 38).

Analysis was performed in five replicas. According to my measurement there
were detectable significant differences in the 50nM IAA treatment (Fig. 39)
when inhibition of Col-0 was stronger in comparison to RNA1 PALP2. However,
one of the replicas showed no significant difference in root inhibition between
lines and one of the replicas revealed even stronger inhibition of root growth in
RNAi PhLP2. In the 10nM TAA treatment, the results were not consistent, only
two replicas showed a difference in root growth inhibition between the lines,
although one of them showed stronger inhibition in Col-0 compared to RNAi
PhLP?2 and the second one showed the opposite, therefore results obtained are
not conclusive and do not clearly provide information about how the
IAA-induced root inhibition differs in RNAi1 PhALP2. Nevertheless, the results
clearly show that the auxin-induced root growth inhibition occurs in the RNA1
PhLP2 line (Fig. 37). To understand the PhLP2 connection to auxin I observed

manifestations of auxin-related processes in next experiments.
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Control

RNAi PhLP2

Fig. 37: Example of root inhibition after IAA application: 6-day old seedlings of Col-0 and
RNAi PhLP2 captured at the beginning of the treatment (root position in blue) and after 11,5
h, control (upper) and treated with 50nM IAA (lower)
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Fig. 38: Increment of roots of 6-day old seedlings of Col-0 and RNAi PALP2 11,5 hours after
IAA application
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Fig. 39: Representative measurement of root growth inhibition of 6-day old seedlings of
Col-0 and RNAi PhLP2 upon different IAA concentrations described as an increment in 11,5
hours: 100% increment after 11,5 hours is represented by average increment of plants
growing on control medium. Seedlings treated with IAA were grown on 2 MS medium
containing 10nM or 50nM IAA. Student’s t-test (o = 0,05) was used to determine the
significant difference between Col-0 and RNAi PhLP2. *p <0.05, **p<0.01, ***p <0.001,

ns = not significant

3.4.2 Gravitropic response
Gravitropism of a primary root can be used as a biological readout of the rapid
auxin response. As was mentioned above in the Introduction chapter, AFBI

signaling is required for this process and the afb/ mutant was shown to lack the
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initial rapid phase of the gravitropic response. I wanted to observe whether the
RNA1 PhLP2 exhibits gravitropic response and if so, I wanted to measure the
difference in root bending in comparison to Col-0. Seedlings of both
backgrounds were grown inside /2 MS medium. When the seedlings were grown
on the surface of the medium, they exhibited a strong waving pattern of their
primary roots. After 90 ° rotation of the plates, the primary roots bent in the
direction of the gravity vector, but the gravitropic response itself was masked by
the waving phenotype. Growing seedlings inside the agar medium creates a
pressure on the root, which reduces waving (Fig. 40-B). That was why for this
experiment, the seedlings were grown inside of the medium.

Samples were rotated 90° to observe gravitropic response and immediately
captured using a scanner for 11,5 hour observation (long term) in a 30-minute
interval or using a microscope for ~200 min observation (short term) in
S5-minute intervals. Samples of lines Col-0 and RNAi1 PALP2 were compared in
four (long term) and five (short term) replicas.

In the case of the long-term gravitropic response, 4 timepoints were selected for
comparing a difference in root bending progress (3, 6, 9 and 11,5 hours after
gravitropic stimulation). There was no difference in root bending between Col-0
and the RNAi PALP2 in 3 hours after gravitropic stimulation in the case of 3 out
of 4 replicas. One measurement revealed a significantly lower angle of root
bending in the RNAi PALP2. After 6 and 9 hours, a significantly stronger
bending was observed in Col-0 compared to the RNAi PhLP2, except one
replica showing the opposite. In 11,5 hours, no difference in root bending
between the genotypes was observed. In general, early stages of the response do
not indicate gravitropism disruption in the RNA1 PALP2. Differences occurred
later during observation, although in the end, root bending of both lines

equalized (Fig. 40-A).
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Fig. 40: Long term gravitropic
response of 5-day old seedlings of
Col-0 and RNAi PALP2 in 11,5
hours, A - long-term gravitropic
response during 11,5 h after rotating
samples, angle (degrees) of the
bending root in time. Student’s t-test
(o = 0,05) was used to determine the
significant difference between Col-0
and RNAi PALP2, *p<0.05,
**p<0.01, ***p<0.001, ns = not
significant. B - root bending of 5-day
old seedlings of Col-0 and RNAi
PhLP2 in %2 MS medium in 11,5

