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1 | ntroducti on

Cells are the universal building blocks of Iife. Tkt
growth of a multicellular organism. Especially in
allowing them to explore their environment for reac
grows and the more matter it produces for its | eave

sugar via photosynthesis or find and take wup avai
respectively. Ot her than ani mal cel |l s, pl ant cel l s
Despite being surrounded by rigid cell wall s, youn
up to 100-fold during maturation (Veytsman and Co:
plays a considerable role for rapid tissue increase
high amounts of small cells via cell division. Non e
these processes need to be tightly regulated and
regulatory mechanisms rely on intracellular events.

dynamics, it is important to investigate the cour se

1. 1 The endomembrane system
Li ke al l eukaryotic cell s, pl ant cell s consi st o]

surrounded by membranes composed of defined vari e

membr ane associated proteins. With few exceptions,
these organelles belong to the so-called “endomemb
i n 1974 (Morré and Moll enhauer, 1974; Fujimoto ar
organelles are linked via membrane trafficking and

of transport vesicles or compart ment maturati on.

reticulum (ER) including the nuclearwgD@d Igipe ( NE
net work (TGN)/early endosome (EE), the multivesicul
vacuole as well as the plasma membrane (PM) ( Mor i
Nor ambuena, 2014) . Among all anterograde and retr
compartment s, there are well-characterized major t
nto biosynthetic and endocy$WURELUGRSIVL Y WD EIn®Br et

rred to as Arabidopsis), over 17 % of the prod
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compartment . l ncoming cargo is then also sorted f
recycling to the PM (Aniento et al., 2022) (Fig. 1

~

2\

vacuole

/

Figure 1: The plant endomembrane trafficking pathways. Traffi
endoplasmic reticulum (ER) and passeWUD®RYI ol get wapphr @T GbH) beFr
there, cargo is divided for either further transport to the |
secretion at the plasma membrane (PM). Cargo uptake for the e
the TGN to either be recycled or transported to the final dest
I n general, vesicle transport bet ween two membran
subsequentl y. At first, solubl e cargo and membr ane

transport vesicles from the donor membrane need to
transferred to the target membrane until tethering
the target membr ane occurs and soluble cargo is r

(Fujimoto and Ueda, 2012). To ensure specificity du

identity of each organell e, these steps are gover ne
proteins. Among them are different coat proteins an
factors, receptors and more (Rothman, 2002; Anient
Apart from these proteins, di fferent | ipid species
Thi s includes phosphoinositides (phosphatidyl i nosi
abundant anionic phospholipids, generated via phosj
plants, five di fferent phosphoinositides have

phosphoinositides PIlI(3)P, PI (4) P, and Pl (5)P as we
Pl ( 3, apB Pl (4dhe)skk are incorporated in different an
the endomembrane system and can be modified at c
medi ated phosphoryl ation or dephosphoryl ati on, t he

throughout trafficking. For instance, membranes of



c a

n

be enriched in Whi(l3g Pt ke tdrfSpl5ag Pt seems to hal
extent. On the othrd Rlan4d) PPddd,bg Pfound at the PM,

concentrations at the TGN (Simon et al., 2014; Hir
These PIP | evel dynamics as well as the proper act
great importance, since correct movement of mol ecu
wel | as structurally and functionally intact organ
devel opment . For exampl e, mutants | acking the TGN
( KEG) , which is necessary for the regulation of va
severe growth defects and are | ethal at seedling
mainly based on defective cell expansion and are
structures (Gu and I nnes, 2012). As anothbhePl 8Rampl e
hydrolyzing phosphatases (SAC2-5), which are | ocal
vacuol e mor phol ogy. Whi |l e hi gher order mut ant s

compartments, overexpression of SAC resulted in wu
changes were also accompanied by growth and devel
2014). Based on observations |like these, the quest:
can take on and how its action contributes to the |
1. 2 The plant vacuol e

The term vacuole was originally wused in 1841 to de
believed to be empty (Dujardin, 1841), before it w
1842) By now, it is clear that vacuoles are by no
seen as multi-tools with a variety of different fu
and many secondary metabolites |ike anthocyanin, a
well as the degradation of wvarious compounds, homec
pressure (Wink, 1993; Mar ty, 1999). Certain functi
or specialized cell s. I n guard <cell s, for exampl e
facilitate the mechanic opening or closing of stor
household and gas exchange in response to environr
been shown t hat perception of <certain pathogens c
pathogen entry (Melotto et al., 2006; Andrés et al
one of many examples how vacuoles can also take pal
Dependent on their maj or functions, pl ant vacuol e
accepted main classes: protein storage vacuoles (F
present during germination and store important mi |
supply for the seedling. I n Arabidopsi s, they are



during embryogenesis (Feeney et al ., 200F&WL®Q® it h

WDEDFtXttat PSVs transit into LVs after all stored c
and Staehelin, 2011). I n contrast, LVs are common i
of the Iife cycle. They resemble mammalian | ysosome
(Marty, 1999) . Besi de ot her l umi nal content s, ful

composition of the vacuol ar membr ane (tonoplast).

di fferent isoforms of tonoplast intrinsic proteins
channels. While the two isoforms TIP2;1 or &-TIP ai
the tonoplast of PSV, the membrane of the LV consi s
al ., 1999; Gattolin et al., 2010). Labeling of TIPs
or pH helped to show that different vacuole types ¢
this seems to be | imited to specific plants, tissue
under exceptional circumstances, whil e in most cas
time (Frigerio et al., 2008). In root cells of Arat

of the thesis, this is the LV (Fig. 2).

A

DZ
Epidermis
W  Atrichoblast (A)
w— Trichoblast (T)
EZ
D A T
MZ
@ Cortex
0 Endodermis
@ Quiescent centre
B Columella
Figure 2: The cellular organization of a root in Arabidopsi s.
types (depicted in different colors) are arranged in cell fi
Longi tudinal section through the root. Di stinct devel opment al
zone (MZ), the elongation zone (EZ) and the differentiation 2z



or early meristem at the root tip and gets |l ess within the ba

there, cell elongation begins in the elongation zone. A smal

be referred to as “transition zone”. Cel | di fferentiation ste
di fferentiation zone. Epidermis cells can be divided in atrich
C, Cel | wal | staining with propidium iodide (red) for epiderm
the vacuolar | umen with BCECF-AM (green). Trichoblast cells ¢
small er vacuoles compared to neighboring atrichoblast cells. 7
more atrichoblast cell file(s). Scale bars: 5 pym. A, to C, was
I n general, the LV is the biggest organell e of pl ar
drastically, in particular within developing cells
cel | of the early meristem zone exhibits a rather t
30 % of the cell. A bigger, more mature cell of tt
harbors a vacuole that shows a fully inflated ball
the cellular space (Dinser et al., 2019). During va

via TIP1;1 water channels must be accompanied by s\

materi al . Unt i | now, there is an ongoing debate ab
the LV, which involves two opposing model s. One mo
serves as source material for the vacuole and incl
small er, and then | arger vacuol es. This theory is

meri stemati c(XSKRUELCER FKBWDFLRPY 1978) and has been fu
just recently by 3D electron tomography analyses |
l'ineage cells (Cui et al ., 2019; Cao et al ., 2022)
1968. Il nvestigations of vacucIH®sPDakkhbodo tER-idpe rcievields vlee
the theory that the ER might be the donor compar
membr ane material via ER-derived vesicles or provac
for vacuolar trafficking in Arabidopsis highly suprg
invol vement of Gol gi and MVBs (Viotti et al ., 2013
using fluorescent recovery after photobleaching (F
already be a tubular network even in the earliest

it cannot solely originate from homotypic fusion of

1. 2. 1 Trafficking to the vacuol e

Even if there might be one major membrane donor for
trafficking routes to the vacuole have at | east sorl
di fferent routes described so far are depicted in
at the ER, passes Golgi, TGN as wel/l as MVB, and i

RAB5/ RABF to RAB7/ RABG proteins before reaching th
through the biosynthetic route of the endomembr an
requires RAB5/ RABF, but is independent of RAB7/ RA



invol vement of RAB5/ RABF or RAB7/ RABG but is depen:

3 (AP-3). Furthermore, there are two more pat hways

route from ER to vacuole including the fG@HMation o

QRYRenerated autophagosomes with the vacuol e. I n

vacuole fusion takes place (Minamino and Ueda, 201¢
RAB7/RABG

provacuole

vacuole

Figure 3: The many ways to the vacuole. (A) The RABS5/ RABF- and
starts at the endoplasmic reticulum (ER) along the biosyntheti
vacuol e, pa¥wdD®YI| ol gét work (TGN) and multivesicular body ( MVE

RAB5/ RABF and RAB7/ RABG proteins, involving maturation of MVBs
dependent pat hway. Cargo within this pathway passes the same ¢
is independent of RAB7/ RABG proteins. (C) The AP-3-dependent
protein complex 3 (AP-3). Cargo delivery to the vacuole requi
aut ophagosomal pat hway. A QBRIRGgofswsne swiarfe el vacuol e. (E) TI
pat hway. Materi al comes directly from the ER without passing
vacuol es. RAB7/ RABG proteins are relevant in this process. Ba
2020.

Fusion of each specific donor with the target memb
proteins that function together as a fusion machi ne
guanosine triphosphatases (GTPases), tethers and s

attachment protein receptors (SNAREs) (Jurgens, 20/

switches. They can change between an inactive GDF
Activation is facilitated by a cognate guanine exc
by inactivation via a respective GTPase activating
to recruit different effectors, |like GEFs of other

2014; Ni el sen, 2020) . The | atter initiate the firs
fused by interacting with the respective GTPases,

toget her . I n this context, tethers often not onl vy



GTPases, but can act as regulators (e.g. GEFs) as
Addi tional interaction of the respective tether W
opposing membrane can then trigger SNARE- medi ated
involves a so-called R-SNARE at the donor and a co
of Q- SNARES (Qa, Qb, Qc or Qa, Qb/ Qc) at the target
tetr a WUDBRNARE compl ex. This process is further pro

sensitive factor (NSF) and a soluble NSF attachment

and Ueda, 2014). The identification of all invol vec
facilitate one specific vacuolar fusion process is
In case of homotypic vacuole fusion, RAB GTPases |

subfamily are part of the specific fusion machiner)

in general are conserved among eukaryotes and have

within the endomembrane system. I n Arabidopsi s, t
categorized into eight subfamilies (RABA to RABG).
GTPases RABG1, RABG2 and RABG3a-f, whi ch are rel

mammel s and t herefore sometimes also referred to as:c
2002) . An i mportant effector of RABG is the homot
complex (Fig. 4).

