ABSTRACT

HAN, SANG-WON. Protein Trafficking to the Plant Vacuole Membrane (Under the
direction ofMarcela RojasPierce.

The vacuole is an essential and multifunctional organelle in @eltd and has
important rolesfor maintenance of turgor and the storage of a multitude of molecules
including nutritional proteins and defense moleculasplants, wo types of plant vacuoles
exist, the protein storage vacuole (PSV) and the lytic vaclible PSV has a neutral pH and
is established during embryonic development as the storage compartment for seed storage
proteins.In contrast, hie lytic vacuole has an acidic pH and is the predominant compartment
in vegetative cells. The mechanisms for bioggs of protein storage vacuoles in embryos
and lytic vacuoles in vegetative tissues are poarigerstood.To identify proteins that
regulate the biogenesis of vacuoles, a screelnipaired traffic to tonoplas{itt) mutants
was carried out and twitt mutants have been characterizet® hasfragmented vacuoles
andis a new mutant allele of the vacuolar SNARE protein VTIfth, which was renamed
regulator of bulb biogenesi4 (rbbl), has morevacuolarbulbs when compared to the
parental control Analysis of the rbbl phenotype indicates that bulb formation is
developmentally regulated and responds to environmental sigi@igling light RBB1
encodes a novel protein of unknown function that is specific to plants, localizes to the, cytosol
and assciates with cellular membrane€haracterization ofRBB1 is being used to
determine the function and cellular dynamics of vacuolar bulbs in Arabiddpsither
characterization dRBB1 functionwill provide new insight into novehechanism of vacuole

biogenesis.
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CHAPTER 1

Vacuole Biogenesis and Vacuolar Protein Trafficking



ABSTRACT

The vacuole is aessential organelle and occupies a large volume in most plant cells.
This large compartment has important roles in cell growth, turgor, storage of ions, sugars and
metabolites, sequestration of toxic compounds, and recycling of cellular components.
Mutantsdefective in vacuole biogenesis are embryo lethal, which highlights the importance
of the vacuole in plant development. The delivery of proteins to the vacuole is critical for its
biogenesis as mutants in genes involved in trafficking to the vacuole Veuele
morphology defects. Protein trafficking to the vacuole occurs via vesicular trafficking via the
endomembrane system and is carried out by proteins that are highly conserved in eukaryotes.
This conservation has permitted the identification of aiaayof proteins with important
roles in targeting to the vacuole. In this review, the current knowledge of the mechanisms for

plant vacuole biogenesis and vesicular transport will be summarized.



INTRODUCTION
The vacuole is an essential organelle imptzells that can occupy more than 90% of the cell
volume, and has important roles in plant growth and develop(hai, 1992; Martinoia et
al., 2000; Surpin and Raikhel, 200Alberts, 2008) The plant vacuole is critical for
maintenance of turgor pressure, and therefore, it contributes to plant ce{Cezgrove,
1993) This important organelle stores sugars, inorganic ions, lipids, metabolites and proteins.
In addition, proteins stored in the vacuole provide a source of amino acids during seedling
establishment. Vacuoles also play roles in sequestration of toxic cadgand recycling of
cellular components. Given the myriad of functions of the vacuole in cellular homeostasis
and plant viability, understanding vacuole biogenesis and function is critical for improving

crop productivity(Surpin and Raikhel, 2004)

The phenotypes of mutants defective in vacuole biogenesis have revealed the importance
of this organelle. For exampleacuolessl(vcll) mutants, which do not form vacuoles,
display defects in cell elongation, the orientation of cell division planesmbdyo lethality.

Instead of vacuolesicll embryos accumulate many small vesicles which do not(fRem

et al., 2001) Moreover, theassociated molecule with the SH3 domain of STAMNBh3J
mutants fail to form a central lytic vacuole and are seeditigal. These mutants also
accumulate many vesicles and ra@t vacuolar protein cargo to the intercellular space
(Isono et al., 2010Phenotypes ofcll andamsh3mutants demonstrate that the vacuole has

critical roles in the cell viability.



Functions of the vacuole are determined by the transport of vacuolar lumen proteins and
the appropriate deposition of membrane proteins to the vacuole membrane, which is also
called the tonoplagiMartinoia et al., 2007)Proteins involved in the traffking of vacuolar
proteins have been characterized over the last dd€agieet al., 2007; Sohn et al., 2007;
Tanaka et al., 2009; Cui et al., 2014; Singh et al., 20d4¢rms of membrane proteins, two
trafficking pathways for vacuolar traffic have been proposed, a @ejgendent pathway and
a Golgtindependent route. In Abadopsis, TONOPLAST INSTRINSIC PROTEIN1;1
(TIP1;1) traffics via the Golgi apparatus, while TIP2;1 and TIP3;1 transport bypasses this
organelle(RiveraSerrano et al., 2012The proteins involved in the regulation of these two

pathways are largely unknown.

The vacuole is part of the endomembrane system, which is composed of different
membrane organelles including the endoplasmic reticulum (ER), the Golgi apparatus, the
trans-Golgi-network, endosomal compartments, and the plasma mem{@assham et al.,

2008; Cheung and de Vries, 2008; Morita and Shimada, 20tdhsport and exchange of
proteins and lipids between these organelles occurs via vesicles or wisimlbr structures

and is highly dynamig¢Fujimoto and Ueda, 2012Mechanisms for vesicular trafficking

have been extensively studied in animal cells and yeast, and there is a good level of
conservation in the rpteins involved between eukaryotes. This review summarizes the
current knowledge of vacuole biogenesis and trafficking mechanisms of both soluble and

membrane vacuolar proteins.



1.1 Vacuole development and morphology in plant cells

In plant cells, wo types of vacuoles exist during specific times in development, the protein
storage vacuole (PSV) and the Iytic vacuole (LV). PSVs are most abundant in seeds and have
a neutral pH. In contrast, LVs are found in vegetative tissues and are acidic. Thgeesvo
of vacuoles are also functionally distinct. PSVs contain seed storage proteins that can be
utilized as nitrogen or carbon sources during seed germination. LVs contain hydrolytic
enzymes and are reminiscent of the lysosomal compartment in aninsa{>éetg et al.,
2013) The character of each vacuole is determined by its pH and by the presence of specific
proteins known to be localized to PSVs or LVs, such as tonoplast intrinsic proteins (TIPS) in
Arabidopsis thalianaPhaseolus Mgaris andRaphanus sativusnd the twepore K+ channel
(TPK) family in Oryza sativa(Jauh et al., 1999; Hunter et al., 2007; Isayenkov et al., 2011,
Xiang et al., 2013)Experiments using fluorescemiroteintagged fusions revealed specific
patterns of expression and localization of tonoplast intrinsic proteins (TIPs) during
embryonic development and seedling growth in Arabidopdisnter et al., 2007)For
instance, PSVs affPamaPKiedwhiyl &1 P8s 17 §- 1 abel
TIP and TPKa. In pea root tips, barley lectinislco c al i z e d -WkP, twhile thel P3; 1/
vacuolar protease aleurain, a maker for an acidified vacuole, accumulated together with
T 1 P 1-TIR Trese experiments wengterpreted as evidence for the-existence of two
different compartments in a same cell that merge together as a large central vacuole during
cell developmen(Paris et al., 1996)ut this hypothesis has now been questiqhiohter et
al., 2007; Frigerio, 2008; Frigerio et al., 2008; Robinson, 2008; Rogers,.00&ct in

Arabidopsis, TIP3;AYFP and TIP1;AYFP briefly overlapped in the same membrane in



germinating Arabidopsis seedlings, suggesting the two types of vacuoles do not exist as
independent compartments in single cellsrdyseed germinatio(Hunter et al., 2007)The
mechanisms for traf@mation from PSVs in the embryo to LVs in the vegetative tissues is
not well characterized. It has been shown recently that the central LVs of vegetative root tip
cells of geminatind\Nicotiana tabacunarise in part from fusion of PSV3he PSVto-LV
trarsformation in this case was determined by changes in vacuole architecture and the
repl acementTIdf wilt hJIPTZhBOY ;arid/Staehelin, 2011oreover,
embedded lytic compartments inside PSVs of geminating Arabidopsis embryos can be
visualized by confocal microscopy asdpport the hypothesis that LVs develop from PSVs
(Bolte et al., 2011)Visualization of TIP3;AYFP and TIP1;AYFP in the same germinating
seedling in Arabidopsis indicated that these PSV and LV markers briefly overlapped in the
same membrane during a short developmental win@iwwnter et al., 2007) In order to
confirm that LVs arise from PSVs and to identify the cellular processes imvatvéhis
transition, further research is needed to obtain more insights about the biogenesis of protein

storage and lytic vacuoles.

Live-cell imaging of fluorescenegged proteins revealed dynamic changes of vacuole
morphology. Fluorescent tonoptamarkers such as TIP2@FP localize to the vacuole
membrane, trargacuolar strands and spherical su#tuolar structures attached to the
tonoplast(Hawes et al., 2001; Saito et al., 200Zyansvaauolar strands (TVS) are thin
tubular or sheelike structures that transverse the vacuole and may contain cytoplasm
materials, even organelles, inside th@emura et al., 2002'VS may serve as distribution

routes for metabolites and organelles across the(Melbenfuhr et al., 1999; Grolig and



Pierson, 200Q)and its structure and dynamics depends on actin cytoskeleton. For example,
disruption of the actin filaments leads to loss of the strands and inhibition of TVS movement
(Kovar et al., 2000; Tominaga et al., 2000; Kutsanhal., 2003) The spherical sulsacuolar
structures inside the large vacuole are named "b(8=sto et al., 2002and can be detected

with several tonoplast markers suchTdR1;1-YFP, TagRFPVAM3, GFP-VTI1l, YFP-
2XFYVE, TIP3;:YFP and TgMTP1bmGFP (Hunter et al., 2007; Gustin et al., 2009; Saito

et al.,, 2011; Saito et al.,, 2011; Feeney et al., 20B8)bs a@e continuous with the main
vacuole membrane and display brighter signals than the tonoplast. Imaging by electron
microscopy and - reconstruction indicated that bulbs are formed by double membranes
and that cytoplasmic materials are detected betweenvthenembranegSaito et al., 2002)
Similarly to the dynamics of TVS, the movement of bulbs is dependent on actin, but not on
microtubuleslUemura et al., 2002; Beebo et al., 200)e nature of the bulbs as naturally
occurring structures was recently questiorfegami et al., 2014)This work examined
whether dimerization of GFP from tonoplast protein fusiowsices the adhesion of adjacent
membranes and the formation of bulbs. The authors proposed that bulbs are artifacts due to
di merization while Aintravacuol ar spherical
abundant, and show lower fluorescence intgrisian the bulbgSegami et al., 2014)This

model, however, needs to be further explored as GFlerdiation alone cannot explain the
accumulation of bulbs in the 2xFYWVEFP line in which this marker binds to the membrane

by proteinlipid interactions, not a transmembrane dom@aito et al., 2011; Saito et al.,
2011) Possible functions of bulbs have been proposed in tonoplast protein degradation and

in rapid cell growth by serving as membrane reserv@esto et al., 2002; Maitrejean and



Vitale, 2011) However, a clear function of bulbs still needs to be demonstrated and the

mechanisms for bulb biogenesis still remain unknown.

1.2 Vesicular transport

The endomembrane system is a series embranebound organelles, and transport of
proteins and lipids between these organelles occurs via vesicles. Vesicle trafficking is
important for correct protein transport which affects plant growth, development, and signal
transduction(Surpin and Raikhel2004) Vesicles are spherical single membréoend
structures containing cellular cargo materi@d®e and Csiro, 2000) The vesicles, which
serve as cargo shuttles, first bud off from the donor compartment and later fusg@ewith
target compartment. The transport via vesicles between compartments is highly dynamic and
conserved in all eukaryot¢Bassham et al., 2008; Fujimoto and Ueda, 2012; Ro@se,

2013) Trafficking of proteins of the endomembrane system is initiated at the Endoplasmic
Reticulum (ER). After proteinsra synthesized and folded into the correct titeeensional
conformation in the ER, they are transported to the Golgi apparatus by either vesicles or
within vesiculetubular structures. Once in the Golgi, most proteins are packaged into
organellederived vesicles for delivery to the proper compartme(fsjimoto and Ueda,

2012)

Vesicular trafficking involves the budding and scission of a vesicle from a donor

compartment, and the docking and fusion of this vesicle with a target organelle. The



formation of vesicles at donor compartments occurs by the action of several distinct coat
proteinsincluding COPs (Coat proteins) and clathrin. This budding process requires small
GTPases such as the ADP ribosylation factor 1 (Arfl) for the formation of COPI vesicles and
CCVs (Clathrincoated vesicles), and secretiassociated RA%elated protein 1 @&@1) for

the formation of COPII vesicles. A small GTPase is recruited to the donor membrane in its
GTP-bound state, and the exchange of GDP to GTP is promoted by its guanine exchange
factor (GEF)(Pucadyil and Schmid, 2009; Hurley et al., 2010he COPII madhnery along

with Sarl is involved in forming vesicles at the ER and is responsible for vesicular
trafficking from the ER to the GolgiSanderfoot and Raikhel, 1999)The Sec23/24 and
Sec13/31 subunits, which function in cargo selection and cage formation, respectively, are
also required to fon the COPII compleXBi et al., 2002; Stagg et al., 2008y dominant
negative mutation of Arabidopsiarl results in impaired E®-Golgi transport of Golgi
membrane proteins and inhibition of ER exft sporamin, a vacuolar storage protémn
Arabidopsis cultured cell@akeuchi et al., 20005imilar results are obtained when Secl2 is
transiently overexpressed in tobacco protoplasts, as overexpression of sec12, the Sarl GEF,
inhibits the recruitment of the COPIl complex at the ER memb(&indlipson et al., 20D).

In contrast, the COPI machinery mediate retrograde transport from the Golgi to the ER and
intraGolgi transport(Letourneur et al., 1994; Sanderfoot and Raikhel, 1998 COPI
complex is mee of the coatomer, whidk formed bytwo subunits callethe FCOPandB-

COP subunits, and GTPase Arfl. ThR€lOP coat omer i s comEOR sed of
b-COP, U-COP, ande-COP) and serves as the camgdective subunit, whereas theP

coatome consi sts o-COPRIOB ang{COR) aind forms the(cahe complex



(Bassham et al., 2008n addition, two different types of COPI vesicles, COPIla and COPIb,
have been reported in Arabidopsi3OPla vesicles arise froms-Golgi cisternae, while the
COPIb vesicles are derived from mediahdtrans-Golgi cisternagDonohoe et al., 2007)
Disruption in the activity of Arf in tobacco leaves leads to inhibition of the assembly of
COPI complex, and redistributione®3 and &4, which are members of COPII
components, to the cytosol, suggesting that protein distribution between ER and Golgi is
maintained by the balanced axctiof the COPI and COPII machingf$tefano et al., 2006;
Bassham et al., 2008 addition, clathrircoated vesicles (CCVs) mediate protein transport
among the plasma membrane, endocytic and TGN compartments and it consists of three
components, clathrin, the adaptor complexes (APs) and ADP ribosylation factor (ARF).
Clathrin has a distinct threlegged shape that provides structural support for bending of the
membrane at vesicle budding sites. AP complexes contribute a merbimeimg site for
clathrin in the donor compartment and also interact with trafficking membratens(e

and Csiro, 2000; Bassham et al., 2008) Arabidopsis, ARP3 plays a role in poggolgi
trafficking and is related to the regulation of vacuolar biogenesis and trafficking of tonoplast

proteins(Niihama et al., 2009; Feraru et al., 2010; Zwiewka et al., 2011)

After the formed vesicles are released from the donor compartment, they interact with
target membranes through specific docking and tethering protein complexes that are
regulated by Rab GTBas. Once vesicles are docked, vesicles and the target membrane
undergo membrane fusion by the function of SNARE (solubkthyIimaleimidesensitive
factor attachment protein receptor) proteins, which results in the delivery of their cargo to the

approprige organelle(Bassham et al., 2008; Trahey and Hay, 201Bab proteins are a

10



subgroup of the small GTPase family of proteins and are conserved among the majority of
eukaryotegPereiraLeal and Seabra, 20Q01Rab proteins are converted from the GiRind
inactive form to the GT#®ound active form by interactions with a R@EF. When Rabs are
recruited to a particular membrane and activated, they recruit other effectors including
SNAREs and molecular motorsathwill tether the vesicle to the cytoskele{@assham et al.,
2008) Arabidopsis containd7 members of the Rappe small GTPases, but specific
functions have only been identified for a handful of thdiwo Rab proteins, Rhal and
RabG3F, have been shown to regulate vacuolar traffic in plants. The doméagztive
mutant of Rhal, an Arabidopsis Rab5 homolog, is defective in the delivery of soluble
vacuolar cargo proteins to the vacuole and accumulategliifuae or punctuate pattern in

the cytosol(Sohn et al., 2003) In addition, the vacuolar marker sREP was not delivered

to vacuoles in a dominamegative mutant of RABG3f, which i&a member of the

Arabidopsis Rab7 groufCui et al., 2014)

Vesicle fusion with the target organelle is mediated by SNARE proteins that provide
targetspecificity in vesicle trafficking. SNARE proteins contain a SNARE motif, are
distributed throughoudifferent cellular organelles, and in plants, are all integral membrane
proteins(Jahn and Schelf, 2006; Fujimoto and Ueda, 2012)esicles contain a-8NARE
(vesiclemembrane SNARES), while the membrane of the acceptor organelle contains t
SNARESs (targetnembrane SNARES). Both and tSNARESs contain a coiledoil domain,
the SNARE motif, that llows interactions between SNAREs. When botBNARE and ¢
SNAREs are in close proximity, they form a fehalical bundle called a SNARE complex

that allows two opposing membranes to come together and merge seamlessly to drive
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membrane fusion. Once fusiarccurs, cargo in the vesicle is released into the organelle
lumen. Based on the core amino acid in the hydrophobic heptad repeats in the SNARE maotif,
SNAREs are classified into four groups:-Q&b, Qc¢, and RSNAREs (Fasshauer et al.,
1998) A typical SNARE complex is composed of -Q&b-, and Qe SNARES on thaarget
membrane, and a-BNAREs on the vesicléKim and Brandizzi, 2012)in Arabidopsis, 65
members of the SNAREs family of proteins have been identified and they are distributed
along the endomembrane system. While functional redundancy for some SNAREs has been
reported, some lossf-function muants of SNARE proteins indicate that some SNAREs
function in specific organelles. For example, fo$dunction mutants of SEC22, an-R
SNARE in the Golgi and ERyave abnormal gametophyte development. The pollseci?
mutants displayabnormal Golgi morphology and show ER retention of SYP124, a plasma
membrane (PM) SNAREEI-Kasmi et al., 2011)These results indicate a role of SEC22 in
protein traffic between the ER and the Golgi. In addition, severédQ&RE null mutants,

sweh as in theSYP2 gene familyhave been reported to be leti@@hnderfoot et al., 2001
Shirakawa et al., 2010)These results indicate that SNAREs have specific and essential
functions in vesicular traffiakg pathways that are critical for plant growth and development.
Due to the lethality phenotype of loss of function mutants in the SNARE family, it has been a
challenge to assign specific roles for all the plant SNARE pro{Siasderfoot et al., 2001;

Surpin et al., 2003; Foresti et al., 2006)

Vesicular transport is a complex process and is needed to recruit many proteins in order to
deliver cargo into the appropriate compartment. Vesicles are formed by the combined

function of coat proteins and small GTPases, and are latervith target membranes
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through docking and tethering, and the activity of SNARE complexes. Although many plant
proteins involved in vesicular trafficking have been identified by sequence homology with
yeast and human proteins due to their conservatiene thare still many unsolved questions

on the regulatory mechanisms of protein traffic in plant cells.