hours after gravitropic stimuli



In case of the short term gravitropism analysis, selected time points for the
bending angle comparison were 10, 15, 20 and 25 minutes to evaluate
progress of gravitropic response immediately after gravitropic stimulation. I
observed no difference in all selected timepoints, which indicates that the

gravitropic response in RNAi PhLP2 remains unaffected (Fig. 41).
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Fig. 41: Short-term gravitropic response of 5-day old seedlings of Col-0 and RNAi PALP2
in 195 minutes, A - angle (degrees) of the bending root in time, Student’s t-test (o = 0,05)
was used to determine the significant difference between Col-0 and RNAi PhLP2.
*p<0.05, **p<0.01, ***p<0.001, ns = not significant. B - the root position 5 minutes

after gravitropic stimulus visualized in blue, root position after 195 minutes is visualized in

gray
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3.4.3 Root zonation

Auxin plays an important role in the root meristem development (Kubalova et
al., 2024) and, as it was described above, PhLP2 is distinctly expressed in the
root meristem. Therefore, I analyzed the size of the meristem to test whether
PhLP2 participated in meristem development. 8-day old seedlings of Col-0 and
RNAi PhLP2 were stained with 1 mM PI and imaged using a spinning disk
confocal microscope. The meristem was estimated as an area between quiescent
center (pool of stem cells, origin of meristem cells) and a last cell in cell file
before elongation occurs. Length of the meristem was measured using ImageJ
tools. The measurement was performed in three replicas. I observed that the
meristem zone of RNAi PhLP2 was significantly shorter compared to Col-0 in
all three replicas (Fig. 42).

84


https://www.zotero.org/google-docs/?rXUJQL
https://www.zotero.org/google-docs/?rXUJQL

RNAi PhLP2

320 -
300 -
?.
E 280 2
E Lo
S 260 - : .
2 :
£ 240 ‘
® ;
O 220 3
> —_——
200 -
180 - 11 11
I 1
Col-0 RNAi PALP2

Fig. 42: Meristem length in Col-0 and RNAi PhLP?2 lines, A - meristem length of 8-day old
seedlings of Col-0 and PALP2, meristem is labeled in blue B - root meristem length
comparison of Col-0 and RNAi PhLP2 stained with 1 mM PI, Student’s t-test (o = 0,05) was
used to determine the significant difference between Col-0 and RNAi PALP2. *p <0.05,

*#p <0.01, ***p <0.001, ns = not significant

The length of the meristematic zone can be determined either by the cell
division activity or the cell elongation (or both). Difference in cell division
activity can be estimated based on cell number. Therefore, the number of cells

of RNA1 PhLP2 in a cell file according to the basipetal axes was counted and
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compared to Col-0. According to my measurement, in two of three replicas,
there was a significantly lower number of cells in RNAi PALP2 compared to
Col-0 and in one replica, the difference was at the limit of significance (Fig.
43-A). Although, the ratio of cell number compared to the length of meristem
equaled in both RNAi PALP2 and Col-0 (Fig. 43-B) which indicates that the
number of cells is proportional to meristem length in RNAi PALP2 in

comparison to Col-0.
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Fig. 43: Cell division activity, A - the number of cells in one cell file, B - Comparison of cell
division activity expressed as the ratio of number of cells / length of meristem. Student’s t-test

(a = 0,05) was used to determine the significant difference between Col-0 and RNAi PhLP?2.
*p<0.05, **p <0.01, ***p <0.001, ns = not significant
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4. Discussion