HOPS CORVET

VPS39—

VPS18 —

VPS11—

Figure 4: The HOPS and CORVET tethering complexes. Shown are t
VPS33) and the specific subunits VPS39 and VPS41 (marine bl ue)
(left) and CORVET (right), respectively. Based on Rodriguez- FuU

This tethering complex consists of six subunits: tt
and VPS33, as well as the specific subunits VPS3¢
proteins is proposed for the two specific ones (Tal
2019) . Furthermore, a SNARE complex consisting of

SNAREs SYP22 (Qa), VTI11 (Qb) and SYP5 (Qc) seems |
eventually (Fig. 5) . Her e, an interaction of t he |
SYP22 as well as HOPS interaction with the R-SNARI



(Brillada et al., 2018; Takemoto et al., 2018). I n
mi croscopy based structure of the conserved heterol

new | ight on HOPS mechanics, pointing to a catalyt
addition to membrane tethering (Shvarev et al ., 20:
A B C
cytosol cytosol cytosol
HOPS . HOPS HOPS
\ vacuole \ P Lole e
2 A x ¥ =
RABG \ RABG \ RABG \
,‘;/j?/ “SSNAREs “~SNAREs SNAREs
vacuole vacuole vacuole
Figure 5: The process of homotypic vacuole fusion. (A) Subunit
bind to RABG proteins |l ocalized at opposing vacuole membranes
interaction of HOPS subunit VPS33 with the R-SNARE VAMP713 (d
(orange), SYP22, brings all SNAREs together, forming a fusion
eventually results in membrane fusion.
Fusion of MVBs with the vacuol ar compartment, on t
proteins, homol og to the mammali an RABS5 subcl ass o
RAB7/ RABG-dependent pat hway, MVBs need to run thro
vacuole fusion (Fig. 3) . This includes activation

recruitment of its effector complex MON1/SAND1-CCZ
RABF by RABG. Consecutive RABG activation then agai
compl ex and subsequent fusion steps eventually. Ac
are active in the RABS5/ RABF-dependent and RAB7/ RABC(
class C core vacuole/ endosome tethering (CORVET)
activation. This tethering complex is composed of
di fferent specific subunits, namely VPS8 and VPS3
with the MVB membrane-anchored R- SNARE VAMP727 b
VAMP727 and the three vacuol ar Q-SNAREs SYP22, VTI
membrane fusion (Minamino and Ueda, 2019).

The absence of one or more vacuole fusion rel evan
Arabidopsis mutants |l acking single subunits of the
VPS11YDRXROHVYYSYBOYSV,respectivel vy, are reported to

vacuole formation and die during embryogenesi s ( F

I nterestingly, conditional knockdown mutants for H
CORVET subunits VPS3 and VPS8, are described to ha
epider mal root cells of Arabidopsis seedlings. Thi



central vacuole biogenesis during seedling devel opr

2018). Single mutants for SNARE proteins are wusual

For instance, absence of SYP22 |l eads to pleiotropi
contrast, no obvious phenotypes have been shown for
SNAREs SYP21 or SYP23. NoneM\Behesses,bgeonwdlémde$terchste
be gradually enhanced by additional deficiency of
to plant death withoVu\tS bwiSting o\Sf IVoivdemangai et

al ., 2010; Shirakawa et allLIJmuzGhQ)s., Asc&n atgh e/rT| dx ¢
defective response in shoot gravitropism, accompa
endodermis cells, as well as defective vascul ar paf
auxin. Addi tional absence of a second Qb SNARE (V
separate trafficking route, has been shown to be er
2002; Surpin et al., 2003; Sanmartin et al., 2007).
a parti al functional overl ap for SNAREsSs cl assi fi

preferentially acting at different fUPE®dINnglides of
mut ant s, no obvious phenotypes are reported, whi c|
redundancy within the RABG subfamily. Even higher

di ff &DE&dtui ntupl e and sextuple mutants have been shi

mor phol ogy for PSVs of embryos and LVs of epider ma

|l eaf growth (Ebine et al., 2014). Her e, it can be
within the published sextuple mutant, as wel | as t
RABG2 proteins might still compensate for the | oss
stronger phenotypes and plant death. Taken toget he

i mportance of correct vacuole formation and that t

relevant proteins is crucial for plant devel opment
1.3 Auxin - a growth regulating plant horm
The basic regul ation of pl ant processes needs to
environment al conditions. Such adaptations can be
pl ant hormones (or phytohormones). Hor mones are nat
have any nutritional val ue. They function at Il ow

mol ecules either directly at the site of their pro

to other areas in close proximity or far away di st e
to their chemical structure and physi ol ogical fur
di stinguished. The major c¢classes are auxi ns, gi bbe
aci d, which were initially identified and consi dei



brassinosteroids, jasmonic acid, salicylic acid al
(Kende and Zeevaart, 1997; Santner et al ., 2009) .

pl ant growt h, devel opment , reproducti on, stress re;
thereby be involved in several di fferent processes
governed by different hormones, which influence ea:
Among all pl ant hormones discovered so far, auxin i
growth regul ator and orchestrates a variety of pl
gravitropic responses, embryogenesi s, apical domi n
fl ower and root devel opment. The first identified

is indole-3-acetic-acid (IAA). On cellular |l evel,k
out via correct modul ation of cell division, el ong:
| ocal auxin | evel gradients. The formation of such
intercellular directional transport via different

mol ecul es (Casanova-Saez et al ., 2021) . Thus, i nt
mechani s ms, can influence auxin-controlled process:
To facilitate an action in response to certain stir
receptors, hence triggering a cellular signal tra
transcriptional changes but might also involve non
well -characterized receptor is the TRANSPORT | NHI
protein (Tan et al ., 2007) . TI R1 as wel |l as some o0
called AUXIN SI GNALI NG F-BOX (AFB), are collective
(Dharmasiri et al., 2005). Binding of auxin to TIR
with members of the transcriptional repressor f ami

and results in Aux/ I AA protein degradation. Aux/ 1A,
the transcription factor family AUXI N RESPONSE F
associated to Auxin Response Elements (AREs) at au:
ARF interaction is stabilized by recruitment of f
auxin-inducible genes wunder auxin-free conditions.
degradation releases ARFs and induces related gen
Leyser, 2018) . Since each individual part of t his
facilitated by several family-related proteins, | ea
members, this system alone can offer various reacti
auxin responses cannot be derived to this system,

research of additional signaling mechanisms (Leysert
I nterestingly, in addition to varying responses to
cel | growth also in a tissue-dependent manner. [ n

- 13 -



|l ead to growth inhibition, while in shoots and | ea:
Sauer et al ., 2013; Dinser and Kleine-Vehn, 2015)
specific changes on the molecular | evel appears t
transcriptional and non-transcriptional signaling
(Gall ei et al ., 2020) . However, Lof ke et al . demon
that auxin not only impacts on cellular growth but
having correlating effects (L6fke et al., 2015). Ex
naphthaleneacetic acid (NAA) as wel |l as increased
both, a size reduction of vacuoles and cells in th
depletion resulted in an increase in size, accor di
2016). The authors further found that NAA positivel
proteins in a posttranslational manner . Especially
i mportancyeWLmuitramd s were | argely insensitive to aux
size. Notably, all these effects have been shown t
receptors as well as the activity Mofresospeci fid HRviask
demonstrated t hat auxin directly influences t he (
mi crotubul es, as a prerequisite for changing vacuo
Due to this finding, it is worth asking, how vac
organization can be related.

1. 4 The actin cytoskeleton

The cytoskeleton is a fundamental part of cells anc
pl ant cell s, it can be mainly divided into two se
filaments or mi crotubules (Kost and Chua, 2002) .
additionally composed of intermediate filaments, t
has been wunder debate for a |l ong time. Only recel
intermediate fil ament protein has been reported (
organization of the cytoskeleton is wunique in plan
walls and typically contain big vacuoles taking up
pl ant cytoskel et al networks is | imited to few cyt
around the nucleus and near the PM, whi ch are <con
strands, reaching through the vacuol e. I n additio
positioned near pl asmodesmat a, which represent S p €
neighboring cells (Kost and Chua, 2002) . Actin fil
during trafficking and organelle translocation. He
which vesicle and organelle transport can be exec!



driven movement of myosins, a specific group of act

mol ecul ar motors (Mathur et al., 2002; Peremysl ov e
et al ., 2012) . Interestingly, al though actin filan
cytoplasmic transport is mainly executed by microt
are main actors for cell motility and the control c
and Cooper, 2009) . I n addition to its intra- or a
cytoskeleton of plants is also of great i mportanc
processes including <cell di vision, cel |l el ongatio
(Vol kmann and Bal us$ka, 1999; Baluska et al ., 2001;
2013) . l'ts highly dynamic formation is thereby of
actin) is generally built by polymerization of mon
arranged to a doubl e-helical pol ymer . Generated po
assembly or disassembly of actin subunits and vari
cross-linking of F-actin. These actin dynamics and
are carried out and regulated by numerous ABPs (dos
2010; Li et al ., 2015) . Collectively, al |l ABPs and
its broad involvement in a high number of various
2006; Thomas et al ., 2009). Moreover, most organi sn

isovariants with partly distinct or overlapping fu
actin genes that are exP&eS$S&EF&T)n oeri trheeprr ovdeugcetti avtei vt e
($&7, $&7, $&7, $&7 ,$&7) and can be grouped accordingly i

(Meagher et al ., 1999; Kandasamy$&t aadk7, a2807). Th
the most closely related i sof or ms, varying by on|
expression patterns in young and old vegetative ti:

strong exp$&Bs aindn | foover most $&%x p Oas ¢ ihen oftedreirs hand,

predominantly expressed in young, still expanding
( Mc Dowel | et al ., 1996 a; Mc Dowel | et al ., 1996 b; \Y
single and double mutants | acking actins of the ve
sever al i mportant vegetative pr oceALsI&s .anldn AICiTBe wi
mainly function at the same cellular events. Both

hair tip growth and the selection of bulge sites ¢

Gilliland et al., 2002; Ni shi mura et al., 2003; Ka
been demonstrated to be of great i mportance for
germination, specification of epider mal cells, cell
overall root organ growth (Gilliland et al., 2003;
Besides, higher order mutants for certain myosin pr
the myosin XI class that consists of 13 isovariants

- 15 -



pleiotropic defects, including a reduction of root

al ., 200 8; Peremyslov et al ., 2010) . These myosins
function as actin-based moving motor proteins for
part in actin cytoskeletal remodel ing (Cai et al .,
remodel ing specifically impacts on certain actin- my
mol ecul ar components are involved is still under i |
More than 20 years ago, it has already been indic
medi ating structural vacuolar changes (Uemura et a
the underlying mechanism has been mainly elusive. BE
and tubular tonopl ast structures during cell di vi s
suggested (Kutsuna et al ., 2003). An intact actin
to be a requirement for vacuole changes in guard ¢
dynamics and reorganization resulted in impaired
opening (Li et al ., 2013; Cao et al ., 202 2; Hawki n:
previous secti on, studies in relation to auxin-con
able to Iink the remodeling of actin filaments wi
(Scheuring et al ., 2016) . However, so far, it has
are able to interact with the tonoplast to facilit
direct binding of F-actin with specific tonopl ast

more adaptor proteins might be feasible.