1.3 Vacuolar protein trafficking

The trafficking pathway for vacuolar lumen proteins has been studied for a long time using
well-known vacuole storage proteins such as aleurain, lectin and spdiexdimarek et al.,
1990; Bednarek and Raikhel, 1991; Holwerda et 2092; Koide et al., 1999)Several
vacuolar sorting signals (VSS) for soluble proteins, also called vaesaiing determinants
(VSDs), have been identified. The sequesgecific vacuolar sorting signal (ssVSS) and C
terminal vacuolar sorting signal (ctvS@latsuoka and Neuhaus, 1999; Xiang et al., 2013)
target proteins to the vacuole by distinctipedys that merge at the PV(Qdiao et al., 2008)
Sequencepecific VSS (ssVSS) includes NPIXL (asparagimmeline-isoleucineX-leucine)
or similar sequence$iolwerda et al., 1992; Koide et al., 1998at bind to wcuolar sorting
receptors (VSRsfKirsch et al., 1994; Kirsch et al., 199@roteins containing ssVSS are
exported from the Golgi to Iytic vacuoles by clathcmated vesiclegRobinson et al., 1998)

In contrast, @&erminal vacuolar sorting signal (ctVSS) display low sequence specificity, but
a common requirement is the presence of-@r@inally exposed hydphobic amino acid
patch(Matsuoka and Neuhaus, 1999; Vitale and Raikhel, 1999 ctVSS®f Brazil nut 2S

albumin and Arabidopsis 12S globulin bind to VSRS, whereas the ctVSS of barley lectin
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shows weak bindin¢Kirsch et al., 1996; Shimada et al., 2008)addition, protein structure
dependent VSS (psVSS), which is not clearly determined yet, magrbposed of multiple
internal domains or formed by the aggregation of protéifitale and Chrispeels, 1992;
Maruyama et al., 2006)t has been identified that psVSS mediates protein trafficking to
vacuoles through co#gss dense vesicles (DVs), which are small uniform vesicles containing
intrinsic membrane proteins destined for the P&whl et al., 1996; Hinz et al., 1999)
Furthermore, vacuolar sorting receptors (VSRs), which are type | membrane proteins, have a
role in the sorting and packaging of soluble vacuolar proteins into transport vesicles,
including binding protein 80kD (BP80) in pea and seven VSRs in Arabid@fsssh et al.,

1994; Paris et al., 1996; Zouhar et al., 2010; De Marcos Lousa et al., Z@g2)}terminal
luminal domain binds to soluble vacuolar protein, whereas ttegr@nal cytosolic tail forms

clathrincoated vesiclegKirsch et al., 1996; daSilva et al., 2006)

In animal cells, proteins of the plasma membrane, secretory vesicles and lysosomes traffic
from the ER to the Golgi and from there, they are packed irdicles that are delivered to
their target compartments. In plant cells, most proteins are trafficked by similar pathways,
but multiple routes to the vacuole have been identified. Both soluble and membrane proteins
that are targeted to the vacuole proteimslyy be trafficked by Golgilependent or
independent pathwaysevanony et al., 1992; Jiang and Rogers, 1998; Frigerio et al., 2001;
De Marchiset al., 2013; RojaPierce, 2013) Trafficking of tonoplast proteins is being
characterized by fluorescence protein fusions with tonoplast proteins, specific chemical
inhibitors and highlyadvance confocal microscofdiang and Rogers, 1998; Rive®arrano

et al., 2012; RojaPierce, 2013; Xiang &tl., 2013) Tonoplast proteins exit the ER and are
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transported to the Golgi via COPIl vesicles, which are formed by #®@3%24 and
SEC13/31 subunit@Bottanelli et al., 2011)Overexpression of SEC12, a guanine exchange
factor (GEF) for SAR1 GPase in COPII complex, leads the accumulation tonoplast intrinsic
protein 3;1 (TIP3;1) and SYNTAXIN OF PLANT 22 (SYP22) at the ER by inhibiting their
trafficking to the tonoplast. Once vacuolar proteins leave from the ER, they can traffic by one
of two different routes, one is Golgiependent and the other Geilgdependen{Jiang and
Rogers, 1998; Isayenkov et al., 2011; RivBearano et al., 2012; Rojd&erce, 2013)The
Golgi-dependent pathway for vacuolar proteins is sensitive to Brefeldin A (BFA). BFA binds
to a guanine exchangectar (GEF) for Arfl GTPase in the COPI complex, and therefore,
inhibits retrograde traffic from the Golgi to the ERebenfuhr et al., 2002; Pedrazzini et al.,
2013) This inhibition also results in a block of anterograde traffic. In plant cells,-BFA
inhibition of ERto-Golgi traffic can be visualzd by the redistribution of the Golgi
membranes into the ERippincott-Schwartz et al., 1989; Nebenfuhr et al., 2002affic of
several tonoplast proteins such as tangene potassium chann&l(TPKa) in rice and TPK1,
INOSITOL TRANSPORTERL1 (INT1), SUCROSE TRANSPORTER 4 (SUC4), and TIP1;1
in Arabidopsis occurs via the Golgi and is BFA sensi{enkel et al., 2008;shyenkov et

al.,, 2011; Rivereberrano et al., 2012; Wolfenstetter et al., 2012)contrast, the trafficking

of other vacuolar proteins such as TIP3;1 in toba€&omez and Chrispeels, 1992)nd
Arabidopsis (Park et al., 2004; River8errano et al., 2012)n addition, a chemical inhibitor,
C834 (9(5-bromo2-propoxyphenybh10-ethyt3,4,6,7,9,1éhexahydrel,8(2H,5H}
acridinedione), induces the accumulation of TIP2;1 and TIP3;1 at the ER by blocking their

trafficking to the vacuole, but did not affect tleealization of TIP1;1, suggesting that C834

15



is an inhibitor of the Golgindependent pathwayRiveraSerrano et al., 2012)Other
vacuolar proteins transported by the Gofglependent pathway have been identified such as
TPKDb in rice, calcineurin Bike protein 6 (BL6) in tobacco, vacuolar HATPase (VHA

a3), and H-pyrophosphatase AVP1 in Arabidop$Bottanelli et al., 2011; Isayenkov et,al.
2011; Viotti et al., 2013)Beyond the Golgi, vacuolar proteins are transported torms-

Golgi network (TGN) or prezacuolar compartment/multivesicular body (PVC/MVB). It has
been reported that the trafficking from the TGN to the PVC is inhibited by lantruculin B (Lat
B), an inhibitor of actin polymerizatio(Kim et al., 2005) In the presence of Lat B, the
vacuol ar invertase DbFructosidased4 accumul at
TGN (Jung et al., 2011)On the contrary, SYP22 and CBL6, which transport through the
Golgi to the vacuole, are traffick@adependently of the TGKBottanelli et al., 2011)Iit has

been determined that the dorantnegative form of Rab11/AtRabA2A, a Rab GTPase in the
TGN, led to secretion of soluble vacuolar cargo. Whemxquessed with the dominant
negative form of Rabl11 in tobacco leaves, the tonoplast localization of TIP3;1, SYP22 and
CBL6 is not affectedsuggesting that their trafficking to the vacuole bypasses the TGN.
Experiments with other Rab GTPases localized to the PVC revealed that some vacuolar
proteins traffic through the PVC/MVBBottanelli et al., 2011; RojaBierce, 2013) The

Rab5 family members Ara6/AtRabfl and Rhal/Rabf2a are active at the PVC/MVB, and the
trafficking of TIP3;1, which bypasses thelGiois dependent of these two Rab proteins. Also,
the trafficking of bFructosidase 4, which traffics through the Golgi and TGN, is Rhal
dependent, suggesting the Gealigipendent and independent pathways may converge at the

PVC (Jung et al., 2011)Finally, the vacuolar proteins dedred to the PVC are transported
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to the vacuole by homotypic membrane fusion. This membrane fusion requires the vacuolar
SNAREs VTI11, SYP22, SYP51 and VAMP727 as well as and the Rab GTPase
Rab7/AtRabG3C. The essential nature of this SNARE complex iemsed by the embryo

lethal phenotype of the double knockout mutants of SNARE pro{&bmse et al., 2008;
Shirakawa et al., 2010Jurthermore, the eexpression of the dominanegative form of
Rab7/AtRabG3C also results in niegcalization of the tonoplast proteins TIP3;1 and SYP22,
suggesting important roles for Rab7 in P¥&vacuole trafficking(Bottanelli et al., 2011)

Yet another TGMNo-vacuole pathway exists that is independent of the PVC/MVB and is
regulated p AP-3( St epp et al ., 1997, Nakat suThand Oh]
AP3 complex is involved in the formation of vesicles from TGN/endosomes, and mediates
protein transport to vacuoles/lysosomes indepengleftthe PVC. One cargo identified for

this pathway is the sucrose transporter SUC4, which accumulated at the TGN in-ghe AP
lossof-function mutants. In contrast, INOSITOL TRANSPORTER 1 (INT1) and the
monosaccharide transporter ERDEKE 1 (ESL1) reachedthe tonoplast in an AB-
independent mannégkLarisch et al., 2012; Wolfenstetter et al., 2Q1)t it is unclear at this

point of these two proteins traffic through a Pd€&endenpathway Thus, after exiting the

ER, plant proteins may use one of multiple routes to reach the tonoplast, and this adds to the

complexity of protai trafficking studies in plants.

1.4 Mechanisms of vacuole fusion

In eukaryotes, there are two types of membrane fusion; heterotypic fusion between

membranes from different organelles and homotypic fusion between membranes of similar
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organelles.The fusion between a vesicle and its target membrane occurs by heterotypic
fusion, whereas the fusion of vacuoles in yeast and plants occurs by homotypic fusion.
Homotypic membrane fusion is required for vacuole biogenesis and maintenance in plants
(Seeley et al., 2002; Surpin and Raikhel, 2004&)cuole fusion occurs in both protein storage
and lytic vacuoles to generate a large centralugke during germinatior(Zheng ad
Staehelin, 2011)and thus is important for vacuole biogenesis. Vacuole fusion is also
important for trafficking. Proteins targeted to the vacuole are first delivered apuelar
compartments (PVCs) or late endosomes and these fuse wiipieg vacuoles using the
homotypic vacuole fusion machinef$cheuring et al., 2011Moreover, it has been reported

that vacuole fusion in guard cells is necessary for stomatal move(Zéetsg et al., 2014)

This is evidenced by the fact that while many small vacuoles are present in guard cells from
closed stomata, only one large vacuole is visible when stoarat open. During stomata
closing, the large vacuole fragments into small vacuoles, suggesting that these changes in
vacuole morphology are dynamic and reversible. Although the exact components that
regulate vacuole fusion in plants are unknown, the ar@sim for vacuole fusion in yeast is

well characterized from mutant analysis amditro vacuole fusion assaysVickner, 2010)

A vacuole fusion event in yeast involves three steps: tethering, docking and fusion. The
requirements for fusion to occur are Rab GTPase (Ypt7p/Vam4p), vacuolar SNAREs (Nyvlp,
Vtilp, Vam3p and Vam7p), the HOPS (homotypic fusion and vacuole proteingdortin
complex (Vpsllp, Vpsl6p, Vpsl8p, Vps33p, Vps39p and Vps4lp), the SHBRESembly

chaperones USNAP (secl1l7) anWickheSH10j sec18), an
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The function of Rab GTPase (Ypt7p) in yeast vacuole fusion is to contribute to the
membrane dinity of HOPS (Hickey et al., 2009)and Ypt7p accumulates at the site
surrounding the apposed membranes of tethered vac(Wkesg et al., 2002; Fratti et al.,
2004) As expected, the ypt7@ yeast(Bogetetah,i ns
1998; Iwaki et al., 2003)nterestingly, los®f-function mutants for AtRabG3c or AtRabG3f,
which are homologs of Ypt7p in Arabidopsis, display impaired vacuole targeting of both
soluble and membrane protei(Bottanelli et al., 2011; Bottanelli et al., 2012; Cui et al.,

2014) However, no vacuole morphology phenotypes have been reported for these mutants.

SNARE proteins play important roles in both vesicle fusion and homotypic vacuole fusion.
During vacuole homotypic fusion in yeast, SNAREs also mcdate at sites around the
apposed membranes of tethered vacuoles along with Y(Wgmg et al., 2002)Some
SNARE proteins involved in vacuslfusion have been identified in Arabidopsis. The four
members of the SNARE complex that mediate membrane fusion from PVC to vacuole in
Arabidopsis include VTI11l, SYP51/52, SYP22, and VAMP{3anderfoot et al., 2001,
Ebine et al., 2008)n Arabidopsis, twdiomologs of Vam3p, a$NARE in yeast, have been
identified as AtVAM3/SYP22 and AtPEP12/SYPRZWemura et al., 2010)Although the
syp21 knodk-out mutant shows no apparent abnormal phenotype due to functional
redundancy, thesyp22 mutant displays pleiotropic growth phenotypes including plant
dwarfism and wavy leavefJemura et al., 2010) The syp2l/syp22double mutant is
embryclethal and the knoeckown expression of SYP21/PEP12 in thg22background
resulted in a defect in vacuolar protein sort{&fpirakawa et al., 2010)VAMP727, an R

SNARE, is localized to the PVC and is needed for homotypic fusion betilveedPVC and
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the vacuole. Thegamp727syp22double mutant is embryonic lethal and displays an impaired
trafficking of storage proteins to the vacuole in seeds. In additionathe727syp22double

mutant exhibits fragmented and smaller PSVs vacuoles tarenambryos, consistent with a
function of these SNARE in vacuole fusi{fabine et al., 2008)Another SNARE, AtVTI11,

is homologous to # yeast YSNARE VTI1p, and the knockout mutant ¥TI1VZIG/ITT3
displays abnormal traffic of Iytic vacuole proteif@nmartin et al., 2007Thevtill mutant
contains more PSVs in seeds when compared to the wild type and fragmented Iytic vacuoles
in seedlingsstrongly suggesting that VTI11 is involved in the homotypic fusion of both

storage and lytic vacuoléblorita et al., 2002; Zheng et al., 2014)

HOPS is the vacuolar tethering complex and in yeast is composed of six subunits, Vpsl11p,
Vpsl16p, Vpsl8p, Vps33p, Vps39p, and Vpsgfickner, 2010) HOPS binds to the GFP
bound form of the Ypt7p Rab GTPa&eeals et al., 200@hrough its Vps39p and Vps4lp
subunits(Brett et al., 2008)HOPS also birgl the Vam7p SNARE and phosphoinositides
(Stroupe et al., 2006)rherefore, the HOPS complex interacts with several of the proteins
and lipids necessary for vacuole fusion. Putative homologs of HOPS subunits are encoded by
single genes in Arabidopsis ahdo null mutantsincluding vcll and vps4l are embryonic
lethal, suggesting its essential function in plant developrienjp et al., 2001; Niihama et
al., 2009) The lossof-function mutant ofAtVCL1 (VACUOLESS) which is the yeast
Vpsl6p homolog, was identified by its defects in vacuole formation. The localization of
VCL1 in the PVCs and tonoplast supports its roles in vacuole fusion anglfhlenockout

mutant shows absence of vacuoles and accumulation dif\sesecles in seeds, supporting a
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role of HOPS in vacuole fusigiiRojo et al., 2001; Rojo et al., 2003jcl1 mutants are lethal

indicating the essential role of HORB8mplex proteins in vacuole fusion in plants.