PhLP2 phosphorylation is rapidly induced by an exogenous application of TAA.
Independently to IAA application, phosphorylation changes of PhLP2 in
mutants of afbl-3, tmkl and abpl-TD], i.e. the main players in the rapid auxin
response, indicate that these signaling components are not required for the
phosphorylation of PhLLP2 (Han et al., 2021b; Kuhn et al., 2024b). Col-0 treated
with PEO-IAA (the auxin signaling antagonist) showed a higher rate of
phosphorylation of PhLP2 compared to untreated Col-0. This indicates that the
PhLP2 phosphorylation is rather variable and is not specific to auxin treatment.
Instead, the phosphorylation changes might be connected to the stress,
secondarily caused by the treatments application (as could be for example a
reaction to excessive cell elongation after the application of PEO-IAA) (Sharma
et al., 2012). Phosphorylation of phosducin-family proteins was already reported
in the animal system; receptor-like kinase G-PROTEIN COUPLED
RECEPTOR KINASE 2 (GRK?2) mediates a phosphorylation of their C-terminal
domain, which decreases the ability of the protein to bind PBy-subunit of
heterotrimeric G-protein (Ruiz-Goémez et al., 2000). In all cases mentioned, the
position of phosphorylation of PhLP2 was Ser255, located in the 4™ domain,
less conserved than the core domain containing the thioredoxin active site.
Would a mutation of this site exhibit a phenotype comparable to RNAi PALP2?
If not, 1t would indicate that the wvital PhLP2 function 1s not
phosphorylation-dependent.

The promoter activity I observed using pPhLP::NLS-mCherry predominantly
corresponded to the expression patterns obtained from publicly available
databases. Additionally, I observed its activity also in the trichomes. Protein
localization throughout developmental stages corresponded to the PhLP2
promoter activity, which indicates that there are no significant tissue-specific
post-translational modifications of the protein. At a cellular level, PhLP2 was

present in the cytoplasm and nucleus in all tissues. It corresponds to the
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cytosolic localization of the phosducin family proteins in animal systems
(Blaauw, 2003). A small fraction of the animal phosducin proteins occurs also in
the nucleus (Chen et al., 2005; Margulis et al., 2002). In Arabidopsis, plant
phosducin PhLP3a and PhLP3b are localized in cytoplasm and nucleus,
comparably to PhLP2 (Castellano and Sablowski, 2008).

PhLP2 signal was abundantly observed in the cytoplasm in germinating pollen
grains and tubes, which corresponds to the information obtained from databases
describing the expression in the mature pollen. Based on this and also based on
the impossibility to propagate progeny of the knock-out mutants, PhLLP2 might
play an important role in the pollen development or fertilization. However,
based on current knowledge, no specific function can be predicted. In the future,
also the female gametophyte and embryo should be examined in the context of
the knock-out lethality.

Biological processes involving PhLP2 could be hinted based on the function of
genes, which are co-expressed with PhLP2. Among genes with higher
coexpression, several of them participate in vesicular transport. SNXI is
involved in plenty of processes by sorting cargo in the endosome pathway to
vacuoles. For example, the sorting of PIN2 was shown to be mediated by
endosomes containing SNX1 (Jaillais et al., 2006). Interestingly, SNXI is
phosphorylated after auxin application and an overexpression of SNX1 leads to
the retarded growth of the primary root and lower density of LRs (Kleine-Vehn
et al., 2008; Zhang et al., 2013).

SYP23 and SYP51 seem to be also connected to PhLP2. These proteins
participate in endomembrane trafficking (De Benedictis et al., 2013; Ibrahim et
al., 2020). Since the phenotype exhibits disruptions in auxin-related processes,
vesicle trafficking might potentially influence localization of PINs to the plasma
membrane and therefore distribution of IAA.

There were shown interactors of PhLP2 participating in heterotrimeric G-protein

signalization: RGSI1, which regulates G-protein activity by inhibiting
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dissociation of its subunits, or PhLP2 predicted interactor ELK4 encoding its
B-subunit (Klopffleisch et al., 2011). These interactors participate in G-protein
signaling, which corresponds to the published research about phosducins
involvement in the heterotrimeric G-protein signaling in animals (Humrich et
al., 2005; Lukov et al., 2005; Stirling et al., 2007).

Another group of PhLLP2 interactors belongs the CCT group, which are proteins
known to participate in the protein folding, including folding of individual
subunits of the heterotrimeric G-proteins (Humrich et al., 2005) or cytoskeleton
components (Llamas et al., 2021). However, null-mutations of heterotrimeric
G-proteins in plants lead to rather subtle phenotypes, which indicates that sole
impairment of this pathway (either by mis-regulation of signaling or aberrant
folding of the subunits) cannot explain the strong phenotype of PhLP2 mutants
(Lease et al., 2001b; Ullah et al., 2003, 2001; Urano et al., 2016). That indicates
engagement of PhLP2 in plant signaling or metabolism beyond this pathway.
[AA-induced (directly or not) phosphorylation of PhLP2 requires the activity of
a kinase. There are several kinases identified as co-expressed or interacting with
PhLP2 and it might be possible that some of them participate in PhLP2
phosphorylation. One of the co-expressed kinases, CKA2 was shown to be auxin
involved. Transient induction of dominant negative CKA2 (CKA2mut) leads to
disruption of auxin transport resulting in a short and wavy primary root. CK2
kinases are also connected to circadian rhythms regulation (Marqués-Bueno et
al., 2011), which also influence auxin regulation pathways (Covington and
Harmer, 2007).