1.5 Connecting organelles with the cytoske
Several years back, a new superfamily of ABPs, t e
identified in Arabidopsis (Deeks et al ., 2012) . Al
proteins and share an N-terminal pl ant-specific N
enables their interaction with F-actin. The sequen
other identified actin-binding domain so far, and
binding motif (Deeks et al ., 2012) . Not ewort hy, b
containing proteins are only present in tracheoph)
evolved in diversity and numbers in correlation to
(Hawkins et al., 2014). The NET superfamily of Ara
were originally grouped based on protein | ength, e:
similarities into four families: NET1, NET2, NET3
families are conserved among Angiosper ms, whil e mc
contain only one family with closest homol ogy to NE

et al

2014) . I n addition to their gener al actin

- 16 -



recruited to different membranes (Deeks et al., 20
which each consist of four members, tissue-specific«
Whil e NET1TA has been shown to be enriched at pl ast

NET2B have been found to decorate specific puncta &

et al ., 2012; Duckney et al ., 2017). In contrast, t
|l ocalization at t he ER. NET3A |l ocalizes preferent
envel ope, whil e NET3B and NET3C can each be found

NET3C, these foci have been shown to represent spe
2012; Wang et al ., 2014; Wang and Hussey, 2017; Za
Lastly, an association with the vacuolar compart me
which is comprised of the two members NET4A and NE
observed at the tonoplast of epider mal root cell s |

NET recruitment to the respective membranes seems
NET proteins were shown to achieve membrane connect
proteins. For instance, NET2A is able to interact
like kinases (PRK4/5), whereas NET3C can interact
associated protein 27 (VAP27) proteins (Wang et al
NET3C has been indicated to directly bind PM phosj

(Wang et al ., 2014). How NET4 proteins are recruite
a long ti me, but interaction of NET4 and tonopl ast
recently (Hawkins et al., 2023) in overlap with the

cumul ative thesis (see section 2. 3)

Functional characterization of specific NET member
organell e dynamics. For instance, enhanced express:
boost F-actin and ER association in a NET3B amount
l ocalization sites under increased NET3B expression
also resulted in a morphol ogical change of ER struc
as wel |l as a reduced ER membrane diffusion (Wang

suggest that members of the NET superfamily can ge

membrane systems and affect their morphology. There
candidates for adaptor proteins that potentially ¢
order to facilitate actin-dependent drastic change:



1.6 Aims and structure of this thesis

The major goal of this project has been to decip
cytoskeleton and the vacuole as well as their | mpa:
Auxin-induced <changes of vacuol ar mor phol ogy have
cytoskeleton and an impact on root cell el ongati on
Due to their actin-binding capacity and associati
members of the Arabidopsis NET4 family can be hypo
vacuole-cytoskeleton interface. However, their actu
and eventwually plant growth has not been fully wund
NETA4, bi ochemical, genetic and cell bi ol ogical appr
interaction studies, generation of Arabidopsis knoc
anal ysi s based on confocal |l aser-scanning mi cr os
macroscopic studies of gene expression impact on oI
For the present cumul ative thesi s, two peer-revi e\
reviewed review article and one preprint are combi
In the first research article, the general i mpact
mor phol ogy, cel | size and root growth is investig
research article, a gener al role of NET4 in cell e
the third article, NET4 function i n relation to
investigated (Kaiser et al., 2023).

To facilitate discussion, the aforementioned revieyv
for parts of the discussion (section 3.1) of this



2 Overview of i ncluded articl es

2.1 Article 1:
“NET4 Modul ates the CompUdBREINGRSYV LY fWRER@LWDQ

Published in the International Jour nal of Mol ecul &
(https://doi.org/10.3390/ijms20194752).

Aut hoSrasb:ir i na' Kahmed? EiSmgen Kl?2ed mek -Vaewhind'-Scheuring

Aut hors‘ information:

"l ant Pathology, University of Kaiserslautern, 676
‘Depart ment of Applied Genetics and Cell Biology,
Applied Life Sciences (BOKU), 17190 Vienna, Austria
"These authors contributed equally to this work.

Article summary:

Wit hin this article, a functional characterizatic
mor phol ogy and its impact on cell el ongation and p
model $HUDEILIGRSVLV WKDOLDQD

Seedlings expressing NET4A-GFP under the endogenou

Deeks et al ., 2012) were used to analyze subcell ul
mi croscopy (CLSM). To assess specific co-localizat
FM4-64 (Scheuring et al ., 2015) wasl(isgdneas tono
expression | evels and protein abundance was eval ua

vacuole caused by treatments with different compoul

The resul ts of t hese studi es reveal ed t hat NET4 A

meristem of the root, an area contributing to root
events. NET4A expression in the root starts in the
and is not expressed in aerial ti ssues at all . A co
be confirmed. On the subcellul ar l evel , we <coul d

tonoplast in a bead-on-a-string pattern and the sig
curvature. I n accordance, treat ment with the synt
vacuol ar constrictions, resulted in a dosage-depen
Treat ment wi t h t he auxin bi osynt hesi s inhibitor

constrictions, led to |l ower NET4A alWumalgnée. | n add



gene expression could be detected upon NAA treat me
NET4A is generally recruiteand oNEBhsdburcdancyt omiogh

stabilized on protein | evel, but is not regul ated

To study the effects ofQHAS it egld MNMEIVE DEe&ipdvudbs sei on ,

mutant as well as an overexpression |line were estab
GFP expression is constitutively driven by the str
(35S: : NET4A- GFP °gr. NBB4A-nGFPduced | ines were inspe
vacuolar morphology, cell size and root growth. To

i mages, the dyes MDY-64 in combination with propic¢

tonopl ast and cell wal | , respectively (Scheuring e
vacuolar |l umen (Scheuring et al., 2015), was wused i
render 3D models of complete cells and vacuol es wa:
On 2D Il evel, these experiments demonstrated that
overexpression both | ead to more roundish vacuol es
Treatment with auxin on the other hand stild]l Il ed t
proteins might not be essential for auxin-mediated
overexpressing |line were more condensed around the
the PM and the vacuole than wusual. This effect of |
upon NAA treatment. On 3D level, QHWwWEQHNubBEt &er sh
mut ant were | arger compared to wild type and occupi

vacuol es of °°NEddAd-6B6P only positioned near the nuc

occupying significantly | ess space.
I'n Iine with %Fhdlss o NEXTHiIAL iGGFePd s mal | er cell s and a r
ot her hand, the doubl e mutant showed no obvious eff

treatment with NAA, already sh@®@rwemre cpdrtsi alnldy rroeod |

to auxin-induced | imitations on cell and root grow
conclude that NET4 has a function in modulating t|
identified expression, this function might be relev
meristem into the elongation zone, but seems not tc
rel ated mor phol ogi cal changes of t he vacuol e tha
Nonet hel es s, i ncreased vacuol ar compactness by e
correlated with restricted cell and overall root o
constrictions. This correlation could be expl aine
function of the vacuole during cell el ongation, wh
energy investment for the production of cytosol (S
Thus, NET4-dependent vacuol ar modul ations might i nf

- 20 -



In the context of this cumulative thesis, this publ

experi ment al work by establishing overexpression a
NET4 in modifying vacuolar morphology and size alo
organ growth has been demonstrated. This all owed to



2. 2 Article 2:
“Vacuol ar occupancy is cruci al for cell €
of the underl ying mechani sm’”

Publ i shed i n Pl ant Signaling & Behavior 16 (
(https://doi.org/10.1080/15592324.2021.1922796) .

Aut hoSrasb:;ri na | KSopbi ¢ Diawelde SScheuring
Aut hors‘ information:

"l ant Pathology, University of Kaiserslautern, Kai

Article summary:

Within this publication, NET4 function on vacuol ar
hor mone auxin was investigated. Furthermore, trart
superfamily members was monitored.

Previously, it has been shown t hat NETA4 proteins
compactness of vacuoles in Arabidopsis. Mor e comp:
restricted cell size and root growth (Kaiser et al
on vacuolar morphol ogy, t hereby regulating the siz
manner (L6fke et al., 2015; Scheuring et al., 2016)
capacity (Deeks et al ., 2012), it woul d have been
invol vement in auxin-controlled processes. However
as overexpression of NET4 A, was demonstrated to r«
small er vacuoles were more roundish and thus differ

induced more constricted vacuoles (Scheuring et al

To evaluate this in more detail, 3D models of wvacu
zone of the root epidermis were generated from Ar

establQBWeDd QbWdE NETXAF GRé&s (Kaiser et al., 2019) u
auxin. These model s reveal ed that al | l ines are
constrictions. I'n relation to vacuolar vol ume, how
NET4A-GFWwer e partial resistant to a further auxin-i
hand, vadcQuoN &sQiebd#cE ed | i ke wild type.

To further investigate, if unQHWNOWWaB xi nmirgkpolbei

based on a compensatory wupregulation of ot her NET

similar functions, transcript | evels of all remaini



time quantitative PCR wasQKHWrD Qedeluitndor Asla it gpe
upregul at7ieoexxprodssi on | eve RQ8WwR QHW Eompairedohot o wil
background. The(% & RgraeBgi%owaofeven below detection |
backgrounds. Therefore, we excluded a cQH\WeDnsatory

QHWdEoubl e mutant by transcriptional upregul ati on.
Taken together, these results in combination with
NET4 is not essenti al for auxin-mediated vacuol ar
proteins, additional pl ayers must be involved in
vacuol e changes. NET4- medi ated modul ation of vacuo
additional mechani sm for regulating vacuole vol ume

an amendatory fine-tuning mechanism to regul ate ve

pl ants. Since both mechani sms, NET4- medi ated mor e

medi at ed more constricted vacuol es, are able to |
hypothesized t hat control of vacuole volume must

expansi on. Al l pat hways might thereby be able to
reached, which would explain a partial auxin resist
GF PE

In the context of this thesis, this work sheds new

mechani sm for modul ating vacuole size beside auxin
emphasizes a relevance of additional mol ecul ar pl a

nexus.