Lipids are also required for yeast vacuole fusion. Various lipids have been identified in
yeast with critical roles in vacuole fusion such as the phosphoinositides PI(3)P and
phosphatidylinositol4,5-bisphosphate [P1(4,5)P2], diacylglycerol (DAG), ergosterol (ERG),
phosphatidic acid (PA), and phosphatidylethanolamine (RRyer et al., 2000; Kato and
Wickner, 2001; Seeley et al., 2002; Fratti et al., 2004; Mima et al., 2008; Mima and Wickner,
2009, 2009) During vacuole fusion, these lipids are enriched at the site around the apposed
membranes of tetihed vacuolesIn vitro vacuole fusion assays in yeast show that lack of
PI1(3)P or PI(4,5)P2 inhibits the fusion of vacuolEgatti et al., 2004)and that PI(3)P binds
the Vam7p SNARECheever et al., 2001)n plants, the exact lipids required for the fusion
is still unknown, but the effect of some lipids in vacuwmlerphology has been reported. The
SAC2SAC5(SUPPRESSOR OF ACTIMNR encode phosphoinositide phosphatasbsch
are involved in the phosphatidylinosi®)5-biphosphate (PI(3,5)P2p-PI13P conversion and
knockoutsac mutants have defects in the fusionbafth Iytic and protein storage vacuoles
(Novakova et al., 2014hefablaandfablbmutants two mutant alleles of PI(3)RKnase
(PI3P5K) in Arabidopsis, show abnormal vacuole morphology in pd\Whitley et al.,

2009) Furthermore, treatment with an inhibitor of PI3P5K delays changes in vacuole
morphology in fava bean guard cells dgristomatal closure, consistent with a role for
phosphatidylinositeB,5-biphosphate (PI(3,5)P2) in vacuole biogend8iak et al., 2013)

Finally, Wortmannin, an inhibitor of phosphoinositid&ki@ase (PI3PK), induces homotypic

21



fusion of plant PVCs and vacuslesuggesting the involvement of PI3P in vacuolar fusion

(Wang et al., 2009; Zheng et al., 2014)

Overall, embryo lethal phenotypes fmost null mutants in genes that function in vacuole
fusion support important roles for vacuole fusion mechanisms in plant growth and
development. Although putative yeast homologs can be identified by sequence homology in

Arabidopsis, experimental datar fineir function is still lacking.
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CONCLUSION AND FUTUR E PROSPECTS

Previous research in yeast protein trafficking has been a good starting point to understand
plant vacuole biogenesis and vacuolar protein trafficking due to the high levels of
conservation between yeast and plant trafficking machinery. However, it is apparent that
plants have evolved specific and diverse vacuolar trafficking pathways perhaps due to the
unique and critical roles of the vacuole in plants. So far, only a few cansorequired for
vacuole biogenesis and fusion have been identified in plants. In order to understand the
mechanism for vacuole biogenesis and fusion, more players need to be identified and the
interactions between these components need to be charattexizéhe same time, it is
important to study vacuole development and transition from protein storage vacuoles to lytic
vacuoles during germination. The hypothesis that LV develops from established PSVs needs
more supporting evidence and also the mechaifisrthis transition are largely unknown.

Live cell imaging of tonoplast markers using newly developed-btjeet microscopy would
allow us to study the development of vacuoles in live cells and at high temporal resolution. In
addition, two different trdiicking pathways for tonoplast proteins, which are Golgi
dependent ofindependent, were recently identified, but the mechanisms for the targeting of
integral proteins to the vacuole membrane remains largely unknown. The twa angin

function of thesewto pathways will be important questions to address in the near future.
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Homotypic Vacuole Fusion Requires VTI11 and Is
Regulated by Phosphoinositides

Jiameng Zheng, Sang Won Han, Maria Fernanda Rodriguez-Welsh, and Marcela Rojas-Pierce!

Department of Flant and Microblal Blology, North Carolina State University, Raleigh, NC 27695, Usa

ABSTRACT Most plant cells contain a large central vacuole that is essential to maintain cellular turgor. We report a new
mutant allele of VTI71 that implicates the SMARE protein ¥TI11 in homotypic fusion of protein storage and lytic vacuoles.
Fusion of the multiple vacuoles present in viti1? mutants could be induced by treatment with Wortmannin and LY294002,
which are inhibitors of Phosphatidylinositol 3-Kinase (P13K). We provide evidence that Phosphatidylinositol 3-Phosphate
(PtdIns(3)P) regulates vacuole fusion in vti1? mutants, and that fusion of these vacucles requires intact microtubules
and actin filaments. Finally, we show that Wortmannin also induced the fusion of guard cell vacuoles in fava beans,
where vacuoles are naturally fragmented after ABA-induced stomata closure. These results suggest a ubiquitous role of
phosphoinositides in vacuole fusion, both during the development of the large central vacuole and during the dynamic

vacuole remodeling that occurs as part of stomata movements.,

Key words: wacuole; SNARE; phosphoinositides; membrane fusion; Wortmannin.

INTRODUCTION

Plant vacucles are essential and dynamic organelles with
diverse functicns and merphologies. Wacuole functions may
include storing proteins, ions, or metabolites that regu-
late cellular turgor and recycling of cellular components
{Martinoia et al., 2007; Muntz, 2007; kayenkov et al., 2010; Ibl
and Steger, 2012). The vacuole is part of the endemembrane
system, a series of membrane-enclosed organelles involved
in the sacretory pathway. Two types of vacuoles have been
described in plants: the lytic vacuole, which has acidic pH
and is abundant in mature tissues, and the protein storage
vacucle (P5V), which has a neutral pH and is predominant
in developing seeds (Xiang et al., 2013). In barley root tips,
the lytic vacuole is marked by the presence of y-TIP and the
cysteine protease aleurain, whereas the PSV is labeled with
a-TIP and barley lectin {Paris et al., 1996). In Arabidopsis, the
two types of vacuoles ocour at different developmental stages
or in different tissues, and have not been visualized as distinct
compartments within a single cell (Hunter et al., 2007). One
axception i lytic sub-compartments decorated with TIP1;1
{y-TIP) and V-PPase that are found inside PSVs of mature
embryos (Bolte et al., 2011). Similar sub-compartments called
glocboids were shown to be limited by a membrane inside
tobacco seed P5Vs (liang et al., 2001).

Wacuole biogenesis is essential for plant growth and devel-
opment (Rojo et al.,, 2001) and vacuocle fusion is thought to
conftribute to the establishment of the large central vacu-
cle (Zheng and Staehelin, 2011). For example, vacuoless?

mutants fail to generate vacucles during embryonic devel-
opment with dramatic conseguences on cellular growth and
embryoe patterning (Rojo et al, 2001). In addition, mature
embryos contain multiple P5Vs that are the major source of
nutrients during seedling establishment. These small PS\Vs
are thought to mature inte lytic compartments during ger-
mination in part by undergoing homotypic fusion events
{Zheng and Stashelin, 2011). Electron microscopy in root tips
of germinating tobacco seedlings showed that lytic vacuoles
are established by cell-type-specific mechanisms that involwe
homotypic fusion of PSVs and changes in vacuole composi-
tion (Zheng and Staehelin, 2011). In additien, dynamic vacuo-
lar membrane remodeling was observed in guard cells during
stomata movements (Gao et al, 2005, 2009). In these cells,
the vacuole alternates between fused and fragmented states
as a result of stimuli that induce stomata opening or closing.
The importance of these mechanisms to stomata movement
is not yet dear {Gac et al., 2005, 2009).

Exchange of proteins and membranes between endo-
membrane organelles occurs via vesicle trafficking (Bassham
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et al., 2008; Fujimoto and Ueda, 2012; Park and Jurgens, 2012;
Xiang et al,, 2013). Specificity in vesicle formation and fusion
is critical for the establishment of appropriate protein and
lipid populations in each compartment. Vesicle formation
depends on the activity of GTPases of the ARF family and
vesicle coat proteins. Vesicle docking and fusion with target
membranes require the activity of Rab GTPases, tethering fac-
tors, and SNAREs (soluble N-athylmaleimide-sensitive factor
attachment protein receptors). SMARES belong to a conserved
family of proteins that mediate membrane fusion between
vesicles and target organelles or homotypic membrane fusion
of vacuolar membranes (Chen and Scheller, 2001; Wickner,
2010). All SNARE proteins contain a heptad repeat with a
coil-coil domain (SNARE domain) and, with a few exceptions,
a transmembrane domain. Accerding to the SNARE hypoth-
asis, one SNARE from the veside membrane (v-SMARE) and
three SMAREs from the target membrane (t-SMAREs) contrib-
ute one coil-coil domain for the formation of a four-helical
bundle called 3 SNARE complex that brings the two apposing
membranes together to promote fusion (Chen and Schellar,
2001). A plant vacuolar SNARE complex was identified as
coentaining VTI11, SYNTAXIN OF PLANTS(SYP)22, SYPS1, and
WESICLE-ASSOCIATED MEMEBRAME PROTEINT27 (VAMPT2T)
(Sanderfoot et al, 2001; Ebine et al., 2008). This complex is
thought to mediate membrane fusion at the pre-vacuolar
compartment (PYC) and vacuole (Sanderfoot et al., 2001;
Ebine et al., 2008).

Phospheinositides are regulatory lipids formed by phos-
phorylation of the inositel ring of phosphatidylinesitol (PI).
These lipids represent a minor component of cellular mem-
branes {Munnik and Nielsen, 2011) and are important for
membrane trafficking in plant cells (Thole and Nielsen, 2008).
Phospheoinositides act as dodking sites for proteins contain-
ing specific lipid-binding domains {van Leauwen et al., 2004).
Phosphatidylinositol 3-Kinase (PI3-Kinase) catalyzes the phos-
phorylation of phosphatidylinositol (Ptdins) te phosphati-
dylinositol-3-phosphate (Ptdins{3)P). PI2-Kinase is essential
for pollen development (Lee et al., 2008b) and Ptdins{3)P
has been implicated in stomata opening (Jung et al., 2002),
root hair growth (Lee et al., 2008a), vacuclar traffic (Kim
et al,, 2001), and generation of reactive oxygen species dur-
ing salt stress (Leshem et al., 2007). Pidinsi4)P, on the other
hand, is important for polarized membrane traffic during
tip growth and root hair development (Stroupe et al., 2006;
Mima and Wickner, 2009). Wortmannin (Wm) inhibits PI3-
Kinase and therefore the accumulation of PtdIns{3)P in cellu-
lar membranes (Jung at al., 2002). While W may also inhibit
Phosphatidylinositel 4-Kinase (PMK) at high concentrations,
low concentrations (~1 pM) of Wm are considered specific to
PI2K {Matsucka et al.,, 1995; Jung et al., 2002; Vermeer et al.,
2008; Wang et al., 2009a). Wm promotes homotypic fusion of
PVCs in plant cells, but the mechanism for this effect has been
elusive (Wang et al., 200%a). While Wm treatment results in
formation of abnormal vacuolar structures in root meristems
(Feraru et al., 2010), no reports are available of Wm affecting
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vacuole fusion in plants. Aside from its effects on PVCs, Wm
is also an inhibitor of endocytesis (Emans et al., 2002; Jaillais
et al., 2006; Robinson et al., 2008).

The molecular mechanisms that contribute to plant vacu-
ole biogenesis, including vesicle trafficking and the fusion of
vacuolar membranes, are not fully known (Pedrazzini et al.,
2013; Xiang et al., 2013). In this study, we used a genetic
approach to idemtify mechanisms of vacucle biogenesis or
maintenance. Here we show that mutant alleles of VTT11, a
gene encoding a vacuolar SNARE, show dramatic defects in
vacucle morphology for both protein storage and Iytic vacu-
oles. Using a pharmacological approach, we show that the
defects in vacuole moerphology of viil T mutant alleles are in
part regulated by Ptdins(2)P and that this phosphoinositide
is also invelved in regulation of vacuole fusion in guard cells
from wild-type plants. Our results underscore new roles of
these regulatory lipids in dynamic vacuolar fusion events in
plants.

RESULTS

A Screen for Impaired Tonoplast Trafficking (itt)
Mutanits

To identify proteins that regulate the trafficking of tonoplast
proteins and vacuole biogenesis, we screened for mutants
wherein the tonoplast marker GFP-TIP2;1 (Cutler et al., 2000)
was mis-localized. We used reduced root growth as a pri-
mary filter for putative abnormal vacuoles because of the
role of tonoplast proteins in establishing the turgor pressure
of the vacuole (Dolan and Davies, 2004) that contributes to
cell enlargement (Ludevid et al,, 1992). Seedlings with roots
that were less than half the size of the parental control were
analyzed by confocal microscopy. A sareen of approximately
680000 EMS-mutagenized seedlings from 51 pooks yielded
close to 6000 plants (0.9%) with short roots and 201 mutants
(M) showing significant mis-localization of the GFP-TIPZ1
marker. We selected eight impaired tonoplast fraffic (itf)
mutants with consistent and heritable trafficking phenctypes
out of 75 fertile M; families. We describe here the characteri-
zation of itf3.

The phenotype of itt3 consists of multiple vacuoles of vari-
able sizes within ona call labeled with GFP-TIP2;1 (Figure 1).
In contrast with the parental line in which a large central
vacuole is present in mature cells in seedlings (Figure 14, 1C,
and 1E), multiple vacuoles were present in root and hypoc-
otyl cells of itt3 mutants (Figure 1B and 1D). The multiple-
vacuole phenotype was observed in different regions of the
root and in multiple cell layers of the root and hypocotyl
{Supplemental Figures 1 and 2). However, only large vacu-
oles were observed in pavement cells of the cotyledons in
itt? (Figure 1F). Arabidopsis mature embryos contain sev-
eral small PSVs (Bolte et al., 2011). While the parental line
showed an average of 6.7+0.23 PSVs per cell (Figure 1G and
Supplemental Figure 11), there were 9.8£0.38 in itt3 mutants
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GFP-TIP2:1 itt3

Figure 1. itt3 Mutants Have Multiple Vacuoles per Cell in Various Cell
Types.

(A-F) Seedling vacuole morphology of the parental control (GFP-
TIP2;1, (A, C, E)) or itt3 mutants (B, D, F). Three-day-old seedlings were
imaged by confocal microscopy to visualize vacuoles in root cells (A, B),
hypocotyis (C, D), and cotyledons (E, F). Note the multiple vacuoles in
roots and hypocotyls in jtt3 (B, D)

(G, H) Hypocotyl cells from mature embryos from the parental line
(GFP-TIP2;1, (G)) and itt3 mutants (H) were imaged to visualize
the morphology of PSVs. Images show the autofluorescent signal
from PSVs.

Scale bar: 20 pm

(Figure 1H and Supplemental Figure 11). Together, our data
indicate that defects of vacucle morphology in itt3 are pre-
sent for both lytic and PSVs.

ITT3 Corresponds to the VTI11 Locus

During early characterization of itt3, we noticed that this
mutant had a zigzagged inflorescence similar to zigzag?
(zig-1) (Kato et al., 2002), a mutant allele of VT171. Sequence
analysis of itt3 genomic DNA indicated a mutation predicted
to result in an early stop codon at residue 95 of the VTI11
protein (Figure 2A). VTI77 encodes a SNARE protein that
participates in membrane fusion at the PVC and vacuole
(Sanderfoot et al., 2001; Ebine et al., 2008). VTiT1 is expressed
at high levels in all plant tissues including roots according the
Arabidopsis eFP browser database (Winter et al., 2007). The
predicted VTI11 protein in itt3 lacks the coil-coil and trans-
membrane domains and, if expressed, it would probably be

Discontinuity
in z2ig-1

A C > T (stop)
in i3

Figure 2. itt3 |s a Mutant Allele of VTIT1.

(A) Schematic structure of the V7171 locus indicating the positions of
itt3 and zig-1 mutations.

(B) zig-1 seedlings were stained with FM4-64 for 3h to label the vacu-
ole membrane. Multiple vacuoles per cell were observed in zig-1 roots.
(O) Complementation test between itt3 and zig-1 mutant zlleles. F,
plants from a cross between zig-1 and itt3 GFP-TIPZ;1 (zig1/itt3 GFP-
TIP2;1/+) display the multiple-vacuole morphology of the single mutants.
(D) Volume rendering of itt3 vacuoles from z-stacks of GFP-TIPZ;1
fluorescence.

(E) Volume rendering of zig! vacuoles from z-stacks of BCECF-labeled
vacuoles (green).

Scale bar: 20 pm
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soluble and unlikely to participate in a SNARE complex. The
itt3 mutation is recessive and it is most likely a loss-of-func-
tion allele very similar to zig-1 (Kato et al., 2002). To deter-
mine whether the vacuolar defect in itt3 roots was due to the
loss of VTI11, we visualized the vacuoles of zig-1. Labeling
the tonoplast of zig-7 roots with the steryl dye FM4-64 indi-
cated that root cells of zig-1 alse contained multiple vacuoles
(Figure 2B). A similar phenotype was reported in endoder-
mal cells of zig-1 inflorescences (Morita et al., 2002) and in
hypocotyl and root hairs (Saito et al., 2011). Furthermore,
itt3 failed to complement zig-7 in an allelism test as the itt3/
zig-1 double heterozygote has the same vacuole phenotype
of the single mutants (Figure 2C). To better understand the
function of VTI11 in vacuole morphology, we generated
volume renderings of these cells. Multiple z-stacks of itt3
roots were captured by confocal laser scanning microscopy
and 3-D volume renderings were generated. As shown in
Figure 2D and Supplemental Movie 1, itt3 cells contain mul-
tiple round vacuoles in each cell. Similar vacuolar structures
were observed in zig! mutants stained with a vacuolar flu-
orescent dye (Figure 2E and Supplemental Movie 2). These
results indicate that VTI11 has critical roles in the establish-
ing the morphology of both lytic and PSVs.