Since phosphorylation of PhLP2 was reported for serine, another relevant hint
might be a serine/threonine receptor-like kinase BRL2/VHI1. vkl mutant is for
instance hypersensitive to an exogenous auxin application, which manifested as

a retarded root growth (Ceserani et al., 2009).

Cloning of hairpin with native PhLLP2 promoter unfortunately failed. As a
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backup strategy, I took advantage of the hairpin driven by a 35S promoter
available in the laboratory for the phenotype analysis. The idea was to observe
the knock-down-mutant phenotype of tissues, where PhLLP2 naturally occurs and
based on this to suggest which developmental processes might be involved in.
However, expression under the 35S promoter might not fully correspond to the
native promoter. For example, I observed strong expression of the protein in the
pollen where the 35S promoter is not active, therefore some phenotype
characteristics could be missed. In general, the phenotype of the available line
exhibited strong defects mainly in the primary root development.

The root of RNA1 PhLP2 was significantly waved in comparison to Col-0. This
pattern could be explained by multiple reasons including the hypersensitivity to
the stimuli connected to waving. The waved phenotype is caused mainly by
interplay of the gravity sensing, mechanosensitive reaction and circumnutation.
Waved primary root of the mutant wav2 resembles the RNAi PALP phenotype
(Mochizuki et al., 2005). WAV2 is a gene co-expressed with PhLP2 (although
the rate of the co-expression was not high). However, the root of its mutant does
not lead to skewing of the primary root. Therefore, connection of WAV2 to
PhLP2 could not fully explain observed root phenotype. The gravitropic
reaction is one of the factors influencing the root waving. Distribution of PIN to
PM is important for the auxin polar transport maintenance. Its disruption can
lead to both waved and agravitropic phenotype, as could be seen in pin2 mutant
(Fig. 2) (Blakeslee et al., 2007; De Smet et al., 2007). However, RNA1 PhLP2 is
not agravitropic. Another process participating in root wavy phenotype,
circumnutation, describes a spiral movement of the root tip. When the root
deviates from the direction of the growth, gravity stimulation leads it back. This
coordination enables avoiding obstacles in the soil while growing (Okada and
Shimura, 1990). Seedlings growing on tilted plates are constantly in touch with
the agar medium surface. As was mentioned in the Results chapter, the wavy

root phenotype of RNAi PALP2 growing in the stiff medium disappears. The
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waving pattern was rescued by uniform external pressure, indicating possible
hypersensitivity to the contact with the solid medium.

Col-0 growing on the medium surface naturally exhibits the left-handed
skewness of the primary root (Rutherford and Masson, 1996). The angle of the
root skewness of 5-day old seedlings did not differ, however, in 9-day old
seedlings was significantly lower in RNAi PALP2 and Col-0. The longer the
root 1s, the more the angle between root tip, root base and vertical axis increases.
In 9 days of the cultivation, due to the retarded growth of RNAi PALP2, roots of
Col-0 were significantly longer than RNAi PALP2. It might be possible that the
difference is caused by the root length, however, mutant roots seemed to tend to
skew in the opposite direction (Fig. 33). The only earlier described Arabidopsis
phosducin proteins PhLP3a and PhLP3b are responsible for a proper
microtubule folding (Castellano and Sablowski, 2008; De Mendoza et al., 2014)
which could point to the possible connection of PhLP2 to microtubules. The
drug-induced destabilization of microtubules was shown to increase the skewing
in Arabidopsis roots, however, simultaneously with the coiled primary root
(Ishida and Hashimoto, 2007), which I did not observe in RNAi PhLP2, so the
connection to microtubules is not convincing. As was mentioned in the
Literature overview chapter, skewing and waving are related processes and the
skewed root phenotype of RNAi PALP2 could also be a consequence of defects
in the wave pattern.