2.3 Article 3:
“Networked proteins redundantly interact
regul ate membrane tethering at the vacuol

Published as a preprint on bioRxiv in September 20:°
(https://doi.org/10.1101/2023.09.29.560113) .

Aut hoSshbrina'!, Kdieémar? M@ahuhona Rami rfFeabiMjnr aRides
Frederi k4 Sdhncerael*, SKarriord a St h uFnea cihxey, Wi CH rmiuswstdop her
Grefemd David Scheuring

Aut hors‘ information:
Pl ant Pathology, University of Kaiserslautern-Land
Mol ecul ar and Cellular Botany, Ruhr University Boc

Mol ecul ar Pl ant Physiology, University of Marburg,
‘Mol ecul ar Biotechnology & Systems Biology, Uni vers

SCOS Heidel berg, University of Heidelberg, Germany

Article summary:

Within this work, a characterization of NET4 wi t}
cytoskeleton and its mechanistic functions was per |
additional mol ecul ar players was examined.

NET4A was previously shown to |l ocalize preferenti al
overexpression of NET4A resulted in smaller, mor e
cel | el ongation and root size (Kaiser et al., 2019

expressing NET4B- GFP wunder the endogenous promot el
strong constitutive 358°8pr osnonielrar( NETs4uB-tnsChceauwlyd b
NET4B. Further mor e, analysis of generated | ines e»
(GUS) as well as GFP under the NET4A or NET4B pi
NET4B: : GUS- GFP) demonstrated a mainly compl ementar
within the root. Together, this indicates that NET

the molecular |l evel and might be able to work indep
To monitor actin filament organization in relation
|l i feact-RFP (Riedl et al ., 2008) was crossed with
overexpression P nkai(NET4At- GFIP. , 2019). CLSM of the
RFP x NET%®Ac-rGFsPsi ng |ine showed that overexpression



actin filament organization. I n epider mal cell s fr

filaments from the cell borders towards the nucl eu
was accompanied by well co-localizing and seemingl
area. To further analyze effects of altered NET4 ¢
i mpaired, RFE W& A- GFRPossed with different vegetative
Examination of the crossed I|ines revealed a reduc
vacuole modul at iPARVLOn [LtMhet amti pbackground, demonst

i mportance of the actin-myosin system for NET4-med
hand, severe growth DF® aDiFeM DiRdMt ecitt s avfertehe@ar ti al ly
by overexpression of NET4A. Thi s indicated that I

compensated upon el evated NET4A abundance by an

fil aments. In line with this, treatment with the ac
causing vacuole fragmentation and restricted root ¢
showed only a reduced® eMbeebvien, NEM4AcGERuUl ation o
signals could be observed at connection points o
seedlings were treated with LatB. Toget her, t hese
stabilizes existing actin filaments, especially ai
therefore play a role during (homotypic) vacuol e f
To shed | ight on a role of NET4 in vacuolar fusion

based conditional DRULY ¥BY faorsuVRH1E8 @©f the known v
tethering complexes HOPS and CORVET, wH¥s Ilused and
addition, an existing sextupUDEJnuEdZ&nGEbfloe RBRABG@G3 . G

2014) , whi ch are i mportant for initiating Vacul

UDEJ D E F G #elpQHiIWWIDe mut ants via CRISPR/IGZs$9-based p
While overexpression of NET4A di minished vacuol e f
additional 1KAh oiclkDEJID BfE eGelhilngl y i ncreased the obser
the vacuole for | ack of RABG3 proteins and resulted
cellul ar spacEDEJlDhfEakF €dhetsce results confirmed NETA4
vacuole fusion events.

To uncover the molecular connection of NET4 protei

studies were carried out. These included protein-|I
of NET4 to compartment-specific membrane | ipids as
experiments for seedlings expressing NET4A-GFP as

(MS) analysis of the precipitate to identify previ
results of these experiments showed that NET4A do
Il i pids, but also to lipid species that are incol
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endomembrane system. Further mor e, NET4A interactio
TGN-1 ocalized protein (RABC1), as well as a protei
(At 4g01245) was identified and verified by rat
Compl ementati oln EHQRWIKERBG) D QPDhe mati ng-based Split-Ub
(mbSUS) in yeast. Worth noting, NET4 was shown j us!/
bound active form of RABG3 proteins. Binding was fu
C-terminal sequence part of NET4A and NET4B (ter me

NET3A and NET3C, as well as a short non-homol og pai
al ., 2023) . Together, these findings indicated tha
function in vacuole fusion can be facilitated by
RABG3. Additionally, it could be speculated that
exclusive for NET4 proteins but potentially also h

NET4 might additionally be able to build connecti ol

Subsequent i nspection of NET4 membrane recruitment
truncated NET4A- as wel | as full |l ength NET4A-
1 EHQWKDPER®D cel | s, confirmed a tonoplast recruit me
acids (aa) 504-558), which includes the | RQ domain
sequence (aa 543-558). Moreover, a secondary membr ¢

to the nuclear envelope was discovered and verified

upon transient co-expression in tobacco as well a
expressing NET4-fluophor fusion and ER-marker cons
assays additionally demonstrated interaction of NE
wel | as interaction of both NET4 members with the
The | atter is known to facilitate NET3C recruitment
with NET3C participate in complex formation to est
the PM and t he ER. Based on this, we hypothesized t
generating a, yet not described, contact site bet w
that to this end, VAP27-1, RABG3, NET3 and NET4 mus
functions for members of the NET3 and NET4 family.

n

was previously found fQHW NEJMWtEmMdt eiancsk girmumnke it
pl ausible that | ack of NET4A and NET4B is compensat
the observed mil@HW e Q(ldMayEpseesr feotr al . |, 2019; Kai ser
establishment of ®OQHW eQieWw anthisglsdQMe&/dD HWtIDWYHW E
CRI SPR knockout mut ant exhibits smaller, someti mes
cells, and is restricted in root growth. I n contr a:
a si @WeFRI SPR) mutant, the&QHW BvQHIW OINVA )a daluypd eed mut a
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2. 4 Articl e 4:
“To Lead or to Foll ow: Contribution of t r

Publ i shed i n Frontiers in Pl ant Science !
(https://doi.org/10.3389/fpls.2020.00553) .

Aut hoSrasb:;r i na', KBasied Scheuring
Aut hors‘ information:

Pl ant Pathology, University of Kaiserslautern, Kai

Article summary:

This article is a review about the events during pl
of the vacuol e, it gives an overview about the gc¢
established “acid growth theory”’ is discussed wit
changes of the vacuol e. I n this context, the quest:.i
|l oosening is the driving force for cell el ongati on
Rel ated to this cumulative thesis, in which the <co
cytoskeleton is investigated along with a relevanc

provides a broader context for a better understandi



3 Closing discussion and future pr.
The research of this thesis primarily explored the

actin cytoskeleton, as wel |l as its impact on <cell
Characterization of actin-binding and tonopl ast -
identification and functional analysis of associat
understanding of the general intracellul ar process
on the underlying modulation of actin-dependent va
chapters discuss the stages of <cell el ongation in
of this thesis with the current knowl edge in this

connected proteins within further processes are col

3.1 The different events of cell el ongati o
Cellul ar el ongation is a fundament al part of pl ant
space in mature cell s, it has been assumed that t he
by building up the necessary turgor pressure (Mart
cotyledon cell s, a general correlation between cel
Poole, 1979). Moreover, cell el ongation has been sh
of specific water channels (y-TIPs), indicating a

(Ludevid et al ., 1992) . However, for roots of Arabi
for el ongating but not meristematic cells (Gattoldi
i mplies t hat cel | el ongati on i s initiated prior 1

assumption of the vacuole being the driving force.
el ongation and root growth has been demonstrated

restrained by treatment with the plant hormone au

vacuole size, as descri braL, f di ds oomé¢ metcarstsar ( Eyge
growth (L6fke et al., 2015; Scheuring et al., 2016
dependent vacuole modul ation. Here, overexpression
also resulted in reduced cell size and restricted
QHW D QHoWMUBI|l e mut ant , however, were not accompanied
(Kaiser et al., 2019, Fig. 4; Kaiser et al., 2023,
A limitation of <cell expansion despite the presenc
rigidity of the cell wall. Consequently, it seems
turgor pressure without softening the wal/l i n advan
wal | can be accomplished first came up over five d
hor mone auxin and has been postul ated as the “acid
Cleland, 1971; Hager et al ., 1971) . This hypothes



dependent on an auxin-mediated acidification of t

(indirectly) alters the wall’s properties. Over th
were found, elucidating key steps to substantiate
ATPases are activated by auxin, which | eads to the
modi fying proteins, especially expansins (EXPs) ,
subsequently can remodel the cell wal | into a mor
enhanced uptake of solutes and water, enables cell s
1992; Mc Queen- Mason et al ., 1992; Ha g-eAT P a2s0e0 3 ) . AL
activity was shown to be facilitated via differen
receptor-based signaling results in the expression
dephosphor ylt &AtTPaseof b inhibiting PP2C-D, a subf a
phosphatases, at the PM, hence holding the proton p
(Spartz et al., 2014; Fendrych et al., 2016; Wong
promotes their initial phosphorylation (Takahashi
this process happens via a cell surface signaling m
(TMKs) directly bi ndABmhas @hoastp htohegy IRMe( lHin et al .,
aerial tissue, auxin is known to have an inhibitory
concentrations. Yet, an auxin-based acidification ¢
to have a positive effect on root <cell el ongati on
been shown for roots that i n addtdiAtTiPars etsq thlkea eT MK-ulx:
induces a further antagonistically acting non-genc
This mechanism causes a proton influx, resul ting i
recise and fast root growth regulations in respons
ggested to be enabled via the combined pH adapt e
(Fendrych et al ., 2018; Li et al ., 2021) .
After the cell wal | properties have been changed,
transmitted to the vacuole in order to follow the
status can be sensed mechanistically wvia the inte
extensins (LRX) and a PM-localized receptor-1ike
seems to have an impact on the coordination of int
el ongation (DlUnser et al ., 2019) . So far, it reme
sensing process transmits signals to the vacuol e.
were shown to depend on the actin cytoskeleton (S
putative handle to Iink cell wall status and vacuol
shown to regulate the activity of certain RHO-1Ii ke
of the Rho of plants guanine nucleotide exchange f
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According

Figure 6: The process of root cell elongation.
ATPases at the plasma membrane (PM) | eading to a
pat hway is induced and results in a proton influx.
factors, the extracellular pH can be adapted. (B)
achieved, expansins and ot her cell wal | modi fying
rich repeat extensins (LRXs) and the receptor-1ike
status and transmit it inside the cell to align

for morphol ogi cal alterations of the vacuole and
vacuol ar inflation. (D) Besides the delivery of

cel l el ongati on. Limiting the execution of any cell
from Kaiser and Scheuring, 2020.