Phosphoinositides Regulate a Vacuolar SNARE Complex
Containing VTI11

With the goal of identifying the mechanisms that inhibit
the fusion of itt? vacuoles, we challenged itt3 with chemi-
cal inhibitors of the endomembrane system. Treatment of the
parental line with 33 uM Wortmannin (Wm) for 2h resulted
in abnormal vacuoles in root tip cells as previously reported
(Feraru et al., 2010), but it had no major effects on the mor-
phology of the vacuole in cells from the root maturation zone
(Figure 3A and 3C). Remarkably, when itt3 mutants were
treated with Wm, the vacuolar compartments fused into a
large central vacuole and the wild-type subcellular pheno-
type was restored (Figure 3B and 3D). This effect is related to
the loss of V71171 because Wm restored the vacuolar pheno-
type of zig-1 in a similar manner (Supplemental Figure 3A).
Wm inhibits PI3-Kinase, and thus implicated Ptdins(3)P in
regulating vacuole fusion. We used time-lapse fluorescence
microscopy to capture the dynamics of Wm activity on itt2
vacuoles. The first tonoplast fusion events could be detected
within 10min in seedlings treated with 33 pM Wm. Within
30min, half or more of the vacuoles have fused (Figure 3E
and Supplemental Movie 3), and a large central vacuole is
visible in most cells after 2 h (Figure 3E). Wm may inhibit PI4K
at high concentrations, but low concentrations (~1 uM) are
more specific for PI3K (Matsuoka et al., 1995; Jung et al,
2002; Vermeer et al., 2009; Wang et al., 2009a). In order to
address the specificity of Wm treatment with regard to the
fusion of itt2 vacuoles, we determined the effects of differ-
ent concentrations of this inhibitor. A 2-h treatment with as
low as 4 UM Wm also induced vacuole fusion in itt2 mutants
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WmD

C GFP-TIP2,1

10 min

! hJ
30 min

[120 min

Figure 3. Wortmannin Rescues the itt3 Phenotype

(A) Parental control plants (GFP-TIP2;1) treated with DMSO for 2h.
(B) itt3 mutants treated with DMSO for 2h.

(Q) Parental control plants (GFP-TIP2;1) treated with 33 yM Wm for 2h.
(D) itt3 mutants treated with 33 pM Wm for 2h. Wm treatment of itt3
mutants resulted in a single large central vacuole.

(E) Time-lapse microscopy of itt3 mutants treated with 33 pM Wm.
Seedlings were incubated with Wm directly on the slide and images
were captured over time. Arrows of the same color indicate membrane
fusion events between two time points. Membrane fusion events can
be detected as early as 10min.

Scale bar: 20 pm.

(Supplemental Figure 3B). These results indicate that the
effects of Wm are probably due to inhibition of PI3K and
Ptdins(3)P depletion from vacuolar membranes.
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To test the hypothesis that the effect of Wm on itt3 vacu-
cles is due to inhibition of PI3K, we tested the effect of a sec-
ond inhibiter for this enzyme, LY294002 (Jung et al., 2002).
Treatment of itt3 mutants with 100 pM LY294002 induced vac-
uolar fusions in a similar manner as Wm (Figure 4B and 40,
in support of our hypothesis. However, these results do not
exclude the possibility of indirect effects of Wm and LY224002
an PI4K. PIK phosphorylates Pl to generate Ptdins(4)P, the
maost abundant polyphosphoinositide in plants (Munnik and
Nielsan, 2011). Therefore, we tested whether exogenous appli-
cation of Ptdins(2)P could prevent Wm-induced vacuole fusion
in itt3 seedlings. If the effect of Wm on vacuole fusion is due
to inhibition of Ptdins(2)P synthesis, it is expected that add-
ing exogencus Ptdins(2)P would counteract the inhibition of
PI3K. A system to deliver synthetic phospheinositides via cati-
onic polyamine carriers into yeast, animal, and plant cells was
recently developed {Ozaki et al., 2000), and it was effective in
animal cells (Weiner et al,, 2002; Toyoshima et al., 2007). This
system has also been used in plants to study phosphoinositide
function on stomatal opening (Lee et al., 2007), gravitropism
{Wang et al.,, 2008b), and pollen tube growth (Xu et al,, 2011;
Zhang et al., 2011). We usaed this polyamine carrier to deliver
Ptdins(3)P into itt3 mutants. Seedlings were pre-treated with
solutions containing a lipid carrier {control) or mixtures of
carrier with PtdIns(3)P. Seedlings were then challenged with
Wm and analyzed by time-lapse fluorescence microscopy.

GFP-TIP2;1 itt3
B

o
(=3
(=]
=
(02}
&
-

Figure 4. LYZ04002 Induces Vacuole Fusion in itt3.

(A) Parental control plants (GFP-TIPZ;1) treated with 1% DMSO for 2h.
(B) itt3 mutants treated with DMSO for 2h

(C) Farental control plants (GFP-TIPZ1} treated with 100 pM of
L'¥234002 for 2h.

(D) itt3 mutants treated with 100 pM of LY294002 for 2h.

Scale bar: 20 pm.

Similarly to the Wm treatment alone, Wm treatment in the
presence of the carrier resulted in fusion of vacuoles in itt3
{control, Figure SA). In contrast, pre-treatment with Ptdins(3)
P prevented the fusion of itt? vacuocles when Wm was added
{Figure 5B). We then tested whether Ptdins(4)P pre-treatment
could also counteract Wm activity. Indeed, pre-treatment with
Ptdins(4)P also delayed the fusion of itt? vacuoles by Wm
{Figure 5C). In order to quantify these effects, we calculated
the relative number of vacuoles per cell from the time-lapse
experiments. As shown in Figure 50, Wm reduces the relative
vacuole number in these cells by 20% within 40 min. Both the
Ptdins(2)P and Ptdinsi4)P pre-treatments resulted in a reduc-
tion of only 10%-15%, which indicates that either of the
lipids can counteract the effect of Wm on vacuole fusion. As
a control, Ptdins(3)P and Ptdins(4)P were added without Wm
{Figure 5D). Exogenous PtdInsi3)P does not interfere with the
endomembrane system as a whole becausa Ptdins(2)P applica-
tion does not alter the appearance of markers for the tono-
plast, PVC, and frans-Golgi network (TGN) in wild-type plants
{Supplemental Figure 4). We attempted to visualize the accu-
mulation of exogenous Ptdins{3)P using a flucrescent form of
this lipid, but this form resulted in wery abnormal tonoplast
morphology and could not be used (Supplemental Figure 4G).
We can not discard the possibility that these treatments result
in accumulation of Ptdins(3)P or Ptdins{4}P in non-native com-
partments (Balla et al., 2009). These effects were specific to
these two phosphoinositides because pre-treatment with
Ptdins(2,5)P; or Ptdins(4,5)P; did not show any effects on vacu-
ole fusicn (Supplemeantal Figure 5). These results indicate that
the effect of Wm on itt3 vacuoles may result from reduction of
either Ptdins(2)P or Ptdins(4)}P in cellular membranes.

Membrane Fusion of Plant Vacuoles Is Dependent on
Microtubules

Having established the conditions to promote fusion of itt2
vacuoles allowed us to develop 2 unigue vacuole fusion assay
in plants. Time-lapse live-cell microscopy can be used to visu-
alize and quantify vacuole fusion in itt? mutants (Figure 5).
We used this assay as a proof of principle to determine the
requirements for the cytoskeleton for itt? vacucle fusion.
With this goal, we tested the effect of 50 uM Lantrunculin
B (Lat-B), an inhibitor of F-actin polymerization, and 20 pM
Oryzalin, an inhibitor that depolymerizes microtubules.
Markers for both cytoskeleton systems were used to confirm
the efficacy of these treatments in disrupting microfilaments
or microtubules (Supplemental Figure 6). Seedlings were pra-
treated with either DM50 (contrel) or cytoskeleton inhibitors
before treatment with Wm and image capture. While most of
the cells in the control treatment showed Wm-induced vacu-
ole fusion events (Figure 6A), thera were several czlls that did
not show vacucle fusion in the pre-treatments with Oryzalin
or Lat-B (Figure 6B and 6C, and Supplemental Figure 6).
These results indicate that intact microtubules and F-actin are
required for vacuole fusion in itt3 mutants.
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Figure 5. Ptdins(3)P and Ptdins{4)P Counteract the Bioactivity of Wm for Vacuole Fusion.
(A-Q Time-lapsa imaging of Wm-induced fusions by epifluorescence microscopy. Four-day-old itt3 seedlings were pre-incubated in lipid carrier (A),
carrier + Ptdins(3)P (B), or carrier + Ptdins(4)P (C) for 30 min. Seedlings were then treated with 33 pM Wm and images were captured immediately

after Wm treatment (0:00) and up to 30min (30:00). Scale bar: 20 pm.

(D) Quantification of vacuole fusion events as a function of time. Plants were treated as in {A-C) with carrier only + Wm (black line), Ptdins(3)P +
Wm (dashed red line), and Ptdins{4)P + Wm (dotted green line), and images were captured every 8 s. The effect of Ptdins(3)P or Ptdins(4)P alone is
also shown. The Relative Vacuole Number per cell was calculated as the number of vacuoles at each time point relative to the number of vacuoles
for that cell at the beginning of the experiment. Vacuoles were counted from images in which the focal point was around the medial section
of each cell. N: 15-20 cells from at least three seedlings per treatment. Data points that were significantly different from the Wm control in a
Student’s t-test are shown with asterisks in red (Wm + PtdIns(3)F) or green (Wm + Ptdins(4)P) (P < 0.05). Bars indicate standard error.

The Role of Ptdins(3)P in Vacuole Fusion Is Important

for Gravitropism and Stomata Movements

vtil1 mutants were originally identified because of their
agravitropic phenotype over 10 years ago (Fukaki et al., 1996;
Yano et al., 2003), and it was demonstrated that the abnor-
mal vacuoles of vti11 alleles impaired sedimentation of amy-
loplasts in these mutants. However, a clear mechanism as to
this inhibition was not available. We hypothesized that the

increased fragmentation of vti11 vacuoles in hypocotyl endo-
dermal cells (Supplemental Figure 2) prevents amyloplast
sedimentation and that promoting vacuole fusion with Wm
could restore gravitropic response of these mutants. To test
this, we exposed dark-grown seedlings to Wm for 3h before
they were rinsed, placed on vertical plates at a 90° angle
from the eoriginal gravity vector, and incubated for 16h in the
dark (Supplemental Figure 7). Wm induced a minor delay in
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60 min

30 min

0 min

Figure 6. Microtubules and  Microfilaments  Are  Required for
Wm-Induced Vacuole Fusion.

Four-day-old seedlings were pre-incubated in each inhibitor prior to
addition of 33 pyM Wm. Roots were imaged by confocal microscopy at
0, 30, and 60min after the addition of Wm.

(&) Seedlings were pre-incubated in 1% DMSO (control).

(B) Seedlings were pre-incubated in 20 pM Oryzalin.

(C) Seedlings were pre-incubated in 50 pM Lantrunculin B (Lat-8).
Asterisks indicate vacuoles that did not fuse up to 60min after Wm +
nhibitor treatment. Scale bar: 20 pm.

the gravitropic respense of wild-type hypocotyls. Similarly to
other vtil17 allales (Kato et al, 2002), most itt3 seedlings did
not respond to gravity in the control treatment. For exam-
pla, 56% of the itt? seedlings had an angle below 07 in the
DMSO control. However, Wm treatment enhanced the gravity

response in these plants because this percentage was reduced
to 36% (Supplemental Figure 7). Our results indicate that Wm
treatment enhanced gravitropism in itt3 hypocotyls, which
supports our model for the lack of a single large central vacu-
ole as one component of the agravitropic phenotype of itt3
and other viii T alleles.

So far, we have shown that PI3K inhibition, which is likely
to result in depletion of Ptdins(2)P, can induce the fusion of
vacuolar compartments in i3 mutants. Next, we wanted to
test whether Wm had similar effects in wild-type cells with
normal WTI11 function. Most vegetative cells contain a single
large wacuole and therefore we cannot test fusion events in
maost cells. We first tested this with mature embryos from dry
seeds because these cells contain multiple vacuoles. No major
changes in vacucle number or morphology were observed in
the GFP-TIP-2;1 line after 45min of incubation with 32 M Wm
{Supplemental Figure 8). However, this may be due to differ-
ences in the protein content in PSV membranes and the overall
nature of these vacuoles, whidh, unlike lytic vacuoles, remain
intrinsically as independent compartments throughout embryo
maturation. Instead, we turned to the faba bean guard cell as a
system for visualizing dynamic vacuoles. Interastingly, opening
and dosing of stomata invelves changes in the fragmentation
of guard cell vacuoles, and guard cells from closed stomata
contain highly fragmented vacuoles (Gao et al., 2005). In open
stomata, one or few large vacuoles ocoupy most of the cell vol-
ume {Gao et al., 2005). We hypothesized that Wm treatment
of closed stomata containing fragmented vacuoles would
induce vacuole fusion. To test this hypothesis, we first induced
stomata closure using a buffer that contains ABA (Schroader
et al., 1993). Consistently with previous reports, closed stomata
contained several vacucles that could be visualized by acridine
orange staining (Gao et al., 2005) (Figure 7A). Incubation of
closed stomata with DMSO for 20min did not change the aper-
ture of the stomata over time or the overall merphology of the
vacuoles (control, Figura 7B). However, treatment of closed sto-
mata with 33 uM Wm resulted in the fusion of the vacuoles and
the formation of a large central vacuole, even in the presence
of the closing buffer containing ABA (Figure 6C). This effect
was significant as the number of vacucles per cell was greatly
reduced in the Wm treatment (Figure 60). Moreover, low con-
centrations of Wm which inhibit PI2K specifically (Matsuoka
etal., 1995; Jung et al., 2002; Vermeer et al., 2009; Wang et al.,
2009a) were sufficient to induce this effect (Figure &6D). In
addition, consistently with previous results (Jung et al., 2002),
Wm treatment resulted in a small increase of stomata open-
ing when compared to the control (Figura 6E), but this was
not sufficient for full pore opening. These results indicate that
PtdIns(3)P is critical for regulating vacuole fusion in guard cells
and support our hypothesis that Ptdins(2)P has a general role
in vacucle fusion in plants that i not restricted to the vii??
loss-of-function alleles.

Given the role VTI11 in vacucle fusion, and the proposed
role of vacucle fusion on regulating stomata opening (Gao
et al., 2005, 2009), we tested whether vtil7 mutant alleles
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Figure 7. Ptdins(3)P Regulates Vacuole Fusion in Guard Celks.

(A-Q Wm treatment induced the fusion of guard cell vacuoles in closed stomata. Epidermal peels from Vicia faba were pre-incubated in stomata
closing buffer containing ABA for S0 min (A). Peels were then incubated in 1% DMSO (B) or 33 uM Wm (C) in the presence of acridine orange for
20min. The morphology of the vacuole was visualized by confocal microscopy (acridine orange), and guard cells were visualized in bright field.
Merged images are also shown (right panels).

(D) Peels were treated as in (A-Q with either 0, 1, 4, or 33 pM of Wm, and the number of vacuoles per cell was obtained from medial sections for
each stomata. N: 100-150 guard cells per treatment. Standard error is shown.

(E) Peels were treated as in (A-C) and stomata apertures were measured from medial sections. N: 50.

(F-H) Guard cell vacuoles remain fragmented in vtil T mutant alleles under conditions that induce stomata opening. Epidermal peels from Col-0
wild-type (Col WT, F), itt3 (G), and zigT (H) were incubated in the light in the presence of stomata opening buffer for 2 h, and stained with acridine
orange.

(1) vti11 mutant alleles have defects in stomata opening. Stomata aperture was measured in Col wild-type (Col WT, black bars), itt3 (white
bars), and zig! (gray bars) epidermal peels after 0, 1, and 2h of stomata opening. Data represent 50-80 stomata and bars represent
standard error.

Data points that are significantly different from the DMSO control (D) or wild-type () in a Student’s t-test are shown with asterisks (* P < 0.01).
Scale bar in (A-C): 10 pm; scale bar in (F-H): 5 pm.
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had abnormal stomata movements. First, we tested whether
guard cell vacucles from itt3 or zig? had defects in vacuocle
morphology. In order to test this, stomata were incubated
in conditions that induce stomata opening before visualiza-
tion of guard cell vacucles. As expected, wild-type guard cells
contain fully fused vacucles when stomata were induced to
open (Figure 7 F). In contrast, both itt3 (Figure 7G) and zig?
{Figure 7H) displayed multiple vacuoles per call, indicating a
defect in vacucle fusion. To determine the implications of this
defact on stomata movements in these mutants, the stomata
aperture was measured in leaf epidermal peels after induc-
tion of stomata opening. As shown in Figure 71, stomata from
wild-type plants resulted in larger stomata apertures after 2h
in the opening conditions, but the apertures of itt3 and zig?
stomata remained smaller than the wild-type. These results
indicate that the function of VTI11 SNARE in vacucle fusion in
plants is critical for proper stomata movements.