Lateral roots barely occur in seedlings of RNAi1 PALP2, and this phenotype is
most likely caused by a decrease in the number of established primordia. LR
development is connected to auxin transport and signaling and the initiation and
the outgrowth are regulated differently (Dubrovsky et al., 2008; Torres-Martinez
et al., 2020).

Primordias are grown from the xylem pole of the pericycle, where PhLP2 is
expressed according to ePlant. Defects in the primordial initiation were

observed in triple plt3plt5plt7 mutants (Du and Scheres, 2017). arf7arf9 double
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mutant exhibits defects in LRP initiation, which can be rescued by
overexpressing PLT3PLT5PLT7. In the case of triple mutant pl¢t3plt5plt7 there
were defects in LRP development but not initiation itself (Xie et al., 2021).
Phosphorylation of PhLP2 was increased in the afb/ mutant in comparison to
Col-0. It hints that both could simultaneously contribute to LRP development.
AFBI1 is expressed in developing LRP and their overlaying tissues. Interestingly,
the afbl mutant has a higher number of LRs and the AFBI overexpression leads
to fewer LRs compared to Col-0. The difference is caused by defects in LR
emergence (outgrowth) and not by decreased number of primordia initiated, as
it was observed in RNAi PhLP2 (Dubey et al., 2023). Also, TMKI and TMK4
expression is increased in LR through different developmental stages. tmkltmk4
double mutant possess a few LRs, although LRPs are initiated (Huang et al.,
2019). PhLP2 is probably not connected to the rapid auxin response players
during LR development.

LRPs occur more frequently in mutants of PB-subunits of the heterotrimeric
G-protein, which are considered as negative regulators of the auxin-induced cell
division (Ullah et al., 2003), which lead us again to potential involving of
PhLP2 in the heterotrimeric G-protein signaling.

And also, ABERRANT LATERAL ROOT FORMATION 4 (ALF4) regulates
the LRP initiation through the cell division ability and lack of LRPs observed in
alf4 mutant was not possible to rescue after the IAA application (DiDonato et
al., 2004). The connection of PhLP2 to LRP development might not be
connected to auxin as well, since RNAi1 PhLP2 seems not to be IAA-insensitive.
In future research, this could be revealed based on whether LRP deficiency
could be rescued by IAA application.

VHI1/BRL2, which is a kinase identified as a PhLP2 interactor in Y2H, is
connected to the cell division activity and participating in xylem pole of
vascular bounds development in leaves through different developmental stages.

It is expressed in root meristem vasculature and its expression is stronger in the
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xylem pole and even in LRP (Ceserani et al., 2009; Clay and Nelson, 2002). As
was mentioned above, in the context of the vasculature, PhLP2 is expressed
rather in the xylem pole, which points to possible connection to BRL2/VHI.

As was mentioned earlier in this work, an exogenous IAA application inhibits
root-cell elongation already at nanomolar concentration. Mis-regulation of auxin
signaling does not allow such a reaction. Therefore, this process is a conclusive
biological readout of the sensitivity to auxin. Based on my measurement, RNA1i
PhLP2 root-growth was inhibited after the IAA application, concluding that the
auxin signaling itself is not disturbed. However, results in the rate of the
[AA-induced inhibition were not fully consistent. Results might be possibly
affected due to pipetting error or limits of measuring methods, because root
growth in nM [AA concentrations happens on a very small scale and the
increment was measured using the scanner, where the resolution of images is
limited. Therefore, more accurate results could be obtained using microfluidics
in combination with microscopy for better resolution.

As was mentioned in Literature overview, the process of gravitropic response
depends on both canonical and non-transcriptional auxin signaling (Dubey et al.,
2023; Kubalova et al., 2023). Based on my measurement, rapid auxin response
was not impaired and the root of both lines bending equally after 11,5 hours
indicates that nor canonical response is disturbed in RNAi PhLP2. The
differences of root bending between lines in middle points of the response (6
and 9 hours) may be caused by slower growth of RNAi PALP2, since
gravitropism is a growth movement. Since the gravitropic response was not
disrupted in RNAi PhLP2, the conclusion could be that PhLP2 is not required
for both rapid and canonical auxin pathways.