Even without fully expanded vacuoles, cell
However, in roots, an inhibition of cel |l
shown to be based on highly constricted

et al ., 2016) Thus, the vacuol e was

al ., 2016; Kridger and Schumacher, 2018).
a more rapid cell el ongati on, since | ess
cytopl asm. This explains how restrictions

31
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and eventwually growth. Vacuol e volume measurement s

vacuolar occupancy for epider mal root cells from 't
zone, while the cytosolic volume is kept rel ativel
(Dinser et al., 2019) (Fig. 7)
A B
& E
& 0
40% 85% occupancy a2
o e
k\%\? z\@\)
15 pm 75 pm
Viw, =3375um’ Vi = 16875 pm’ increase:
V e = 1350 pm’ Vs = 14344 ym’ 10.6 fold
Vigosay = 2025 pm’ Vigioay = 2031 pm’ 1.3 fold
Figure 7: A calculation model for the cytosolic volume during
based on published measurements for the cellular space that i
epi der mal root cells from different devel opmental zones (DulUnse
epi der mal Ar abi dopsis cell . Edge Il ength = 15 pum. (B) Depi cti
simplification measure, cuboid shapes were used for the vacuo
vol ume was calculated by subtracting the vacuole volume from t
in the course of <cell el ongati on, the vacuolar occupancy rais
fold from (A) to (B). I'n contrast, the volume of the cytosol C

Kai ser and Scheuring, 2020.

Since members of the NET4 protein family are not on
recruited to the vacuol ar membrane (Deeks et al ., 2
al ., 2023; Kaiser et al., 2023, Supplement al Fig.

connecting the actin cytoskeleton with the tonopl a
the root, (Kaiser et al., 2019, Fig. 1; Kaiser et s
it seemed plausible that NET4 proteins could be th
of vacuol ar mor phol ogy. Not ewort hy, NET4 coul d be
tonoplast sites (Kaiser et al., 2019, Fig. 1), who
root epider mal meristem cells (L6fke et al., 2015)

increase of NET4 abundance on the protein | evel (
although overexpression of NETA4, similar to auxin
occupied |l ess cellular space, their morphol ogy did
net work that can be seen upon auxin treatment. I ns
lines exhibited even fewer tubular structures, wer ¢
nucl eus (Kaiser et al., 2019, Fig. 3; Kaiser et al

a reorientation of cortical actin filaments towards:s

the actin cytoskeleton upon NET4A overexpression (K

- 32 -



Fig. S2). This suggests that NET4 proteins can mod

able to regulate vacuole morphology in this way. U]
NET4A overexpressing,l ihet QNBII DQEA®FUE| e mut ant st
di splayed more constricted vacuol es, which are typ
the overexpressor, having already smaller vacuol es
auxin-induced decrease in vacuole size (Kaiser et ¢
NET4s are not the direct facilitators for auxin-m

integrate vacuole alterations from another signali.i
auxin via <c¢cross-talk but resul ts in a different

observation that more compact vacuoles upon overex

with restricted cell and root size (Kaiser et al .,
Fig. 1), emphasizes that | imiting the vacuol ar vol
cel | el ongation, irrespective of the specific way,
2021). This corroborates the assumption that the va
and, as such, can enable or impede fast cell el onga
to different signal s, not only auxin.

3. 2 Vacuole dynamics: fission and fusion
The vacuole is a very dynamic compartment where fis
of ten even simultaneousl y. To ensur e vacuol e i nt
coordinated. Interestingly, it hadATPeaeer ¢$howildPaseye
an ATP-driven proton pump, does not only play a ro
have a stimulating function in vacuole fusion, and
vacuolar membrane dynamics (Baars et al., 2007; St
ATPases, especially the action of major fission or
to keep the balance. Dynamins and dynamin-related i
an important role for many membrane fission proce
Mc Mahon, 2004; Antonny et al ., 2016). The dynamin-
shown to act in concert to enabbEKLjRYDPHKDURIPSEHW n
SRPEHRO6t hl i sberger et al., 2009). Notably, Vps1 is
direct action on SNARE proteins (Al padi et al ., 201
function in membrane fusion and | ack of specific va
in altered vacuole shape in Arabidopsis (Morita et
al ., 2018; Jahn et al., 2024). I n general, if the
more fused and |l arger or smal l er i ndividual vacu



regulation of wvacuolar fission or fusion processe:

vacuolar size and morphology.

As menti oned i n section 1. 3, auxin has been s hown

protei

n

s. Moreover, especially | ack of the SNARE VT

insensitivity to auxin-mediated vacuole changes anc

Since VTI 11 is a known part of vacuole fusion mac
vacuole fusion via manipulating SNARE compl ex st a
met hod how auxin could induce vacuole changes. Apa
proteins, including GTPases of the RAB7/ RABG subcl
HOPS tethering complex, were shown to be important

in plants (see section 1. 3). Thus, they alll repres
Il n yeast, vacuol e-bound actin as well as regulator
addition to be mandatory for vacuolar fusion events
Her e, an enrichment of Pl (3)P marks the future sit
the recruitment of RAB7-1like GTPases, which further
pairing of respective SNARE proteins from the dono
fusion specificity is provided by HOPS, which has

accurate assembly of SNAREs (Wickner, 2010; Bal de
facilitate membrane fusion during HOPS-mediated te
membr anes, their contact area becomes fl attened

membr ane” , which is surrounded by the “vertex ring
mi crodomain at the edge of the boundary membrane

components are accumul ated when needed. Apart fro
encl ose an emerging vertex ring, t his i ncludes S |
SNAREs, but involves also coordinated enrichment o
actin filaments. (Wang et al ., 2002; Eitzen et al

Lipids play an important role throughout most fusi

either an inhibiting effect or promote fusion, e.
mentioned for PI(3)P (Starr and Fratti, 2019). Act
be a necessity at two distinct points in the cours
at the site where the two membranes should come in
all owing membrane docking and vertex ring formatior
pol ymerization of enriched actin monomers (G-actin
| ast par't of fusion. Actin is thereby hypothesized
fusion-driving SNARE proteins at the vertex ring or
tension for the deformation of the membrane. Actin



by proteins of the fusion machinery and certain re
and Pl EDBY) Pen et al ., 2002; Karunakaran et al ., 2
The amount of regulatory I|ipids within membranes,

fusion processes i n plants as wel | . For instance
phosphatidylinositol 3-kinase (Pl 3K) was reported

fusion, albeit the effects were not consistent for
al ., 2013; Zheng et al ., 2014) . Only a couple of

subunits VPS41 and VPS33 with sever al Pl Ps was de
assays using flat |lipid stripes, whereas binding t«
but i nhibited by PDUe3)tPo otrhePslg 3r, by Pl t s, the specif
curvature of membr anes was speculated to regul ate
recruitment (Brillada et al ., 2018) . Not ewort hy, a
shown to rely on an intact actin cytoskeleton but

kinases diminished the auxin effect on vacuol ar n
Scheuring et al., 2016) .

In the scope of this thesis, it was possible to sh
by influencing the process of homotypic vacuol e f u:
changes i n vacuol e fusion can be l'inked t o NETA4
cytoskeleton. The effects of treatment with the ac
well as conditional knockdown of the HOPS core subu
fragmented vacuoles, were partly inhibited by over
Fig. 3, Fig. 4) . In I'ine with thi D DEBDJE FiGoH d I k r
sextuple mutant further increased its already visi
2023, Fig. 4) . These results demonstrated that NET
events. Further more, NET4A overexpression seemed
filaments caused by LatB (Kaiser et al ., 2023, Sup
NET4A- GFP signals was especially prominent at conn
potenti al vortex rings (Kaiser et al ., 2023, Fig.
proteins attach actin filaments to defined fusion

rings) and thus, stabilize F-actin at these sites.

for actin depolymerization and vacuole fission whei
The finding that NET4A and NET4B can interact with
rel evant group of Arabi dopsi s RABG3 GTPases ( Kai
Supplementary Fig. S6) further provides specific bi
t hat are prone for fusion. Besi des, NET4A interac
PI (3)P ang Rlou3 d5)bRR demonstrated on | ipid spotted
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Supplementary Fig. S7).c&nnce PdodlB8d Pi mntdh &I rad8midbr) #n e
(Noack and Jall ai s, 2017) , a tonopl ast recruitment
mi ght be possible as well. However, NET4A al so bour

incorporated at di fferent membranes of the endomen

regulatory | ipids might influence NET4 | ocalizatio
facilitated by RABG3 protein interaction. Support i
NET4 proteins exclusively interact with RABG3s whe
active states, indicating that NET4s are recruited
demonstrated for NET4B that this interaction requi
a specific part, termed I RQ domain, is present in |
NET3C (Hawkins et al ., 2023) . Taking this finding

proteins with NET3A and NET3C was tested and verif]

Moreover, simultaneous | oss of NET3C, NET4A and NE°
some apparently disconnected substruchhuirseswasi ndi ca
accompanied with inhiCQHW &dQHV &L2QHW dEpl 'k onfut ameé ( Kai

2023, Fig. 7). The absenc HWisFitingp®&EY dp QéeliVobH Yy ges i n
mut ant (Kai ser et al ., 2024, Fig. 7 Kai ser et al
parti al functional overl ap. Remaining NET proteins
functional redundant variants on protein level, sin

c
superfamily membeQHWaBD QtHoOMubd ei mutreat ( Kai ser et al
a
a

Not abl vy, no obvious vacuole or QAW DgQHWDhQHWeEnot yvp
mutants as well (Kaiser et al ., 2024, Suppl ement al
capacity, an additional relevance of NET3A for vac.i
its potentially weaker i mpact QHW Dt QMW IFyQHBAe D @QH3Ae E
guadruple mutant. Thus, the investigation of such &
Taken together, the results so far |l ed us to concl
NET proteins (but at |l east NET3C, NET4A and NETA48B
tonoplast-localized RABG3s for connecting actin fi
vacuole membranes to potentially stabilize or even
vacuole fusion (Fig. 8).