DISCUSSION

The SNARE Protein VTI11 Is Important for
Vacuole Fusion

We have characterized a new mutant allele of VTIT7 and a
novel phenotype of viil T mutants that demonstrates a aritical
role for this SNARE in the establishment of a large central vac-
uole. A large central vacuole fails to develop in itt3 mutants
in multiple cell types in the root and hypocotyls. Moreover,
PSVs of itt? mature embryos are smaller than the wild-type.
This phenotype indicates that, in addition to its function in
protein trafficking (Zheng et al., 199%; Ebine et al., 2008},
WTI11 has a critical role in the biogenesis or maintenance of
the lytic and P5Vs. The phenotype of itt3 is consistent with
reduced homotypic membrane fusion, which is required for
vacucle maturation (Zheng and Staechelin, 2011). VTI11 is
homologous to VT p (Zheng et al., 1999), an essential SNARE
protein required for vacuole fusion in yeast (Wickner, 2010).
The phenotype of itt3 mutants suggests that similar mecha-
nisms for vacuole fusion may axist between yeast and plants.
WTI11 has been characterized extensively, but a function in
vacuole fusion was not dearly established. Aberrant vacu-
ales were reported in cotyledons of germinating seedlings,
hypocotyls (Saito et al, 2011), and inflorescences of zig-1
mutants (Merita et al., 2002; Saito et al., 2005; Miihama et al.,
2009). Defects in vacuole structure in zig-1 were thought to
result from defects in vesicular traffic to the vacuole {Morita
et al, 2002; Yano et al, 2003) or deficient vacucle fusion
{Saito et al., 2011). Qur results further support a critical role
for VTI11 in vacuole fusion, and expand this role to PSVs in
embryos and lytic vacuoles of multiple cell types in the root
and hypocotyl.

In Arabidopsis, WVTH1 forms a SMARE complex with
SYP51/52, 5¥YP22, and VAMPT2T to mediate membrane trans-
port from PVC to vacuole (Sanderfoot et al., 2001; Ebine et al.,
2008). The phenotype in itt3htil 1 embryos is similar to that

of the double vamp727 syp22 mutants (Ebine et al., 2008)
and is consistent with the functional interaction between
VAMPT27, 5YP22, and VTI11 in that SNARE complex (Ebine
et al, 2008). VTI11 is 60% identical to WTI12, but WTI12 is nor-
mally localized to the trans-Golgi network {(Uemura et al.,
2004) and is involved in a different SNARE complex in that
organelle (Bassham et al., 2000). However, VTI2 has been
shown to partially substitute for WTI11 function and partici-
pate in the SNARE complex with 5¥P2 and SYP5-type SNARES
in zig-1 mutants {Surpin et al., 2003). Our results indicate
that, while VTI12 may substitute VTI11 for vesicle trafficking
and plant viability (Surpin et al., 2003}, VTI11 is necessary for
its function in vacuole fusion. This implies that there may be
different requirements for specificity of SNARE complexes
containing VTI11 that function in vesicle or vacucle fusion.

PtdIns(3)P Regulates Vacuole Fusion in Plants

We have uncovered a role of phosphoinesitides in plant vac-
uole fusion. We have determined that Wm and LY294002,
which inhibit PI3K (Jung et al., 2002), restore the wild-type
phenotype of ift3 mutants. This result is consistent with a
negative role of Ptdins{2)P in regulating a vacuolar fusion in
itt3. Qur results overall indicate that the Wm-induced deple-
tion of Ptdins(3)P was sufficient to rescue the vacuole pheno-
types of itt? and zig-1 mutants and promote vacuolar fusion.
Both shoots and root cells respond similarly to the Wm treat-
ment, albeit a delayed response in hypocotyls (our unpub-
lished results), implicating a ubiguitous membrane fusion
machinery that may be critical in most plant cells. An effect of
Wm on membrane fusion of pre-vacuclar compartments was
previously demonstrated, but no molecular mechanism was
identified (Wang et al., 2009a). Given that most vegetative
cells contain a single vacuole, the effect of Wm and a role for
Ptdins{3)P on vacuole fusion were not available.

Several pieces of evidence provide support for the hypoth-
esis that PI3K is the main target of Wm and that Ptdins{3)P
depletion is the main cause of vacuole fusion in itt32. First, two
structurally different inhibitors, Wm and LY294002, induce
the same vacuole fusion phenotype in itt3. Second, low con-
centrations of Wm (4 M), which are unlikely to inhibit other
phosphatidylinositol kinases (Matsuoka et al, 1995; Jung
et al, 2002; Vermeer et al., 2008), are sufficient to promote
vacuole fusion in itt3 roots and hypocotyls, and in faba bean
guard cells. Third, Ptdins{3)P localizes to the vacucle mem-
brane and PVC (Voigt et al., 2005; Vermeer et al., 2006; Takac
et al, 2012) and thus is more likely to regulate membrane
fusion at the vacuole. In contrast, Ptdins(4)P localizes to PM
and Golgi (Thale et al., 2008; Vermeer et al., 2009), consist-
ently with its documented roles in polarized secretion (Thole
ot al., 2008). Direct genatic evidence for a role of Ptdins{2)
P on vacuole fusion is unavailable because loss-of-function
alleles of VPS34, which encodes the only PI3K in Arabidopsis,
are gametophytic-lethal (Lee et al., 2008b). However, large
vacuoles have been documented in atwps34 microspores after
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the first mitotic event during pollen development (Lee et al,,
2008b), suggesting an increase in vacucle fusion in these cells.
Finally, Ptdinsi3}P is important for vacuole fusion in yeast
(Wickner, 2010), and similar mechanisms may be functional
in plants (see below). Together, these results strongly support
the hypothesis that Ptdins{2)P is a negative regulator of vacu-
ole fusion in plants. Nonetheless, we cannot fully discard the
possibility that Ptdins(4)P has a similar effect because exog-
enous Ptdins(4)P treatment was akso sufficient to counteract
the effect of Wm on itt3 vacuoles. Future research is neces-
sary to determine whether Ptdins{4)P is also important for
plant vacuole fusion.

Homotypic wacuole fusion in yeast is well character-
ized and can be reconstituted in witro (Wickner, 2010). The
minimal requirements for yeast wvacucle fusion are the Rab
GTPase Ypt7p, four vacuolar SNAREs including VTIb, HOPS
(homotypic fusion and wacuole protein sorting complex),
the SNARE disassembly chaperones aSNAP (sec17) and NSF
(sec18) and four regulatory lipids, Ptdins(3)P. phosphatidy-
linsositol 4,5-bisphosphate (PI(4,5)P,), diacylglycerol, ergos-
terol, and phosphatidic acid (Wickner, 2010). Ptdins{3)P has
been shown to be reguired for vacuolke fusion in yeast (Secley
et al., 2002) and the fusion of reconstituted protecliposomes
bpearing vacuolar SMAREs and SNARE chaperones (Mima and
Wickner, 2009). PtdIns(3)P. together with other regulatory
lipids, is enriched at the vertex ring, a domain that surrounds
apposing vacuclar membranes during homotypic vacuecle
fusion (Fratti et al., 2004; Wickner, 2010). Ptdins(3)P is also
required for recruitment of Vamp7p via its phox homeology
(PX) domain to the vacuole membrane (Cheever et al,, 2001;
Boeddinghaus et al., 2002). Ptdins(2)P may also recruit HOPS,
a tethering complex that prevents the dissediation of trans-
SNARE complexes (Stroupe et al., 2006; Nickerson et al., 2009;
Xu et al., 2010). Intriguingly, HOPS can proofread the fidel-
ity of the SNARE complex (Starai et al., 2008). For example,
HOPS suppresses the formation of SNARE complexes in vitro
when the complex contains mismatched SMAREs (Staraiet al,,
2008). Given the extensive conservation in the endomem-
brane system between plants and other eukaryotes (Fujimoto
and Ueda, 2012), it is tempting to speculate that similar com-
plexes are acting during the maturation of plant vacuoles
that requires vacuole fusion. We speculate that the effects of
Wm on ift? vacuoles are due to specific interactions between
an abnormal vacuclar SNARE complex and a protein complex
such as HOPS, whose localization may depend on Ptdins(2)P
levels in vacuolar membranes. In fact, an established genetic
interaction between AtVPS47, 2 member of the HOPS com-
plex, and VTI11 (Nilhama et al., 2009) is consistent with this
model. However, plant-specific mechanisms may also be
involved because, while PI2K mutants in yeast are viable and
have fragmented vacuoles (Seeley et al., 2002), loss-of-func-
tion alleles of the single gene encoding PI3K in Arabidopsis
are gametophytic-lethal (Lee et al., 2008b). In addition, Wm
induces the fusion of PVCs in plants, but a similar effect has
not been identified in yeast (Wang et al.,, 2009a).
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An alternative interpretation for the effect of Wm on itt2?
vacuoles is that Wm may induce mis-localization of VTI12 to
the vacucle where this SNARE would promote membrane
fusion. This i5 unlikely because Wm also promotes fusion in
zig! vacuoles (Supplemental Figure 3B), where VT2 is already
mis-localized and it forms a complex with the SYP2-type and
SYP5-type SNAREs (Surpin et al, 2003). Furthermore, we do
not detect VTI12-YFP (Geldner at al., 2009) in the tonoplast
after Wm treatment in wild-type plants (data not shown).

A Unique Vacuole Fusion Assay for Plant Cell Biclogy

Vacuole fusion events in itt3 mutants can be visualized in real
fime under fluorescence microscopy, and this has opened the
possibility of designing guantitative, time-course experiments
for analysis of vacuole fusion in plants (Figure 5). We have
used this assay to determine the requirements of actin fila-
ments or microtubules on itt3 vacuole fusion. Reorganization
of actin filaments contributes to vacuole fusion in guard cells
during stoemata cpening (Li et al., 2013) and F-actin polymeriza-
tion is required for vacuole fusion in yeast (Eitzen et al., 2002).
Consistently, the actin polymerization inhibitor Lat-B inhibited
vacuole fusion in itt? mutants. In addition, oryzalin also pre-
vented the Wm-induced vacuole fusion. These results are con-
sistent with documented effects of microtubule inhibitors on
the vacucle structure of Physcomitrella patents (Oda et al., 200%)
and vaouole fusion in both fission and budding yeast (Guthrie
and Wickner, 1988; Mulvihill et al., 2001). Taken together, these
results indicate that vacuclar dynamic and fusion may be
dependent cn both microfilaments and microtubules.

Ptdins(3)P and VTI11 Are Involved in Vacuole
Remodeling during Stomata Movemeants

Signaling pathways that regulate stomata movements are
well characterized (Kwak et al., 2008). Stomata opening in
the morning results from a complex signaling pathway involv-
ing the activity of blue light photoereceptors, H* ATPases, and
inward-rectifying K* channels. Increased levels of K+, sugars,
and other osmolytes induce water uptake inte the cytosol and
the vacuole, increase in guard cell turgor, and the opening of
the pore (Kwak et al, 2008). At night, stomata close after
deactivation of the photoreceptors and downstream effec-
tors. Stomata also close as a result of ABA accumulation and
its response includes the increase in cytosolic Ca*, and the
activation of outward-rectifying K* channels and anion efflux
channels. Thesa changes result in loss of turgor pressure and
pore closing (reviewed by Kwak et al. (2008)). Opening and
closing of stomata involve dramatic changes in guard cell vol-
ume, and this in part results from dynamic changes in vaou-
ole structure (Gao et al., 2005). For example, guard cells in
open stomata contain large vacuoles, and closed stomata
contain muktiple small vacuoles. Conditions that induce sto-
mata opening result in fusion of vacuole membranes, and
those that induce closing, such as treatment with ABA, result
in fragmentation of the large vacuoles into smaller compart-
ments (Gao et al., 2005).
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We used the fragmented vacuoles of V. fava guard cells
as a model system to test the hypothesis that Pidins(3)P is
a negative regulator of vacuole fusion in wild-type plants.
We showed that Wm treatment was sufficient to induce the
fusion of small vacuoles in closed stomata and in the pres-
ence of ABA. Because very low concentrations of Wm that
are thought to inhibit only PI3K (Matsucka et al., 1995; Jung
at al, 2002; Vermeer et al., 2009) were suffident for this
effect, we condude that Ptdins{3)P is involved in this effect.
This treatment resulted in 2 very small increase in pore size
of these stomata after only 20min of Wm treatment, but was
not suffident to fully open the stomata pore. This result dem-
onstrates that, similarly to the itt3 multiple vacuoles, Ptdins(3}
P is directly involved in the regulation of vacucle fusion in
guard cells. Our results are consistent with previous studies
that recently uncovered a role for PI3K and PMK in stomata
movements (Jung et al, 2002; Bak et al, 2013). Wm and
L'¥294002 increased stomata opening by the drcadian clock
and decreased ABA-induced stomata dosure (Jung et al.,
2002). These effects were due to changes in phosphoinositide
pools because owverexpression of GFP-EED or GFP-FAPP1PH,
which may intarfere with binding of other proteins to either
Ptdins(3)P or Ptdins(4}P, induces similar effects (Jung et al,,
2002). We cannot dismiss the possibility that the effect of Wm
on vacucle fusion is also due to inhibition of PI4K, as high con-
centrations also inhibit the activity of PI4K (Jung et al., 2002). It
was recently proposed that phosphoinesitides act as signaling
molecules during stomata closing, and that accumulation of
PI(2,5)P; may induce vacuocle acidification and trigger changes
in vacuole morphology (Bak et al, 2013). We propose that,
in addition to a potential role in signaling (Bak et al., 2013),
Ptdinsi3)P and possibly Ptdins(4)P directly regulate vacuocle
fusion in guard cells by regulating a vacuolar SNARE complex
containing VTI1. In fact, vti11 mutant alleles showed baoth
defects in guard cell vacucle fusion and stomata opening,
which indicates that VTI11 is likely involved in these regulated
fusion events. This model is consistent with defects in stomata
opening that were previously detected in sgrafsyp22 mutants
{Gao et al., 2005) and the fact that VTI77 is highly expressed in
guard cells {(Arabidopsis eFP browser database, Winter et al,,
2007). These results underscore the important role of phos-
phoinositides in regulating vacuolar remodeling during highly
dynamic processes such as stomata movements.

METHODS

Plant Material and Growth Conditions

The parental line used for mutagenesis contains the mCherry-
HDEL {Nelson et al., 2007) and the GFP-TIPZ;1 (Cutler et al,
2000) markers (Rivera-Serrano et al, 2012). The zig-1 mutants
were previously described (Kato et al, 2002). The flucrescent
markers mCherry-\T112, mCherry-RabF2a (Geldner et al., 2009},
ABDZ-GFP (Wang et al, 2004), and TUAG-GFP (Ueda et al,
1999) were previously desaribed. Arabidopsis thaliana seedlings

were grown on AGM (0.5 M5, 2 g L' GelRite, 1 % sucrose). All
plants were incubated at 4°C for 3-5 d before being transferred
to a 22°C growth chamber with 16-h light photoperiod. Vida
faba was grown in soil at 22°C with 16-h light photoperiod.

Seed mutagenesis was carried out with 0.3% ethyl meth-
anesulfonate (EMS) as described (Weigel and Glazebrook,
2002), and M, seeds were harvested in pools of 30 plants (Kim
et al,, 2006). About 1500 3-day-old seedlings per pool from 51
pools were screened under the stereoscope, and short-root
plants were further analyzed by confocal microscopy to iden-
tify itt mutants.

Chemical Stocks and Treatments

Four-day-old seedlings were used in all chemical treatmenits.
Wortmannin, Lantrunculin B, Oryzalin, ABA, and acridine
orange were from Sigma-Aldrich. LY294002 was purchased
from Cayman Chemical, and FM4-64 and BCECF were from
Invitrogen. diC8-PI(2)P (P-3008), diCE-PI{4)P (P-2008), diC8-
PI(3,5)P2 (P-3508), diC8-PI(4,5)P2 (P-4508), GloPIPs BODIPY
TMR PI(Z)P (C-03M62), and Unlabeled Shuttle PIP™ Carrier 3
{P-9C3) were purchased from Echelon Biosciences. All stock
solutions were made in 100% DMSO, and these were diluted
in liguid AGM for each treatment, except for lipids which
were first dissolved in water. To stain vacuole membrane with
FM4-64, seedlings were incubated in a 5 pM FM4-64 in liquid
AGM for 2h and rinsed in water three times. Staining with
BCECF was done as reported (Viotti et al,, 2013). Wortmannin
stock (3.3mM) was diluted in liguid AGM to a working con-
centration of 32 pM. For cytoskeleton inhibitor assays, seed-
lings were pre-incubated in 20 yM of Oryzalin or 50 uM of
Lantrunculin B for 2 h, rinsed in liguid AGM, and mounted on
slides with 1% DMSO or Wortmannin. Unless noted, all images
from roots were taken from the maturation zone epidermis.

For the lipid assay, lipids {200 pM) were mixed with 200 uM
Carrier 3 following the manufacturer's instructions (Echelon
Biosciences), and the mixture was diluted in liquid AGM to a
final concentration of 10 pM of lipid. Seedlings were pre-incu-
bated for 20min before mounting on slides with Wm (23 phM)
ar DMSO (1%). Time-lapse images were taken every 8 5.

Microscopy

Confocal laser scanning micrascopy was carried out in a Zeiss
LSM 710 confocal microscope. Images were taken with a
40 water objective (1.1 N.AJ). The combinations of excita-
tion wavelength/femission were 488nm/f492-570nm for GFP
and BCECE 514 nm/588-700nm for FM4-64, 405nm/450-
510nm for PSV auto-fluorescence, and 405nm/430-600 nm
for acridine orange. For live-cell time-lapse microscopy of
vacuole fusion, a Zeiss Axicimager fluocrescence microscope
was used with Zeiss Filter set 46 HE (Exdtation bandpass
500/25 nm; Dichromatic Beam splitter 515 nm; emission band-
pass 535/30nm). The focus plane was centered at the medial
region of each cell or cell file. Both microscopes are located at
the Cellular and Maolecular Imaging Facility at North Carolina
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State University. 3-D velume renderings were generated with
Zen 2009 (Zeiss) or Imaris 7.04 (Bitplane).