The length of RNA1 PhLP2 meristem is significantly shorter compared to Col-0,
as well as the cell number in one cell file in the meristem is also lower. Ratio of
the cell length per root length did not differ between Col-0 and RNA1 PALP?

which indicates the number of cells in one cell file is proportional to the length.
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In other words, there could be a common denominator for both the less cell
division activity and the cell reduced size.

Related proteins PhLLP3a and PhLP3b are expressed in similar tissues as PhLLP2
including root meristem. Mutation in these proteins led to defects in the cell
division, however, cells continued towards DNA replication and abortive
cytokinesis, so the phenotype is not comparable with RNAi PhLP2 (Castellano
and Sablowski, 2008).

On the contrary, similarly to RNAi1 PALP2, the phenotype of mutation in
SYNTAXIN OF PLANTS 81 (SYP81) possesses a shorter root meristem and
lower cell number, mainly due to the disorder of the stem cell niche activity.
SYPS81 participates as a regulator of the reactive oxygen species signaling. PLT1
and PLT2, which are participating in the stem cells activity maintenance (Du
and Scheres, 2017), were identified as downstream effectors of this machinery
(M. Wang et al., 2023) SYP81 belongs to the family of SNARE-proteins
participating in Golgi trafficking network as well as PhLP2 interactor SYP23 or
co-expressed gene SYP51 (Saito and Ueda, 2009) which could be considered as
a promoter of PhLP2 function.

In the future, further indications about the PhLP2 function could provide
observation of its expression upon different treatments. According to the
ePlant-expression pattern (Fig. 20) and preliminary results obtained from
colleagues (unpublished data), the phenotype is also dependent on the sugar
concentrations. Also, there was reported interaction of PhLLP2 with RGS1 and
RHIP1. RHIPI mediates an interaction between RGS1 and hexokinase (HXK),
the main glucose receptor (Huang et al., 2015). That indicates possible relation
of PhLP2 to the sugar signaling. Transcription of PALP2 was also upregulated in
the darkness period in seedling of Ler-0 growing in the short-day conditions
(Todd P Michael et al., 2008). Also in the animal system there was reported
decreasing of phosphorylated phosducin-family proteins as a reaction to

irradiance (Yoshida et al., 1994; Zhu and Craft, 2000).
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No viable mutants indicate lethality in some stage of development. I observed
abundant signal of mEGFP-labeled PhLP2 in germinating pollen grains and
tubes. In the future, female gametophyte could be observed too.

Another biological readout of root development might be the growth of root
hairs. I observed activity of the PALP2 promoter also in root hair (Fig. 24). One
of co-expressed genes, WRM, participates in propper actin cytoskeleton
formation and its mutant exhibits short and stubby structure of hair root in
comparison to straight root hair in Col-0 (Mathur et al., 2003). Root-hair
development is also auxin dependent and its phenotype in RNAi1 PALP2 could
be another hint to PhLLP2 function.
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S. Conclusions and answer to the aims

Does PhLP2 participate in the rapid auxin response? Gravitropic response, as the
main biological readout of rapid auxin response, was not affected in early
stages, unlike the mutants involved in the rapid auxin response. Also, RNA1
PhLP2 was not insensitive to IAA exogenous application, although the rate of
inhibition compared to Col-0 was not conclusive. Therefore, rapid auxin
response seems not disrupted. PhLP2 reacts to IAA application by
phosphorylation, however, it is not required for rapid auxin response and auxin
signaling. What are the other processes PhLP2 might be involved in? A lot
remains unclear, although there might be some indications. It seems that in
contrast to related PhLP3a and PhLP3b (beside PhLP2 the only identified
Arabidopsis  phosducin-family proteins), PhLP2 is not required for
microtubule-dependent processes. Based on interacting partners and
co-expressed genes, PhLP2 may play a role even in auxin non-dependent
processes, such as vesicle trafficking. According to already known functions of
the animal phosducins, PhLP2 might also participate in heterotrimeric G-protein
signaling, although the strong phenotype of RNAi1 PALP2 is not possible to
explain only by its disruption and there has to be other processes requiring
PhLP2. The strong expression of PhLP2 in the germinating pollen indicates its
role in gametes development. Current knowledge is not sufficient to make a
conclusion about the function of PhLP2 in the Arabidopsis development,

however, the outcome of my thesis could provide hints for future research.
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