A B

cytosol cytosol

NET4 ; .
\ PO NET\3 PO
vacuole vacuole
RABG3 ™ RABG3 ™
RABG3™ % HOPS RABG3 ™ HOPS

vacuole vacuole
Fi gure 8: Working model for NET-medi ated homotypic vacuole fus
to actin filaments. Recrui t ment of NET4s to the vacuole is f
downstream C-terminal parts with tonoplast-resident active R
RABG3s and the HOPS tethering complex closes the distance of
proteins to facilitate membrane fusion. (B) Due to functional
replace the two NET4 proteins, enabling the same processes. Fi
RABG GTPases in gener al are not exclusively found

l ocated at MVBs to aid their fusion with the wvacu
Therefore, NET3 and NET4 proteins could fulfild]l S

fusion processes, which also contribute to vacuol al

The observation that v a@HW IFeQ W ZDerQiHpA nki tkantoicoknosu t o fmue

were accompanied with restricted root growth (Kai

accordance with the concept of the vacuole carryir
el ongation. This establishes a connection between
processes and root cel | expansion in plants. I nt el
mut ants for another NET4A interaction partner, a vy
gene bank accession code At4g01245 (Kaiser et al .,
showed also smaller vacuole structures and sl ight]l
wild type Arabidopsi s seedl ings (dat a not shown)
At 4901245 in the same process. However, since nothi
so far, it remains to be tested at which |l ocati on

place and how At 4g01245 specifically can affect gr

3.3 Me mbr ane contact sites and their poten
I n contrast to the newly identified connection with
for their |l ocalization and function at the ER (s

preferably at puncta of the nuclear envelope (Deek
at contact sites between cortical ER and the PM an
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formation (Wang et al ., 2014) . For this purpose, )
VAP27 proteins, such as VAP27-1, but al so with kin

t hat provide a bridge to microtubules via binding

further mi crotubul e-1localized member s of t he pl an
compl exes connect the actin as wel/l as microtubule
and are crucial for the morphology of the ER at th
Wang et al., 2016; Zang et al., 2021).

Membr ane cont act sites (MCSs), especially between

have been shown for many eukaryotic organi sms. I

dynamically regulated areas of close proximity bet
enabled by the interaction and complex formation of
Their functions seem to be diverse and involve not
mol ecul es, but al so i pid met abol i sm, intracel l u
mor phol ogy, autophagy and more (Scorrano et al ., z
2020). VAPs, =especially VAP27 proteins as wel/l as

(Scs2) or animals (VAPA/ VAPB) were shown to play a
with a high amount of different partners (Scorrano

In the frame of this dissertation, it could be show
NET4B can interact with the ER-integral protein \
Mor eover, a partial ER localization at the nucl ea
proteiln EHQWKOPLHMD as well as Arabidopsis root cel |

Suppl ementary Fig. S9) . This strongly suggests t he
forming MCSs at the ER, whi ch might especially be
envel ope, and thereby reveals a direct | ink betwee
finding that NET3A and NET3C can bind tonopl ast -

hypothesized t hat NET3 and NET4 proteins act redun
with RABG3s and VAP27-1 for connecting the actin cy
(Fig. 9). This way, vacuole-ER contact sites (VECSs

indicated proteins in Fig. 9, this process could ir
NET3C and NET3A were both demonstrated to interact
(Zang et al ., 2021), it would be interesting to sece
have an additional relevance for the formation of

at ER-PM contact sites (EPCSs) as well



cytosol cytosol

NE{B A

ER ER
vacuole vacuole

Figure 9: Working model for NET-medi ated establishment of vacu
NET4 proteins bind to actin filaments and are recruited to ac:
are able to also interact with the ER membrane-integral protei
into close proximity. Due to the absence of compatible fusion
be facilitated between the vacuole and ER. I nstead, a membran
proteins might be participating during this process. (B) Since
as NET4A and NET48B, a redundant function is expected for the e
ER. Fi gure modified from Kaiser et al., 2023.

Al t hough several MCSs were discovered in plants dur
2023), the existence of a VECS has not been demons:H
bet ween vacuole and ER, especially the perinuclear
as nucleus-vacuole junctions (NVJs) (Pan et al ., 2
these function in the transport of ions and |ipid
speci al rol es. Thi s includes, for instance, an i
mi croautophagy of the nucleus (PMN), a variant of
smal | nonessenti al parts of the nucleus are releas:é
ani mal cell s, the existence of | ysosome-ER contact
could be shown that contact sites are established
to enable a rapid repair of these | ysosomes via |

2022) .

Since the conserved actin-binding domain of NET pr

plants (Hawkins et al ., 2014) , NET- medi ated MCSs 1
However, |l ipid transport appears to be a common <ca
can often be facilitated via interaction of VAP p
Al bei t unrel ated to the vacuol e, some pl ant i pid
the ER membrane (Wang et al., 2023). Not ewort hy, o

2A ( ORP2A) has been shown to interact with VAP27-1
autophagosomal MCSs and regulates autophagy by aff
2022) . Moreover, ORP2A further acts at MCSs bet wee



to have an involvement in chloropl ast l'i pid homeos

l'ikely that l'ipid transfer in gener al can also be
vacuol e biogenesi s, direct ER to vacuole transport
al , 2013; Scheuring et al., 2024). While VECSs in
could further implement a potenti al l ipid transfer
necessary for cell elongation. Here, VECSs might ac
for |ipids and potentially other membrane component
the massive need of new tonoplast materi al during 1

terestingly, it was recently postulated that als

n
the vacuole contributes to vacuole growth during
e

demonstrated to be enhanced in fast growing root ce
size in this case simultaneously I imits enlargeme
mechani sm for ensuring tightly coordinated cell art
(Dinser et al ., 2022). Strikingly, endocytosis is a
by EPCSs (Wang et al ., 2023) . Due to the finding

endosomes, and | ack of VAP27 proteins led to impair
in Arabidopsis (Stefano et al ., 2018) , it seems |
enhanced endocytic trafficking during cell el ongat
EPCSs. A potentially accompanied direct |ipid tran
the PM could thereby provide the needed membrane r
rates.

Taken together, in addition to their more direct

hypothesized that NET3 and NET4 proteins act in cor

at |l east one, but possibly even two MCSs that migl
eventually vacuole size determining processes. Fur
evaluate these theories. For instance, the discover
could strengthen the idea of a direct l'ipid deliywv

deletion mutants of suspected candidates might gi

relevance of such a process for pl ant cel | el ong
observation of endocytosis for mutants |l acking ott
(e.g. NET3s, KLCRs), could shed further I ight on a

processes.



3. 4 Ot her putative NET4 and NET3 functions
In addition to VAP27-1, RABG3s and At4g01245, one

interaction partner (Kaiser et al ., 2023, Fig. 5,

bel ongs to the RABC <class of RAB GTPases (Rutherf
function within roots has not been shown yet, it
been established as a marker for this compartment

proteins to at | east one additional compartment, w
events or the establishment of MCSs. Whether this r
remains elusive and needs to be elucidated in the
usage as a TGN marker, RABC1 was only Il ately found
guard cells (Ge et al., 2022). Here, it was shown t

RABC1 effectors and are relevant for the formati on

specialized organelles that store energy-rich 1ip
processes, i ncluding membrane remodeling and stres
st omat a, their dynamics seem to be affected by RAI
mor phogenesis and function. Mal function of RABC1 w
the size of the vacuole (Ge et al., 2022). I n yeast
of the functions that is coordinated by NVJs (Har
Furthermore, SEI PI'N proteins were additionally sho
and appear to be relevant for LD biogenesis in se;
pl ausible that RABC1 and SEIPIN proteins might act
VECSs in guard cells to regulate the formation of
NET4A (Kaiser et al., 2023, Fig. 5, Suppl ementary F
Since NET4B is expressed in stomata (Kaiser et al .,
participation in LD formation seems feasible. Thus,

cytoskeleton and tonoplast-localized RABG3 GTPases

VECSs in guard cell s. I ntriguingly, NET4s as well
RABG3b, were reported to be important for the [ ong
mi crobi al patterns. Agai n, this seems to be relate
guard cells (Hawkins et al ., 2023) . Together with
VAP27-1 in LD formation, and the NET4 capacity to &
but al so RABC1 and VAP27-1, it could be specul at ec
functions in microbial pattern-induced stomatal cl o
VECSs. Resolving whether this is true, requires fut
Having another |l ook at the root epider mis, NET4A o
with smaller sized vacuoles that were further away
gener al , |l eaving more space between PM and vacuol e
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cytoskel et al organization, could also affect t he

occurs due to directional actin-myosin XI| based or ¢
of this cytoplasmic streaming was shown to impact
cytoplasmic streaming, achieved via expression of
pl ants, a reduced velocity, caused by | ow-speed my
growth of Arabidopsis (Tominaga et al ., 2013) . On
NET4 proteins at the nuclear envelope (Kaiser et al
controlling the position and shape of the nucl eus.
pl ethora of examples and are wusually occurring duri
as cell di vision, root hair tip or pollen tube gro
stimuli or stresses. Her e, nucl ear migration seems
(Griffis et al ., 2014) , making NET4 as well as N
medi ating movement during these processes. Albeit n

could be observed in rbodQHie DIGHWaR a NBED4 A-sGFoPwn ) ,

invol vement of NET4s cannot be excluded and might

(]

vent s. Besi des, a compensation by remaining NET3 |

()

xcluded, hence phenotypes might be only visible f¢

Among the previously | isted devel opment al processe
s

—
O]
=~
(0]

pl ace, especially cell division might be of 1

_i
(0]
(7]
—

ricting vacuole size might be i mportant. Pri ol

filaments usually form a so-called preprophase banc

—
—
c

re plane of di vision. After its disassembly a

gmoplast, which mainly consists of microtubul ec

— @Q ©T

u

hra

enerated daughter nucl ei and guides the delivery ¢
his way, the new cell wal | is generated throughot
0

cation of the preprophase band at the cell corte

shown to be drastically decreased during this proc:e

,
(¢}
Ko

uirement to increase the cytosolic content and j
and celll plate structures to be formed (Segui-Si ma
nequal cell division could be obUBERYLWURSLYP GHIHFWL¥

Juy, whi ch exhibited abnormally | arge vacuol es,

[

consequence of phragmopl ast mi sali gnment (Silady
asymmetric division of Arabidopsis zygotes, whi ch
basal cell, was shown to strongly depend on a dyna
of vacuoles towards the basal end of the cell ( Mat

shape and distribution further rely on VKBRWrgani z:



JUDYLWURSWVP which is impaired in performing vacuol

apical vacuol es, was reported to be disturbed in
more symmetric zygote division (Kimata et al ., 20
Arabi dopsi s, ACT7 seems t o be the mo st i mportant
i sovaraiants. Among ot her phenotypes, mutants | ack
growth and show not only inhibited cell el ongati on
et al., 2003; Kandasamy et al ., 2009; Numata et al

i sovariant s, ACT2 and ACTS, are mostly known for

sevebDRWnut ants were further reported to show enhanc
Vaskebova et al., 2018). Interestingly, this wavy

of cell di vision plane orientation, caused by alte
(Vaskebova et al., 2018). Overexpression of NET4A

cel | di vision defects of amMF&ynadyzwed|l mubdant hkaawlaivs
phenotype observedDFWr Dd&Wubheemtii gat e Kai ser et al
Thus, it is tempting to assume t hat NET4 A, but pot
a function in cell division. This function is |ikel
but mi ght also affect nucl ear migration. Mor eover,
filaments to the <celll division plane could be spe
phragmopl ast. Due to NET4 expression patterns (Kai
and S11), such a NET4 involvement during cell divi
meri stem, but particularly interesting for | ateral
wi |1 be necessary to elucidate the precise mode of
di vision and to evaluate their specific relevance i
3.5 Final remar ks

Pl ant cel |l el ongation is a complex and tightly rec¢
vacuole modulation is an important factor, which i
and can be regulated by the plant hormone auxin.

possible to elucidate that NET4 and NET3 proteins
actin filaments to the vacuole fusion machinery wh
this way, they promote vacuole fusion and most | ik
contact sites between the vacuole and the ER via in
t he ER-resident and known contact site protein V
Moreover, NET4 s, and to some extent NET3s, probabl
somehow connected to the vacuole and the actin cyto
as cell division, which directly affect plant grow



could have a more indirect effieuwpt aokne gwhoiwteh bdeuien gt or

rel evant for pl ant defense. Taken together, it mi
proteins are wuniversal connectors between actin al
el ongation but potentially several ot her processe
cytoskeletal changes, and might either directly or



4 Summary

Cellul ar el ongation contributes t o fast and ef f
S$UDELGRSVLV VK DOLgDaD o n i s i nhibited by t he pl ant

restrictions in cell size are accompanied by morpl
organell e, the vacuol e. Changes of vacuol ar mor phol
auxin application have been shown to be dependent

connection between actin filaments and the vacuol e
In this thesis, putative candidates for actin-tonop
and NET4B from the plant-specific actin-binding an:t
superfamily, were functionally <characterized by ¢
bi ol ogical approaches. Examination of knockout and
scanning microscopy revealed that NET4 proteins ar
wel | as actin organization. Using 3D surface rende
|l evel s were demonstrated to resul't in more compact
induced smaller vacuol es, this reduction of vacuo
cellular and organ growth. However, NET4- medi at ed

were found not to be directly facilitated by auxin,
mechani sm for regul ating vacuole morphol ogy. Thus
hypothesized to be a gener al met hod to restrict cel
Experiments to investigate the impact of NET4 wupon
the vacuole fusion machinery indicated that NET4 p
This was further substantiated by interaction and
NET4 proteins but also NET3A and NET3C were found t
GTPases (RABG3s), t hereby recruiting actin fil amen
additional interaction was demonstrated for NET4 ¢
VAP27-1, which is known to interact with NET3C for
analyzing CRIQFHPWRF WaHsWe & QH VI E mutant s, mi sshaped a |l
partially fragmented and smaller vacuoles could b
restricted root growth. This supports a role of N E
demonstrates the importance ofBavsaecduodne timeseegrri dsyulft
could be concluded that NET4 and NET3 proteins redu
to tonoplast-localized RABG3s, altering vacuol ar mq
vacuole fusion. I n addition, NET3s and NET4s were I
VAP27-1, RABG3 and actin filaments to establish a vy
bet ween the vacuole and the ER.
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Zusammenf assung

zellul @are Streckung i st wichtig fudr ein schne
el zeBbUBBLGRSVWLWWKDBDOUD@Ber Streckungsprozess dur
n inhibiert. Auxin-induzierte Limitierungen de
nderungen des gro6fBten Pflanzenorganells, der V:

di ese Anderungen der Vakuol enmorphol ogi e X
ol enverkleinerung vom Aktin-Zytoskel ettt abha

nfil amenten und der Vakuole verblieb bislang j

ieser Arbeit wurden mittels genetischer, bi och:e
Familienmitglieder NET4A und NET4B von der pf
Membran-assoziierten ,Networked*“ (NET)-Uberfam
Aktin-Tonopl ast Verbindung funktionell char
ning-Mi kroskopi e untersuchte Knockout - und Ub
-Proteine i n der Lage sind die Vakuol enmor ph

nfil amenten zu verandern. Durch 3D-Oberfl achen

—

e nachgewiesen werden, dass erhdhte Mengen an
l en fdhren. Diese Verringerung der Vakuol engrt
ierten Vakuol enverkleinerung, von einem red
itet. Eine direkte Vermittlung der NET4 -
nmor phol ogi e iber Auxin konnt e jedoch aus

et , dass NET4-Proteine die Vakuolenmorphol o

—h

ussen. Es wur de daher di e Hypot hese aufg
l engrdoRe eine generelle Methode zur | nhibierul

rsuchungen zum NET4-Einfuss bei Beschadigung
ol dren Fusionsmachinerie | egten nahe, dass NETA4
iligt ist. Dies konnte durch zusatzliche I nter:z:

Far bei de NET4-Proteine, aber auch far

-

n
aschender wei se I nteraktionen mi t Tonopl ast - a
gewi esen werden, wodurch sie Aktinfilamente an
en Weiterhin wur den zusatzliche I nteraktione
ssigen Membrankontaktstellenprotein VAP27-1 ge
C zum Aufbau von ER-PM Kontaktstellen bekannt

ri@Hw énQHW Dr@ggHW &c hmut anten konnten deformierte
mentierte sowie kleinere Vakuolen beobachtet w
el wachstum korrelierte. Di es untermauert ein

typischen Vakuolenfusion und demonstriert di e



das Pflanzenwachstum. Aus diesen Ergebnissen konnt e
und NET3 Proteine in redundanter Weise Aktin-Filam

rekrutieren und damit die Morphologie sowie Grohle

homotypischen Vakuolenfusion verandern. Zudem wur
NET3s und NET4s gleichermafBen mit VAP27-1, RABG3 sc
um bislang unbekannte Membrankontaktstellen =zwisc
etablieren.



6 Abbreviati ons

a. ami no

ABP actin-binding protein

ACT actin (protein)

AFB AUXI N SI GNALI NG F-BOX (protein)

ami R artificial mi cr oRNA

AP-3 adaptor protein complex 3

ARE Auxin Response EIl ement

ARF AUXI N RESPONSE FACTOR (protein)

ATP adenosine triphosphate

ATPa adenosine tripho

Aux/ 1 AA AUXI N/ I NDOLE ACETI C ACID (protein)

BCECF- AM 2', 7" -Bis-(2-Carboxyethyl )-5-(and-6)-Ca
Est

Cas CRI SPR-associated (protein)

cCcz1 CALCI UM CAFFEI NE ZI NC SENSITIVITY1T (prot

CLSM confocal | aser-scanning microscopy

Co-1P Co-immunoprecipitation

CORVET class C core vacuole/ endosome tethering

CRI SPR Clustered Regularly Interspaced Short P

Dz di fferentiation zone

EE early endosome

EPCS ER-PM contact site

ER endoplasmic reticulum

EXP expansin (protein)

EZ el ongation zone

F-actin filamentous actin

FER FERONI A (protein)

FM4-64 N-(3-Triethyl ammoniumpropyl )-4-(6-(4-(D
Hexatrienyl) Pyridiniumdi bromid

FRAP fluorescent recovery after photobl eachin

G-actin gl obul ar actin

GAP GTPase activating protein

GDP guanosine diphosphate

GEF guanine exchange factor

gr gravitropism de

GTP guanosine triphosphate

GTPase guanosine triphosphatase (protein)

GU! B-Gl ucur o

HOPS homotypic fusion and protein sorting (pr

I AA indole-3-acetic-acid

I QD | Q6 7-domain (protein)

KEG KEEP ON GOI NG (protein)

KLCR kinesin-light-chain-related (protein)

kyn kynurenine

Lat B l atrunculin B

LD |l i pid dropl et

Lt |l ate en

LRX |l eucine-rich repeat extensin (protein)

LV l ytic vacuol e

mb S L mat -based-Ubi qui t

MCS membr ane contact site

MDY - 6 4 membrane dye for yeast vacuol es

MON 1 MONENSI N SENSI TIVITY1T (protein)



MS mass sprectrometry

MV B mul tivesicular body

MZ meri stematic zone

NA. -napht hal ence

NAB NET actin-binding

NE nucl ear envelope

NE Net wo (pro

NSF N-ethyl mal ei mi de-sensitive factor (protei
ORP oxysterol-binding protein-related protein
P phosphat.

Pl propidium iodi de

PI P phosphatidylinositol phosphate

PM pl asma membrane

PMN pi ecemeal mi croautophagy of the nucl eus
PP protein phosphatase

PR poll en -li ke kina

PSV protein storage vacuol e

RAB Ras-related in brain (protein)

RA! Ra-related C3 botulinum

rBi FC ratiometric Bimolecular Fluorescence Co
RHO Ras homol ogous (protein)

ROF Rho of pl a

SA salicylic acid

SAC suppressor of actin (protein)

SAUR SMALL AUXI N UP RNA (protein)

Scs?2 Suppressor of Choline Sensitivity (prote
sgr 2 shoot gravitropism 2 (mutant)

SNAP solubl e NSF attachment protein

SNARE soluble N-ethyl malei mide-sensitive facto
SYP syntaxins of plants (protein)

TGN trans- Gol gi net wor k

TI P tonoplast intrinsic protein

TI RA1 TRANSPORT | NHI BI TOR RESPONSE1 (protein)
T MK transmembrane kinase (protein)

v- ATPase vvagR TPBdae Hprotein)

VAMP vesicle-associated membrane protein

VAP VAMP- associated protein

vel 1 vacuoless 1 (mutant)

VECS vacuole-ER contact site

VPS vacuolar protein sorting (protein)

VT vesicle transport tSNAREs (
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Abstract: The dimension of the plants largest organelle—the vacuole—plays a major role in defining
cellular elongation rates. The morphology of the vacuole is controlled by the actin cytoskeleton,
but molecular players remain largely unknown. Recently, the Networked (NET) family of
membrane-associated, actin-binding proteins has been identified. Here, we show that NET4A
localizes to highly constricted regions of the vacuolar membrane and contributes to vacuolar
morphology. Using genetic interference, we found that deregulation of NET4 abundance increases
vacuolar occupancy, and that overexpression of NET4 abundance decreases vacuolar occupancy.
Our data reveal that NET4A induces more compact vacuoles, correlating with reduced cellular and
organ growth in Arabidopsis thaliana.