To image PSVs, dry seeds were imbibed in water for 30min
and mature embryos were excised with a sharp pin. For time-
lapse experiments, seedlings were treated with Wm directly
on microscope slides and image capture started within 2min.
Relative vacuole number was calculated as the number of
vacugles at each time point divided by the number of vacu-
cles at the beginning of the experiment.

Stomata Closure Assay

V. faba leaves were collected from 4-5-week-old plants. Leaf
epidermal peels were cbtained from the abaxial side of each
leaf and were pre-incubated for 50min {Gao et al., 2005) in
a closing buffer containing 50 yM abscisic add (Schroeder
et al., 1993). Acridine orange (10 pM) along with 1% DMSO
or 33 pM Wm were added and leaves were incubated for
anocther 20min (Gao et al., 2005). Peels were then rinsed in
buffer three times, and mounted on slides with solutions of
Wm (1-22 pM) or DMSO {1%) in the same buffer.

Stomata Opening Assay

Abaxial epidermal peels from 3-4-week-old Arabidopsis plants
were generated as described by Behera and Kudla (2013).
The stomata opening assay was carried out as described (Li
et al.,, 2013). Briefly, peels were incubated for 1h in stomata
buffer (10mM Mes—KOH pH 6.1} in the dark to induce clos-
ing. 5tomata opening was induced by incubation in stomata
opening buffer (10mM MES-KOH pH 6.1, 50mM KCI) in the
light for up to 2 h. Images were captured at each time point
under bright field with a 62x water objective. Stomata aper-
ture was measured in Image J (Mational Institutes of Health,
http:fimagej.nih.govijf).

To visualize vacuocles in Arabidopsis guard cells, whole
leaves were incubated as above in cpening buffer and then
stained with acridine crange for 10min. Stained guard cells
were imaged in the confocal microscope.
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Figure S1. Multiple vacuoles per cell are present in multiple regions and cell layers
of the iff3 root.

Seedlings from the parent line (GFP-TIP2;1, top) or ift3 mutants (bottom) were imaged in
the microscope. Vacuole morphology was visualized in root tips (A and B), root
elongation zone (C and D) and matured root zone (E and F). E. epidermis; C. cortex.
Scale bar: 20 pm.

(G) Number of protein storage vacuoles in mature embryos of the parent line (GFP-
TIP2:1) and ift3. N = 70 cells from at least 3 embryos per genotype. The vacuole number
in itt3 was significantly different from the parental control (GFP-TIP2:1) in a Student’s t-
test and is shown with asterisks (* P < 0.01). Lines represent standard error.
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Figure S2. Multiple vacuoles per cell are present hypocotyls of i#/3 mutants.
Dark-grown seedlings from the parent line (GFP-TIP2:1. top) or iff3 mutants (bottom)
were imaged in the confocal microscope. Vacuole morphology was visualized in
epidermis (A and B), cortex (C and D), endodermal cells (E and F) Scale bar: 20 pm.
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A Wortmannin

zig1

Figure S3. Effects of different concentrations of Wm on zig/ and i3 vacuoles.

A) Wm rescues the fragmented vacuole phenotype of zig/ mutants. Seedlings were
incubated in DMSO or 33uM Wm for 2 h and stained with FM4-64 during that time.

B) Low concentrations of Wm are sufficient to induce vacuole fusion in iff3. Mutants
were incubated as in Figure 3 with 17 uM. 8 uM and 4 uM Wm for 2 h and imaged in the
microscope. The large central vacuole is restored in all concentrations. Bar: 20 um.
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Figure S4. Effects of exogenous PtdIns(3)P and BODIPY TMR-PdtIns(3)P on the
endomembrane system.

(A-F) Exogenous PtdIns(3)P does not affect endomembrane morphology. Plants carrying
endomembrane markers were exposed to either carrier alone (left column) or carrier +
PtdIns(3)P (right column) for 50 min and imaged in the confocal microscope. The
tonoplast marker is in the i##3 background (GFP-TIP2;1, A-B), while the TGN (mCherry-
VTI12. C-D) and PVC (mCherry-RabF2a, E-F) markers are in wild type background.

(G) A fluorescently labeled form of PtdIns(3)P induced changes in the morphology of the
vacuole. Plants carrying the GFP-TIP2;1 (WT control) were incubated with carrier +
BODIPY TMR PtdIns(3)P. The signal from the tonoplast (top panel). the lipid (middle)
and the merged image are shown. Scale bar: 20 um.
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Figure 55. PtdIns(3,5)P2 and PtdIns(4.5)P2 do not affect Wm-induced vacuole
fusion.

Four-day old ifi3 seedlings were pre-incubated in lipid carrier (Wm), carrier +
PtdIns(3,5)P2 (Wm + PtdIns(3,5)P2) or carrier + PtdIns(4,5)P2 (Wm + PtdIns(4,5)P2) for
30 min. Seedlings were then treated with 33 pM Wm and images were captured
immediately and for up to 50 min.

The Relative Vacuole Number per cell was calculated as the number of vacuoles at each
time point relative to the mumber of vacuoles for that cell at the beginning of the
experiment. N: 9 cells from at least 3 seedlings per treatment.

56



Zheng et al. Supporting Online Material

A
2 P
5 2
B £ 1
:—: 2
z Z 08
H T- T
g g 0.6
304 —-pmso w 0.4 7 ——DMSO
Z 02 & =3t B 0.2 + -= Oryzalin 1
- @
£ 0 =
0 20 60 0 30 60
Time (min) Time {min)
B

DMSO Oryzalin Lat-B

Figure S6. Controls for cytoskeleton inhibitors.

(A) Quantification of vacuole fusion in the presence of cytoskeleton inhibitors. Seedlings
were pre-treated with each inhibitor or DM SO control prior to addition of 33 uM Wm as
described in Figure 6. Vacuole numbers were obtained from confocal images taken at the
indicated time points and the Relative Vacuole Number was calculated. Data represents
10-20 cells from at least 3 seedlings and error bars represent standard error. Data points
that are significantly different from the DMSO control in a Student’s t-test are shown
with asterisks (*P<0.05; **P< 0.01).

(B) Oryzalin and Lantrunculin B disrupt microtubules and actin filaments, respectively,
in the root at the concentrations used. Four-day old seedlings carrying fluorescent fusions
to label microtubules (TUA6-GFP, top) or F-actin (ABD2-GFP, bottom) were incubated
in DMSO (control). 20 pM Oryzalin, or 50 uM Lantrunculin B (Lat-B). Roots were
imaged by confocal microscopy after 2 h of treatment.

TUAB-GFP

ABD2-GFP
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WT itt3

Figure 57. Wm enhances gravitropism in #3.

Dark-grown seedlings from the parental line (WT) and i#f3 were incubated with 0
(DMS0O) or 33 uM Wm for 3h in liquid media. Treated seedlings were transferred to agar
plates and incubated at 90° from the original gravity vector (gl). Plates were scanned 16
h after incubation and the angle between gl and the top of the hypocotyl was measured.
Shown is the percent distribution of seedlings in each degree class (N=55-89).
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Figure S8. Wm does not induce the fusion of protein storage vacuoles.

Mature embryos were excised from dry seeds and incubated in DMSO (control, A) or
33uM Wm (B) for 45 min. No changes in the morphology or size of protein storage
vacuoles was observed. Scale bar: 20 um.
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SUPPLEMENTAL MOVIE LEGENDS
Supplemental Movie 1. Volume renderings of i#f3 vacuoles.

z-stack images from itf3 roots containing GFP-TIP2:1 were rendered into a 3-D
representation and rotated to visualize the volumes of the vacuoles.

Supplemental Movie 2. Z stack of zig! vacuoles
z-stack images from zigl roots labeled with BCECF (green) and FM4-64 (magenta) that
were used for the 3-D rendering in Figure 2.

Supplemental Movie 3. Wm treatment induces fusion of 73 vacuoles.

itt3 mutants were treated with 33ulM Wm and imaged immediately by fime-lapse
fluorescence microscopy. Dynamic vacuole fusion events start within 10 min of
treatment. Images were taken every 5 seconds. Time is indicated in minutes. Note that the
loss of fluorescence towards the end of the movie is due to photobleaching.
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CHAPTER3
Multiple Vacuoles inimpaired tonoplast traffickingdviutants are Independent

Organelles
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ABSTRACT

Plant vacuoles are essential and dynamic organelles, and mechanisms of vacuole biogenesis
and fusion are not well characterized. We recently demonstrated that Wortmannin, an
inhibitor of PhosphatidylinositeB-Kinase (PI3K), induces the fusion of plant wates both
in roots ofitt3/vtil1l mutant alleles and in guard cells of wild type Arabidopsis and Fava
bean. Here we used Fluorescence Recovery After Photobleaching (FRAP) to demonstrate
that the vacuoles int3/vtill are independent organelles. Furthermore, we used fluorescent
protein reporters that bind specifically to Phosphatidylinog&tBhosphate Rtdins(3)R or
Ptdins@)P to show that Wortmannin treatments that induce the fusiontibl vacuoles
result in theloss of PtdIns(3)Pfrom cellular membranes. These results provided supporting

evidence for a critical role ¢ttdIns(3)FAn vacuole fusion in roots and guard cells.

Keywords: vacuoles, phosphoinositides, SNARE, Wortmannin, membrane fusion
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RESULTS AND DISCUSSION

The vacuole is an essential organelle that is critical for cellular homeostasis,
establishment of turgor pressure and stordge. The molecular mechanisms for plant
vacuole biogenesis aridsion are nbfully understood. A pathway for prneacuole formation
from ER membranesvas recently shown in meristematic root cells in Arabidopsistic
vacuoles may also form by maturation afogion of protein storage vacuoles as it was
visualized indeveloping root tipsiuring tobacco germinatioh We recently demonstrated
that the VTI11 SNAREprotein is critical for the maintenance or biogenesis of the large
central vacuole in plant cell§ VTI11 is a vacuolar SNARE proteinvolved in membrane
fusion that was shown to regulate gravitropism and pnoteafficking to the vacuole®**
vtill mutant allelesuch agmpaired tonoplasttrafficking3 (itt3) display defects in vacuole
fusion both during root and hypocotyl developmeantd during the formation of a large
vacuole in guard celld It is likely that the vacuolar SARE complex containing VTI12

which localizes to th@revacuolar compartmenP{/C) and vacuolg® *

regulats vacuole
fusion events during the formation oktlarge central vacuole.

Recent surface renderings of stained vacuoles in Arabidopsis meristematic cells showed
tubular interconnected vacuolar compartments that form a single org&riierefore, we
questimed whether the multiple vacuole phenotypeviill/itt3 mutants® resulted from
independent or interconnected vacuoles. We used Fluorescent Recovery after Photobleaching
(FRAP) to differentiate between these two possibilities. Bleaching a region of the vacuole in

the parental control resulted in almost qbete fluorescence recovery (Fig. 1A, orange).

Similarly, bleaching only a fraction of one of thi#3 vacuoles results in fluorescence
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recovery due to the movement of GIFRP2;1 from norbleached regions in that vacuole

(Fig. 1 B, orange). In contrast, auoles that are completebleached recover poorly to the
pre-bleached levels even after 5 min (Fig. 1dBrk blue). Vacuoles that were not bleached

or regions outside the bleach area of partially bleached vacuoles were included as controls
(Fig. 1). To giantify these results, 36 FRAP experiments with root epidermal cells were
analyzed and fluorescence recovery was quantified based on relative fluorescence intensity
(Fig. 1 GD). Partially bleached vacuolesiitB3, and the parental control recovered tm@st

80% of the original fluorescence intensity. In contrast, membranes from completely bleached
vacuoles initt3 did not recover. These results indicate thaitl1/itt3 vacuoles are
independent compartments and not connected to adjacent vacuoles.

Vacuole fusion in plants is also regulated by phosphoinositidessing a
pharmacological approach, Zhepg al. showed that inhibition of Ptdins(3)P synthesis by
either Wortmannin or L¥94002is sufficient to induce vacuole fusion @3 vacuoles in
Arabidopsisroots and fragmented vacuoles of closed guard celi@ua bean® Given that
most mature vegetative cells amtain a single large vacuole, an effect of
PhosphatidylinositeB-Kinase (PI3K) inhibitors on vacuole fusion could not previously be
observed, and it was the prevalent view that Wm induced fusion only of P¥/TOw effect
of Wm on vacuole fusiomdicated a critical role for phosphoinositides in regulatiegy
dynamic danges in vacuole morphologyFurthernore, loss of function 0BUPPRESSOR
OF ACTIN2-5 (SAQ-5), results in abnormal phosphoinositide levels and changes in vacuole
morphology. ** A challenge for these analyses is that the loss of Flgiction is

gametophytic lethaf*® In addition, manipulating phosphoinositide levels by either chemical
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inhibitors or geneticayl may result in changes of multiple forms of these lipids due to lack of
specificity or interconversion between different speci€s? In the casef Zhenget al, ® we
wanted to investigate the effect of Wm BidIns(3)Paccumulation in cells from the root
elongation zone. In order to test this, we used two biosensors that specifically bind to and
report the levels of two phosphoinositides, YBEFYVE to visualizePtdIns(3)P*? and YFR
PHeapp1to visualizePtdIns@)P. 2° The effect of Wm on the localization of YFRXFYVE has

been tested in tobacco celfSand Arabidopsis root tips? however, these data were not
available for mature root cells where the central vacuole is fully formed, and where vacuole
fusion events cahe visualized in thét3 mutant ® YFP-PHeapp1has ben shown to localize

to Golgi and plasma membraffe??, and Wm did not affect the localization of this marker in
tobacco B¥2 cells.?’ Similar to Zhencet al, ® we exposed the two marker lines to 8@

Wm and imaged mature root cells by confocal scanning laser microscopy. THXF¥NE
marker localizes to the tonoplast as well as punctate compartments, most likehcpoar
compartments as previously reported (Fig. 2 AAfter 30 min of Wm treatment, théFP-
2XFYVE fluorescence shifted to the cytosol as shown by the more diffused signal between
the vacuole and the cell periphery and the bright signal inside the nucleus. A defined
tonoplast membrane signal isfditilt to discern at 60 and 120 min (Fig. 2 A). The loss of
YFP-2xFYVE from endomembranes indicates a reductioptdins(3)Pevels that correlates

with the inhibition of PI3Kinase. The accumulation of the fluorescent marker in the cytosol
is similar tothe changes in YFRXFYVE fluorescencen tobaccoBY-2 cells treated with

Wm. *° In contrast,the Ptdins@)P sensarwhich is abundantlylocalized to theplasna

membrane in the control, does not change significantly at 30 min of Wm tredfiger2B).
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To indirectly determine the accumulation of the two sensors in the soluble fraction, e.g. no
longer associated with a membrane, we quantified the fluorescdaansiin of each marker
inside the nucleus. Labeling with Lysotracker Red was used to identify the position of
nucleus (Fig. 2 D). As shown in Fig. 2 C, the nuclear signal of 2xFYWE increases
significantly at 30 min of Wm treatment while that of YPPapp1 increases only at 2 h.
Results from these experiments indictétat Wm treatment of Arabidopsis roots results in a
significant decrease of PtdIns(3)P in tonoplast membrastégn 30 min, but not in major
changes iPtdIins@)P at this time pointThis timing correlates well with the timing of fusion

events initt3 roots, &

and provides further supportive evidence for a specific role of

Ptdins(3)Pon vacuole fusion in plants. Our hypothesis is that the multiple independent
vacuoles initt3/vtill result from delayed homotypic vacuole fusion during early stages of
seedling germination that require VTI11 SNARE function and the regulatiBidbis(3)FAn

the tonoplast.
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Figure 1.itt3 vacuoles are independent organelles.

(A-B) Root epidermal cells from GFPIP2;1 (parental control, A) att3 (B) were used
for FRAP using a Zeiss710 confocal microscope and images were captured @\s=y. 1
Images before (prb | eac h) , I mmedi ately aftell gadhe axhod)
bleaching are shown for one experiment. Bleached areas are shown with white (dashed)
rectangles. ROIs that were used to measure fluorescence recoveryvanevwstio colored
rectangles. ROI fluorescence was quantified for complete vacuoles included in the bleach
area (1, dark blue), vacuoles patrtially included in the bleach area (2, orangbjeacmed
controls (3, light blue), and an area adjacent to thachlarea in partially bleached vacuoles
(4, magenta). To measure the fluorescence recovery of vacuoles that were completely
bleachedpnly the membrane adjacent to the cell wall was selected for quantifi¢hfidark
blue) Bleaching was accomplished twvian argon laser in the Zeiss LSM 710 microscope
with excitation wavelength of 488 nm. The laser was used at 100% power and the pixel dwell
time was 100.8%sec.Scale bar: 20m.

(C-D) Quantification offluorescenceecoveryover timefor GFRTIP2;1 (parental control,
C) oritt3 (D). Using 36 setsof FRAP experiments for each genotype as shown-{@, ke
percent fluorescence recovemas calculatedfor each region of interest. The numbers and
colors in the graphs correspond to thas@&\iB. N: 7 seedlingsError bars indicatetandard

error.
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Figure 2. Effect of Wortmannin on the localizationof YFP-2xFYVE and YFP-PHgapp1
in the Arabidopsis root.

(A-B) Timelapse imaging of plant roots expressing YBHFYVE (A) or YFP-PHeapp1
(B) by confocal microscopy after Wm treatment. Seedlings were incubated1f2® énin
with 331M Wm. Acquisition settings were kept constant throughout the experiment in order
to compare protein abundance between different time points. Bright nugitgaal is
indicated with arrowheads. All images were captured on a Zeiss LSM710 confocal
microscope. Scale bar: @M.

(C-D) Quantification of fluorescence signal in the nucleus in the 2xFY¥E and YFP
PHrapp2during Wm treatmentSeedlings were tréad as in (A) and stained with Lysotracker
Red for30 min before imaging. Nuclear signal for each marker was quantified using Zen
software (Zeiss). N: 20 cells, 3 seedlings per data point. Bars represent standard error. (D)

Lysotracker Red staining of thé-P-PHgappiline to locate the nuclei (arrows).
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CHAPTER 4

REGULATOR OF BULB BIOGENESIS1(RBB1) encodes a novel protein that regulates

vacuole bulb formation and implicates light in the control of vacuole morphology.
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ABSTRACT

Vacuoles are dynamic compartments with constant fluctuations and transient structures
such as transacuolar strands and bulbs. Bulbs are highly dynamic spherical structures
inside vacuoles that are formed by multiple layers of membranes and are contithdhe
main tonoplast. We recently carried out a screen for mutants with abnormal trafficking to the
vacuole or aberrant vacuole morphology. We have charactenegdlator of bulb
biogenesisirbbl), a mutant in Arabidopsis that contains increased numbers of bulbs when
compared to the parental control. Analysis of th1l phenotype indicates that bulb
formation is developmentally regulated and bulb biogenesis is inhibited by light. Bulb
accumulatioa monitored by tonoplast intrinsic proteins in wild type backgrounds was greater
in the dark indicating that light signaling regulates vacuole morphology and dynamics in
plant cells. We present evidence that RBB1 corresponds to a novel protein of unknown
function that is specific to plants present inthe cytosol and can associate with cellular
membranes. Our findings suggest that light may regulate the morphology of the \awliole

RBB1 has a important role in determining vacuolar morphology
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INTRODU CTION

The vacuole isa member othe secretory pathway. This essential organelle is highly
dynamic and has critical functions in cellular homeostasis, maintenance of turgor, storage
and recyclingBasshanet al. 2008, Muntz 2007, Xiangt al. 2013) The molecular aspects
of plant vacuole biogenesis are not well understood, and at least tvgoofypacuoles exist
that differ in their protein content and pH. The protein storage va¢B&8¥) has a neutral
pH and is established during embryogenesis when it accumulates seed storage(pPanteins
and Jurgens 2012, Xiang, Etxeberria and Van den Ende .20¢8y vacuoles (LVS)
accumulag hydrolytic enzymes, have major roles in recycling, and are acidic organelles.
Proteins of the tonoplast intrinsic protein (TIP) family are commonly used as markers for
each type of vacuole. TIP3daHTIP accumulates mostly in PSVs of mature embryos while
T 1 P 1-TIR is ssually found in LVgXiang, Etxeberria and Van den Ende 201B)P
marker lo@lization is a useful tool to analyze the dynamics of vacuole development and

morphology(Hunteret al.2007)

Vacuoles are dynamic compartments with constant membrane fluctuations and transient
and highly mobile structures such as traasuolar strands and bulfRuthardtet al. 2005,
Uemuraet al. 2002) Bulbs are spherical structures of diameters between 1 anth Bat
are highly dynamic in the lumen of the vacuole. These membrane structures are associated
with the outer tonoplast membrane or transvacuolar strands and contain cytoplasmic
structures, even organelles, between the folded memb(&aét® et al. 2002, Uemura,
Yoshimura, Takeyasund Sato 2002)Imaging by electron microscopy has indicated that

bulbs are formed by multiple layers of tonoplast membranes, which explains the increased
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intensity of bulbs in fluorescently labeled tonoplagsito, Ueda, Abe, Wada, Kuroiwa,
Hisada, Furuya and Nakano 200Bulb formation has been shown to be developmentally
regulated. Bulbs are present in PSVs of mature ersblgbeled with TIP3:YFP and
TIP1;1-YFP (Hunter, Craddock, Di Benedetto, Roberts and Frig2@07) although they are

not visible in the same cells in other tonoplast marker l[Hester, Craddock, Di Benedetto,
Roberts and Frigerio 2007Bulbs are present in LVs of cotyledon and leaf epidermis and
their numbers decrease during cotyledon expanfsaito, Ueda, Abe, Wada, Kuroiwa,
Hisada, Furuya and Nakano 2002nd leaf maturatioiHunter, Craddock, Di Benedetto,
Roberts and Frigerio 2007Bulbs have been visualized by fluorescencence microscopy of
fluorescent protein (HRusions with several tonoplast proteins and in multiple cell types. For
example, in vacuoles of tobacco leaves, bulbs were observed wheiVAARRISYP22
(Bottanelliet al. 2011)or a GFP fusiorwith the high affinitty phosphate transporter NPT2
(Escobatret al. 2003)were transiently expressed. In Arabidopsis, bulbs have been detected in
epidermis of the root elongation zone and the leaf, sepal bundle sheet, and germinating pollen
of stably transformg plants expressing either GRA®AM3 (Uemura, Yoshimura,
Takeyasu and Sato 2002)PK1-GFP (Maitrejean and Wale 2011, Maitrejeaet al. 2011)
TIP1;1-GFP(Beeboet al. 2009) or FP fusions with other tonoplast intrinsic proteiHgcks

et al. 2004, Hunter, Craddock, Di Benedetto, Redemnd Frigerio 2007) In addition, the
phosphatidylinositol hosphate sensor 2xFYVE-P also accumulates in the bul&aito

et al. 2011) These structures are not the result of ectopic expression of FP fusionsebeca
they were also detected in Arabidopsis WT plants by electron micrsocopy in cotyledon

epidermal cells(Saito, Ueda, Abe, Wada, Kuroiwélisada, Furuya and Nakano 2002)
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While in most cases these structures have been detected-stress conditions, bulbs were
induced in tobacco suspension cells expres#aplIP26-1::gfp after osmotic stress

treatmentgReisenet al. 2005)

It was recently proposed that bulbs may form by dimerization of GFP or YFP tags when
fused to tonoplast markers, and that some of these structures may be artifacts from this
interaction. Two types of structures were distinguished: bulbs associatedighitlevels of
expression of GFP fusions that showed 3 or higher fold fluorescence instensity compared to
the tonopl-ssatuobhad é&pheracal structures (1 VS
which the intensity of fluorescence was only two foldhtt of the tonoplast and were
visualized with a nomimerizing GFP molecule. This distinction was most dramatitén
root elongation zone where only very bright bulbs were observed, ioasmore complex in
other tissuessuch asthe cotyledon epidernsi where both types of structures existed

(Segameet al.2014)

Eventhough bulbs are highly dynamic structures, there may be some specificity in the
accumulation of certain tonoplast proteins into the b(8#to, Uemura, Awai, Tominaga,
Ebine, Ito, Ueda, Abe, Morita, Tasaka and Nakano 20l t)is is true, then there should be
regulatory mechanisms to target tonoplast proteins to bulb structures. For exampleere
this is true in lines carying single fluorescent markers, TIPAYEP and TagRF¥am3
show strong localization to bulbs, but GRERab7c, TIP2;1YFP and TIP3;AYFP do not
(Gattolinet al. 2009, SaitoJeda, Abe, Wada, Kuroiwa, Hisada, Furuya and Nakano 2002,

Saito, Uemura, Awai, Tominaga, Ebine, Ito, Ueda, Abe, Morita, Tasaka and Nakano 2011)
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When both TIP1;AYFP and TagRF®am3 protein fusions were @xpressed, both markers
accumulated in bulbs; however, the TagRF&M3 levels were higher than GFRRab7c
(Saito, Uemura, AwiaTominaga, Ebine, Ito, Ueda, Abe, Morita, Tasaka and Nakano 2011)
Although these studies have helped to visualize bulbs, how bulbs are formed in plant

vacuoles remains a puzzle.

Bulbs are dynamic structures atite actin cytoskeleton is important for their mobility.
Treatments with Lmunculin (Escobar, Haupt, Thow, Boevink, Chapman and Oparka 2003)
or Cytochalasin D(Beebo, Thomas, Der, Sanchez, Lebor@aestel, Marty, Schoefs and
Bouhidel 2009)mmobilized bulbs within the vacual®ther subvacuolar structures such as
transvacuolar strands require-d&tin (Hoffmann and Nebenfiihr 20Q4pnd dynamic
rearrangements of transvacaioktrands in BY2 cells implicated myosin in remodeling the
plant actin cytoskeleto(Hoffmann and Nebenfuhr 2004} his is consistent with the effact
of Cytochalasin D, which also blocked the movement of diieetstructures in leaf
epidermis labeled with GFRan3/SYP22(Uemura, Yoshimura, Takeyasu and Sato 2002)
Even though a role of the cytoskeletionbulb formation or stability has not been clearly
determined, the actomyosin cytoskeleton is a good candidate for this function given its role

in the establishment of transvacuolar straittsffmann and Nebenflhr 2004)

Two hypothess for the function of bulbs have been proposed. Bulbs may act as
reservoirs of membanes for cell expansion or they may represent the first step for proteolysis
of tonoplast proteins inside the vacudMaitrejean and Vitale 2011, Saito, Ueda, Abe,

Wada, Kuroiwa, Hisada, Furuya and Nakano 20Q2)ly two mutants with bulb phenotypes
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have beendentified thus far. These asgr21 andvtill, and in both cases these mutants
show a reduced number of bulffsaito, Uemura, Awai, Tominaga, Ebine, Ito, Ueda, Abe,
Morita, Tasaka and Nakano 2015GR2 encodesprotein similar to phospholipase Al, and
sgr2 mutants have an abnormal vacuole morphology with multiple small valikele
structures and abnormal distribution of the vacuole and the cytosol in shoot endodermal cells
(Kato et al. 2002) VTI11l encodes a SNARE (soluble-éthylmaleimidesensitive factor
attachment protein receptor) protein that mediates membrane fusion betwecymar
compartments and the vacudIebine et al. 2008, Sanderfooét al. 2001) VTI11 is also
involved in vacuole homotypic fusion, andill mutant alleles have highly fragmented
vacuoles(Zhenget al. 2014) Given the highly abnormal vacuole morphology of these two
mutants, it is unclear if the lack of bulbs is a direct or indirect effect of the loss of SGR2 and

VTI11.

Here we describe the phenotyperefulator of bulb biogenesiqtbbl), a novel mutant
in Arabidopsis that displays increased numbers of bulbs in otherwise normal vacuoles. We
present evidence for a novel regulation of bulb formation by light and for developmental
control of bulb formation. In addition, by using severalofescently labeled tonoplast
intrinsic proteins, we show that the differential labeling of bulbs betwbbft and the
parental line does not result from abnormal trafficking to the vacuole. Furthermore, we
identified RBB1as a new locus that is involvedbuilb formation and encodes a large plant

specific protein of unknown function.
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RESULTS

GFP-TIP2;1 labels excess bulbs inegulator of bulb biogenesis1

We recently carried out a screfm mutants intonoplast protein trafficking and vacuole
biogenesis and characterized the function of the VTI11 SNARE protein and
phosphoinositides in vacuole fusi@@heng, Han, Rodrigue?/elsh and Roja®ierce 2014)
During the course of this work, we identified a mutant in which the tonoplast protein GFP
TIP2;1 labeled many vacuolar bulbased it was nametegulator of bulb bigenesisirbbl).
In the parentaline, the GFPTIP2;1 protein localizes to the tonoplast and rarely localizes to
bulbs in root epidermis and cortex and the epidermis of hypscattiyledors and rosette
leaves(Figurela, c, e, y(Cutleret al. 2000, Hunter, Craddock, Di Benedetto, Roberts and
Frigerio 2007, Zheng, Han, Rodrigu#Zelsh and Roja®ierce 2014)In the rbb1l mutant,
GFRTIP2;1 accumulatesn thetonoplastin a similar pattern as the parental control, and the
size and morphology of the vacuole appeared normal. However, many more bulbs are
evident as bright subacuolar structures in multiple tissues (Figlie d, f, h). In hypocotyls,
bulbs were observed congstly in many cells in the epidermis and cor{@gure 1b).
Bulbs were also apparent in high numbers in the epidermis of cotyladdnosette leaves
of rbb1 (Figureld, . Vacuolar bulbs were detected in roots (Figure 1 f), but this phenotype
was varible amongst different seed stocks and was not characterized further. No major
developmental defects in plant morphology were detectdabihhomozygous plants (Suppl.
Fig. 1). Since rbbl was isolated from an EMBwutagenized population, the possibility
existed thathe bulb phenotype waslated tca mutationn theGFR-TIP2;1 protein sequence;

however,sequencingn the rbb1l mutantdemonstrated that théFP-TIP2;1 transgene is
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intact. It was previously proposed that vacuolar bulbs are involved in the degradation of
membrane protein@Maitrejean and Vitale 2011gnd that bulbsnay form as a response to
FP overexpressio(baito, Uemura, Awai, Tominaga, Ebine, Ito, Ueda, Abe, Morita, Tasaka
and Nakano 2011, Segami, Makino, Miyake, Asaoka and Maeshima. 20&4then tested
whether the increased number of bulbshinl could be caused by enhanced accumulation of
GFRTIP2;1 inrbbl by Western blot. No significant differences in GFHP2;1 protein
accumulation were detected betwedibl and the parental control, indicating that the
increased number of bulbs bb1l is not related to differences in protein accumulation or
stability (Fgure 1). These results overall indicate that tRBB1locus regulates either the

formation of the bulbs or their stability in the vacuole.

GFP molecules from adjacent membranes may dimerize to form very bright bulb
structures that have been consideretifagts (Segami, Makino, Miyake, Asaoka and
Maeshima 2014)In order to comparebbl bulbs with the IVSPs and bulbs previously
described (Segami, Makino, Miyake, Asaoka and Maeshima 20M¢ measured the
maximum intensity values for bulb membranesrlbl. As shown in Fig S2, maximum
intensity values for the bulbs in the parental line are dn2 1.3fold higher than the outer
tonoplast in cotyledons and hypocotyls, respectively. In conttatst, bulbs have ~ 2 fold
higher intensity than the tonoplasthigpocotyl, and 3.5old higher in cotyledons. Therefore,
rbbl bulbs would fit the description of both IVSPs and bulbs previously described by Segami
et al. (2014). Moreover, given the fact that tBEP-TIP2;1 transgene sequence ihbl

mutants is intactywe conclude that thebb1 bulbs are not simply the result of increased GFP
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dimerization. Given the complexity of these structures, we will refer to them here simply as

bulbs.

The biogenesis of vacuolar bulbs is regulated by development and light availatyil

The mechanisms for biogenesis of vacuolar bulbs are unknown, but developmental
regulation of bulb formation has been previously obse(kigiaki et al. 2007, Saito, Uemura,
Awai, Tominaga,Ebine, Ito, Ueda, Abe, Morita, Tasaka and Nakano 20hlprder to
determine if bulb biogenesis was developmentally regulatedbibi, vacuoles were
visualized at different times during seed germination (Figarg.2No bulbswere observed
in PSVs of imbibed seeds or 1 d after incubation atC2@ either of the two genotypes
(Figure @&, b, f, 9. Bulbs were first detected at day 2 pgstmination in bottthe parental
line andrbbl when the large lytic vacuole is already éfithed (Hunter, Craddock, Di
Benedetto, Roberts and Frigerio 200e bulbs were veryansient in the parental line and
very few were observed at 3 days pgstmination or later. In contrast, the number of bulbs
in rbb1 continued tdncrease at days 3 and 4. These results indi¢chtedulb formatiorand
disappearance adevelopmentallyegulated in the parental control, but this regulation may

be lost inrbbl after day 3.

One proposed function of the bulbs is to contribute membranes during cell expansion
(Saito, Ueda, Abe, Wada, Kuroiwa, Hisada, Furuya and Nakano.ZDIGi2)prompted us to
test whethe the rbb1 phenotype was affected by conditions that promoted cell expansion
such as the elongation of hypocotyls in the dark. To this end, vacuoles from the hypocotyl

epidermis of parental armtdb1 seedlings that were grown either in the light or the dark were
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imaged in the microscope, and bulbs were couniédile the parental control seedlings
grown in the light contain 0.17 + 0.06 bulbs per cell (Figure 2 k, oyhbihemutant contains
1.41 + 0.@ (Figure2 |, 0). Thereforethe rbb1l mutant containglose t08.3 fold more bulbs

per cellin hypocotyls when compared tbe parental controlvhen plants are grown under
normal light conditionsNext we analyzed the phenotyperbbl mutants in the darkin
contrast to the dargrown parental control, whictontains 1.06 + 0.2 bulbs peell (Figure

2 m, 0), the dargrown rbbl mutant showed®0.81 + 1.51 bulbs per celFigure 2 n,0).
Thereforethe number of bulbs iboth the parental line amidb1 increased significantly in

the dark by 6.2 and 14.8 fold, respectively. Remarkabiy,large inductionn the darkis not
exclusive of theparental line andbbl mutant because we detected a similar response in the
TIP1;1-YFP line (Hunter, Craddock, Di Benedetto, Roberts and Frigerio 2(Bigure 20)

and a moderate increase in the 2xFYYEP marker lingVermeeret al. 2006) (Figure S3).
Given thatrbbl as well as two additional markers that accumulate in the bulbs in the wild
type backgrounghow similar increasen bulb formation, we conclude that bulb formation

is regulated by light. We then tested whether the increased number of bulbs would enhance
the elongation rate of daigrownrbbl seedlings, but no differences in hypocotyl length were

detected between the mutant and the parental control at 3 or 5 d (Figure S4).