Keywords: Arabidopsis; cell biology; cell size; plant growth; vacuole; actin cytoskeleton; vacuolar
occupancy; compactness

1. Introduction

Vacuolar size correlates and contributes to cell size determination, thereby defining cellular
elongation rates [1-3]. In animals, the cytoskeleton plays an important role for maintaining cellular
shape and especially actin has been shown to regulate cell shape and thereby cell size [4,5]. Since plants
are surrounded by shape-giving cell walls, the actin cytoskeleton cannot directly impact on cell shape.
Nevertheless, it was demonstrated that actin filaments play a direct role in regulating structural
changes of the vacuole [6,7]. The phytohormone auxin impacts on actin filament organization [8-10]
as well as on vacuolar morphology. Here, auxin induces tonoplast constrictions [1] which in turn
leads to a reduction of cellular space occupied by the vacuole [2]. Notably, genetic or pharmacological
impairment of the actin-myosin system abolished auxin-induced changes of the vacuole and restored
meristematic cell-size control and root organ growth in Arabidopsis [2].

Due to the close proximity of the vacuolar membrane (tonoplast) and actin filaments it has been
suggested that there might be a direct physical connection [11]. However, little is known about involved
molecular players and the employed mechanism for this connection. In a screen for GFP-fusion proteins
labelling actin filaments, the plant-specific Networked (NET) family was identified [12]. NET proteins
possess an actin-binding region and are membrane-associated, thus they specifically link actin filaments
to cell organelles. From the 13 identified family members, NET4A and NET4B could potentially impact
on the actin—vacuole interface, since NET4A has been shown to bind actin and overlaps with the
tonoplast [12].

Int. J. Mol. Sei. 2019, 20, 4752; doi:10.3390/ijms20194752 www.mdpi.com/journal/ijms
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2. Results

2.1. NET4A Shows a Bead-on-a-String Pattern at the Tonoplast

To investigate the potential role of NET4 proteins in vacuolar morphology, we initially
inspected NET4A::NET4A-GFP localization in root epidermal cells of Arabidopsis thaliana seedlings.
While NET4A-GFP under its endogenous promoter (hereafter referred to as NET4A-GFP) is
weakly detectable in meristematic cells [1], we noted that it is preferentially expressed in the late
meristematic zone, correlating with the onset of cellular elongation (Figure 1a). The root epidermis is
regularly spaced between longer atrichoblast and shorter trichoblast cells, which later differentiate into
non-hair and root-hair cells [13]. NET4A expression seems to precede in trichoblast cells and is more
tightly associated with the onset of elongation in the atrichoblast cells (Figure 1a and Figure Sla,b).
To confirm vacuolar localization of the NET4A-GFP signal, tonoplast staining using FM4-64 [14]
was employed. NET4A-GFP did not only show a typical tonoplast signal and colocalization with the
endocytic dye FM4-64, but also displayed a more filamentous signal distribution in the cell cortex,
suggesting a dual localization (Figure 1b,c). This cortical NET4A-GFP signal (Figure 1c) strongly
resembles actin filaments, which is in agreement with its in vitro actin binding capacity [12].

NET4A::NET4A-GFP+PI NET4A::NET4A-GFP+FM4-64

Figure 1. NET4A shows a bead-on-a-string pattern at the tonoplast. (a) NET4A-GFP expression under
the endogenous promoter in Arabidopsis roots. Expression starts in the late meristem, initially only
in trichoblast cells. (b) NET4A-GFP signal distribution in atrichoblast cells of the root epidermis.
(c) Filamentous NET4A-GFP signals at the root cell cortex. (d—f) Vacuole staining by FM4-64 (3 h) shows
NET4A localization preferentially at curved tonoplast areas. (g) NET4A-GFP signal accumulation
at constrictions in elongating root cells. Detail: areas with folded tonoplast membranes show
stronger NET4A-GFP accumulation in comparison to expanding areas. White arrowheads highlight
punctate signals. Propidium iodide was used to stain the cell exterior, FM4-64 to stain the tonoplast.
Scale bars: 5 um.

2.2. NET4A Localizes to Highly Constricted Vacuolar Membranes

NET4A-GFP distribution at the tonoplast was not uniform but showed a stronger vacuolar
label in the center of the cell, correlating with regions of higher vacuolar constrictions (Figure 1d—f).
Vacuoles are highly constricted in meristematic cells and dramatically increase in volume during
cellular elongation [3]. In agreement, in elongating cells the NET4A-GFP accumulation at the tonoplast
correlated well with the remaining membrane constrictions (Figure 1g). In line with this, elongated
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root cells, possessing fully expanded vacuoles with no or only little constrictions, displayed only a
very faint NET4A-GFP signal (Figure Slc).

To assess if NET4A-GFP accumulation indeed correlates with vacuolar constrictions, we next
induced alterations in vacuolar morphology. The phytohormone auxin reduces vacuolar size by
inducing smaller luminal vacuoles [1,2]. We used the synthetic auxin naphthalene acetic acid (NAA)
and the auxin biosynthesis inhibitor kynurenine (kyn) to increase and decrease vacuolar constrictions
in the root cells, respectively. In late meristematic cells, auxin treatment (200 nM NAA) induced
vacuolar constrictions and a more uniform colocalization of NET4A-GFP with FM4-64 at the tonoplast
(Figure 2a,b). On the contrary, kyn-induced reduction of vacuolar constrictions correlated with
faint NET4A-GFP localization at the tonoplast (Figure 2c), being reminiscent of fully elongated cells.
Auxin does not markedly interfere with NET4A-GFP intensity of already highly constricted vacuoles in
meristematic cells [1], but in late meristematic cells the overall signal intensity of NET4A was detectably
increased and decreased in auxin treated and deprived cells, respectively (Figure 2d).

To confirm this finding, we determined NET4A levels in response to increasing auxin concentrations
by immunoblotting. Using a GFP antibody, we analyzed NET4A-GFP signal intensity in whole root
extracts (Figure 2e). In a dosage-dependent manner, NAA application increased the NET4A-GFP
protein amounts (Figure 2f). On the other hand, auxin application did neither elevate endogenous
NET4A nor NET4B expression (Figure 2g). This indicates that auxin treatment leads to a higher NET4A
protein abundance which is independent of transcriptional regulation. This set of data suggests that
NET4A is recruited to highly constricted regions of the tonoplast, which possibly indirectly modulates

protein levels of NET4A.
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Figure 2. NET4A localizes to highly constricted vacuolar membranes. (a—c) Altered NET4A-GFP
protein abundance upon exogenous auxin (NAA) application and depletion by the auxin biosynthesis
inhibitor kynurenine (kyn). Seedlings were treated with DMSO as control (n = 17), 250 nM NAA
(n = 15) and 3 uM kyn (n = 15). Five cells per root were considered. (d) Quantification of signal
intensity. (e) Western blot analysis of NET4A-GFP (endogenous promoter) abundance upon rising NAA
concentration. Arabidopsis root tissue was probed using a GFP-antibody. To avoid signal saturation,
two different sample concentrations were loaded (3 and 6 pg). (f) Signal intensity of the individual
NET4A-GFP bands were quantified in respect to the corresponding tubulin control bands. (g) To test
for auxin-induced gene expression changes, qRT-PCR for both NET4 family members, NET4A and
NET4B, was carried out. Error bars represent s.e.m. Student’s t-test, p-values: ** p < 0.01; *** p < 0.001.
Scale bars: 5 um.
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2.3. NET4A Impacts on Vacuolar Morphology

To investigate NET4A function in maintaining vacuolar morphology, we isolated net4a and
net4b knock-out lines (Figure S2a—d). We next investigated the NET4-dependent effect on vacuolar
morphology in late meristematic cells, because they mark the onset of NET4A expression. We used the
vacuolar morphology index (VMI) [1-3], which depicts the size of the biggest luminal vacuolar structure
and is highly sensitive to reveal alterations in vacuolar morphology. Both net4a-1 (SALK_017623) and
net4b (SALK_056957) mutants displayed more spherical vacuoles accompanied with increased VMI
(Figure 52e-h). To confirm that this phenotype is attributable to NET4 gene function, we analyzed
two additional alleles, nef4a-3 (SALK_010530C) and net4a-4 (SALK_083604C). Both lines showed a
significant increase of the VMI (Figure 52i,j). Thus, we concluded that the observed phenotype is linked
to NET4A gene function. Together, this suggests that NET4 association at the constricted vacuolar
membranes impact on vacuolar morphology.

Subsequently, we used netda-1 for crossing with net4b, creating a double mutant (hereafter referred
to as netda net4b). Although the netda net4b double mutant also showed more spherical vacuoles,
the VMI was largely not distinguishable from the single mutants (Figure 3b,d and Figure S2f-h).
This proposes a higher redundancy in the actin-vacuole pathway.

Next we generated 355:NET4A-GFP (hereafter referred to as NET4A-GFPCE) overexpression
lines to assess ectopic NET4A expression. NET4A-GFPCE lines showed expression throughout the
root, including the meristematic region. The subcellular characteristics of NET4A-GFPOF remained,
showing the filamentous signal at the cell cortex and the enhanced labelling of constricted tonoplast
membranes (Figure S3a—f). Interestingly, trichoblast cells, possessing more compact and constricted
vacuoles, showed a higher signal intensity when compared to atrichoblast cells (Figure S3g-i). To assess
the effect of NET4A overexpression on vacuolar morphology, the VMI for NET4A-GFPYE was
determined. Markedly, NET4A overexpression lines showed more roundish vacuoles (Figure 3c),
and increased VMI in comparison to the control (Figure 3d). Accordingly, we conclude that NET4A
overexpression as well as net4a loss-of-function induces more roundish vacuoles. This finding is
reminiscent to the stabilization and depolymerization of the actin cytoskeleton, which also both induce
more roundish vacuoles and increase the VMI [2].
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