The accumulation of bulbs in the vacuoles of egmbwn plants led us thypothesize that
light negatively regulates bullbiogenesis. In order to address this hypothesis, we
investigated the dark induction bailbs in lightgrown plants. Plants were grown for 3 days
underastandard 16 h light photoperiod, incubated in the dark for up to 48 h, and the number

of bulbs was couedin hypocotyls. Bulb number did not increase significantlythe
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parentaline from 0.16 + 0.06 bulbs/cell at 0 h to 0.5 + 0.3 bulbs/cell after 48 h of incubation
in dark(Figure 2 p) In contrastthe number of bulbs itherbbl mutant initially decreased at

12 h of dark treatment, but then drastically increase®i2@+ 0.53 bulbs/cell at24 h.After

48 h in the dark, the number of bulbs reacbedb + 0.74 bulbs/cell and was 3.4 X higher
than thenumber athe beginning of theexperimentThese results indicate that light inhibits
the biogenesis of the bulbs in hypocotyls, and that light signaling may control vacuole

morphology and dynamics via RBB1.

GFRTIP2;1 trafficking in  rbbl is insensitive to BFA.

TIP1;1-YFP labels both the tonoplast and bulbs with high efficigiitiynter, Craddock,
Di Benedetto, Roberts and Frigerio 2007, RivBearanoet al. 2012, Saito, Ueda, Abe,
Wada, Kuroiwa, Hisada, Furuya and Nakano 20@8} this fusion protein traffics from the
tonoplast via a Golgilependent pathwayRiveraSerrano, Rodrigue¥Velsh, Hicks and
RojasPierce 2012)On the other hand, GFRAP2;1 and TIP3;AYFP proteins traffic via a
Golgi-independent pathwayRiveraSerrano, Rodrigue¥Velsh, Hicks and RojaBierce
2012) and they only label bulbs occasional§@attolin, Sorieul, Hunter, Khonsari and
Frigerio 2009, Hunter, Craddock, Di Benedetto, Roberts and Frigerio .2006)
hypothesized that the two distinct trafficking pathways of TIPMFP and GFPTIP2;1
could result in distinct protein modifications that could affect their accumulation in the bulbs.
Moreover, the increased bulb labeling b¥RTIP2,1 in rbbl could be the result of this

protein being routed via the Goldependent pathway. To test thigoothesistwo inhibitors
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for tonoplast protein trafficking were used to determine if GFRP2;1 was targeted
differently in the parental line anbbl. Brefeldin A (BFA) inhibits a Golgi-dependent
pathway by preventing the formation of CO#Rlkdiatedransport vesicles between the
endoplasmic reticulum (ER) and the Golgi apparéiebenfuhret al. 2002) BFA inhibits
TIP1;1-YFP trafficking in hypocotyls and induces itscamulation in BFA compartments
(RiveraSerrano, Rodrigue®elsh, Hicks and RojaBierce 2012)On the other hand, C834
inhibits GFRTIP2;1 traffic to the tonoplast in roots and induces its accumulation in the ER
(RiveraSerrano, RodrigueVelsh, Hicks and RojaBierce 2012) We treatedthe GFP
TIP2;1 (parental control), the TIPEYFP line and thebbl mutantwith BFA and visualized
each fusion protein in hypocotyls by confocal microscdpe fusion proteins localized to
the tonoplast GFR-TIP2;1) or tonoplast and bulbsbpl and TIP1;1YFP) in the DMSO
control as expected (Figurex-8). In BFA-treated cells, the GFPIP2;1 localization was
unchanged irthe parental control (FiguredB Similarly, GFRTIP2;1 accumulated in the
tonoplastand vacuolar bulbs in BR&eatedrbbl1 hypocotyls, indicating thate trafficking
of this proteinwas stillBFA-insensitive (Figure . In contrastand consistent with previous
reports(RiveraSerrano, Rodrigue¥Velsh, Hicks and RojaBierce 2012)the TIP1;1-YFP
marker line displayed large and bright aggregatesthre presence d@FA (Figure 3). Next
we tested sesitivity to C834.GFR-TIP2;1 localized to the tonoplast and did notl@calize
with the ER marker mCherdDEL in neither the parental line dob1 (Figure3g-i, m-0). In
contrast, GFFTIP2;1 cclocalized with the ER marker in C83reated roots of the pental
line (Figure4j-I) andrbbl (Figure 3-r). Therefore, we conclude that GHPP2;1 traffics in

a similar pathway imbb1 and the parental lin@t least early in the secretory pathway, and
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that the buldocalization of GFPTIP2;1 inrbbl does not apgar to be the result of altered

trafficking to the vacuole.

GFRTIP2;1 and RFP-TIP1;1 co-localize in rbbl bulbs

According to previous reports, some tonoplast proteins such as TWFP,lare more
abundant than others in vacuolar bu{@attolin, Sorieul, Hunter, Khonsari and Frigerio
2009, Hunter, Craddock, Di Benedetto, Roberts and Frigerio 2007, Saito, Uemura, Awali,
Tominaga, Ebine, ItdJeda, Abe, Morita, Tasaka and Nakano 201dprder to determine if
the rbbl bulbs accumulate different tonoplast proteins in a similar manner, we tested the
localization of RFR-TIP1;1 in therbbl mutant background. In the parental line, the RFP
TIP1;1 protein was localized to the tonoplast, but unlike the previously characterized-TIP1;1
YFP, RFRTIP1;1 labeled very few bulbs in roots and hypocotyls. Importantly-RPR;1
co-localized with GFPTIP2;1 in the tonoplast and the bulbs when the two markers were co
expressed in the parental control lines dlotl lines (Figure 4). This result indicates that

RFRTIP1;1 also accumulatesihbl bulbs.

The RBB1llocus corresponds to At5g40450.

The bulb phenotype atbbl segregated as 25 out of 96 (1/3.84) in a backcross to the
GFRTIP2;1 parental line, indicating that thigb1l mutation is recessivén order to identify
the RBB1 locus, we used a combination of magsed cloning and whole genome

sequencing. Th&RBB1 gene mapped to a region &2Mb in Chromosome 5 between
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markers RBCS and PINHEAD. Using lllumina wholgenome sequencing, we identified
nucleotide variants in thdbl mutant genome between these twarkers. From those, only

two SNPs located within gene coding sequences and corresponding ttygdiSonsilent
mutations were detected, At5g38540and At5g40450 In order to determine which gene
corresponded to thRBB1locus, we identified Salk -DNA insertion allelegAlonso et al.
2003)for both candidate genes. Only oneDINA line, SALK 095160, forAt5g38540was
available, but no homozygote plants could be recovered. Heterozygous plants were crossed to
rbbl and the vacuole phenotype afgeedlings grown in the dark was analyzed. O@7d¥;
seedlings, none showed thdbl bulb phenotype indicating th&®BB1 was unlikely to
correspond t&\t5g38540 We obtained two SALK IDNA alleles forAt5g4045QFigure 5a).
However, one of the -DNA lines, SALK 067590, had a complex transgene insertion and
coud not be used. We used HPICR to determine ifAt5g40450was expressed in
SALK_074387. The expression of the full lengttbg40450wnas disrupted in SALK_074387
(Figure 5 b), and therefore, this was a good mutant allele to test for the bulb phenotype.
Howe\er, this allele may not b& completdoss of function allele because partial transcripts

can be detected by RFCR. We named this alletbb1-2.

To determine ifRBB1is At5g40450,a complementation test betwegabl andrbbi-2
was carried out. Fseedlings from a cross betwedrbl and homozygousbbl-2 were
incubated in the dark and analyzed by fluorescence microscopy for the bulb phenotype. As
shown in Figurebe, the double heterozygote; Pplants display thebbl phenotype and
indicate the lackof complementation between the two mutant alleles. We were unable to

confirm this result in the Fpopulation as the GFIPIP2;1 transgene was constantly silenced
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in the segregating population whenever the SALK insertion was present. This result is
consistat with highly silenced transgenes in SALK insertion li{@axingeret al.2008) To
confirm the identity oRBB1 we visualized the vacuole morphologyrbb1-2 mutants with
fluorescent dyes. This experiment could only be camigdn cotyledons from lighgrown
seedlings as penetration of fluorescent dyes in hypocotyls is very poor. Seedlings were
stained for 2 h with_ysotracker RedFigure 5f, g) andfor 5 h with FM464 (Figure S33).

Similar to the reduced number of bulbs in @ER-TIP2;1 line, bulbs were rarely detected in

wild type CotO cotyledons (Figre 5f and Figure 53). On the contrary, thebb1-2 mutant

allele showed a similar bulb phenotype asrtit®l mutant with 4- 5 vacuolar bulbger cell

in cotyledors (Figure T and Figure Sb). These results confirmed that tRBB1 locus

corresponds tat5g40450

At5g40450encodes a large protein of 2,890 amino acids. The mutatidsbinis a C/T
nucleotide substitution that results in an A1070V substitution in the predictedinpro
sequence. BLASTp analysis in NCBI identified only two proteins with protein similarity
covering at least 40% of the RBB1 protein sequence, CARUB_v10003962m¢& &psella
rubella and EUTSA_v10027617mg frofutrema salsugineunAll other hits (~40) she
high similarity to a 75 amino acid region at the C terminus of RBB1. Remarkably, no
significant similarity was found outside of plant taxa using BLASTp, which indicates that
RBBL1 is a planspecific protein. In addition, no specific domain hits wereaetkusing the
Conserved Domain Database search function in N@ErchlerBaueret al. 2011) but
regions of similarity to three multiomain structures were detected. These results overall

indicate that RBBL1 is a novplantspecificprotein with unknow function.

89



In order to determine the spatial and temporal expressi&®B8fl, the accumulation of
RBB1transcripts was analyzed by APICR in Col0 wild type plants.RBBlaccumulated at
similar levels in 4 and 7#dayold light-grown seedlings, and in rdse leaves and
inflorescences (Figur&h). These results are consistent with publicly available databases.
According to Arabidopsis eFP browg®@Yinter et al. 2007) RBB1is expressed in leaves and
roots of both sedlings and mature plants, flowers and all stages of embryo development.
Seedlings treated for 12 h with ABA, heat, cold and osmotic stress have decreased levels of
RBB1transcripts(Winter, Vinegar, Nahal, Ammar, Wilson and Provart 2007, Zedteal.

2009) In contrast, 3 h treatent with photosgtem Il inhibitor N-octyl-3-nitro-2,4,6
trinydroxybenzamide (PNO8) or the brassinosteroid biosynthesis inhibitor brassinazole 220
resulted in a Zold induction ofRBB1(Godaet al. 2008) These results indite thatRBB1

may have important functions in multiple developmental stages. RBB1 transcript
accumulation was also analyzed in the parental linerbhd, but no differences in the
expression level were detectdeigure 5b). Therefore, thebbl mutationdid not affect the

expressiorof RBB1at the transcriptional level.

RBBL1 is a cytosolic protein.

In order to characterize the functionRBBJ a fluorescent protein fusion was generated
to visualize its protein localization. Given the largeesof theRBB1coding sequence, we
used Recombineerin@hou et al. 2011) to generate a FP fusion with RBB1 driven by its

own promoter and other regulatory sequences. This system utilizes homologous
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recombination with TAC clones to fuse the gene encodingp8kYo the gene of interest
within the native genomic context. Both lnd Gterminal fusions of RBB1 with 3xYpet
were generated and introduced into -Qalild type. We could not detect fluorescence in
RBB1-3xYpet lines after selection b independent trassformants. However, 3xXYp&BB1
was detected in cotyledon epidermal celt®t cortical cells and although very faint, in the
cortex of hypocotylsof light-grown seedlinggFigure &). No significant Ypet signal was
detected at the root tiffhe localiation of 3xYpetRBB1 was diffuse and suggestive of
cytosolic localization (Figure ), but it also labeled transvacuolar strantts order to
determindts subcellular distribution in detailwetested for cdocalization betweeBxY pet
RBB1 andthe plasma membrane dyEM4-64, or two markers for the tonoplaRFRSYP22
(Geldneret al. 2009)andLysotracker RedAs shown in Figur®, the 3xYpetRBB1 marker
does noto-localize with FM464 (Figure 6ee) or with RFPSYP22 (Figure 6h) in the root
elongation zoneHowever, the marker was found in the cytosol aneocalized with
Lysotracker Red the primary leaf (Figurek§i These results indicate that a fraction of the
3xYpetRBB1 protein may associate with the tonoplast. Interestingky petRBB1 was
present athe tip of emerging TVS (Figure &). Immunoblot analysis was used to confirm
that the 3xYpetRBB1 fusion protein accumulates as a large protein 400~kDa in
seedlings. Membrane and soluble fractions were isolated from wild type and the -3xYPet
RBBL1 line and the fusion protein was detected with a GFP antibddg.3xYPetRBB1 was
detected only in the membrane fraction indy0old seedlings (P100, Figure 6l). These
results overall indicate that 3pgtRBB1 is a large soluble protein that is likelyassociate

with cellular membranes.
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The accumulation of 3xpet-RBB1 at the tip of emerging TVS (Figure 6 jsuggests a
role for RBB1 in the formation of TVS in plant cells. In order to test this possibility, we
compared the number of TVS between the vylde andrbbl mutants.In contrastto the
parental linevhich shows 4.06 TVS per cell in cotyledoepidermisybbl mutants havé.40
TVS per cell (Figurebm). Therefore,rbbl has fewerTVS thanthe parental lineand this

provides support to the hypothesis that RBB1 is involved in TVS formation
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DISCUSSION

We have identifiedbbl, a novel mutant with defects in vacuole morphology. Vacuoles
in rbbl contain increased numbers of bulbs in large central vacuoles of cotyledons and
hypocotys when compared to the parental control. The vacuolar bulbs are defined vacuolar
substructures in plant cells that can be visualized with tonoplast proteins fusBd(aito,
Ueda, Abe, Wada, Kuroiwa, Hisada, Furuya and Nakano 2002, Saito, Uemura, Awali,
Tominaga, Bine, Ito, Ueda, Abe, Morita, Tasaka and Nakano 20These structures
display higher fluorescence than the tonoplast because they often contain multiple layers of
tonoplast (Saito, Ueda, Abe, Wada, Kuroiwa, Hisada, Furuya and Nakano 2002, Saito,
Uemura, Awai, Tominaga, Ebine, Ito, Ueda, AMyrita, Tasaka and Nakano 201The
GFRTIP2;1-labeled bulbs inbbl showed brighter florescence than the membrane of the
vacuole and ar likely to havea similar structure as previously characterized bulbs. The two
other mutants that have been identified as having abnormal bulb accumugti@mnd
vtill, have fewer bulbgSaito, Uemura, Awai, Tominaga, Ebine, Ito, Ueda, Abe, Morita,
Tasaka and Nakano 2011)nlike sgr2 and vtill mutants, which have very abnormal
vacuole morphologyrbbl vacuoles developed into single large compartments as the wild
type. So far, the only phenotype we have detectethbf is the increased number of bulbs
and decreased the number of transvacuolar stravidsh makesbb1 a useful tool to study

bulb biogenesis and function.

Proposed functions of vacuolar bulbs include acting dsnoplastreservoir for rapid
growth or serving as the sites of degradatbtonoplast membrane and proteins (Saito et al.

2002 and Maitrejean et al. 2011). We tested one of these hypotheses by measuring the
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hypocotyl growth ofrbbl in the dark, a condition that promotes cell elongation. If bulbs
function as membrane sources idgrelongation, we expectathbl hypocotyls to show a
growth phenotype when compared to the parental control. However, no obvious growth
differences were observed betwedanl and the parental line. One possibility is that the
additional tonoplast membrameontained imbb1 bulbs are not essential for cell elongation.
Alternatively, other factors such as the elasticity of the cell wall may be limiting and would
prevent us from detecting a difference in this assay. More detailed analyses of seedling
growth under conditions that limit or promote cell elongation and under a diverse set of
environmental conditions and developmental stages are necessary to deternihéuibs

have any effects on cell elongatioQutside of TVS, o obvious morphological or
developmental phenotypes were detectedbinl mutants thus far, and the specific function

of the bulbs remains unknown.

The number of bulbs inobl was developmentally regulated. Bulbsribl appear after
the large LV is established around day 2 podiibition. In the GFPTIP2;1 parental control
there seems to be a very small developmental window, at day 2, when the bulbs accumulate
at least in hypocotyls. Later time points, inchgliat 35 days when most of trexperiments
described here were done, degpvery few bulbs per cell. This developmental window,
however, is not universal because bulbs have been observed earlier in PSVs in lines carrying
TIP3;2-YFP orTIP1;1-YFP (Hunter et al, 2007). Three hypotheses have been proposed for
the biogenesis of lios. Bulbs may form by invagination and folding of the vacuole
membrane, by the engulfment of small vacuoles by the large central vacuole, or as remnants

of vacuolar fusion even@uring the development from PSVs to L{&aito et al. 2002). The
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developmerdl progression ofbbl vacuoles indicates that these bulbs are not remnants of
PSVs because they are formed after the LV is fully established. Indiadyulbs are more

likely to result from invaginations of the tonoplast.

The RBB1 gene encodes a pem of unknown function that accumulates in the
cytoplasm.RBB1lis expressed in seedlingsnd adult plants both in shoots and rodtsat
RBBL1lis expressed as a fuéingth transcript of 8,957 bp is supported by several ESTs as well
as the alignment of RNg#eq reads spanning the entire coding sequence by the Integrated
Genome BrowsefGulledgeet al. 2012, Nicolet al.2009) The molecular function of RBB1
is unknown as the protein has no conserved domains, and it represents a nepegiéint
protein. Only two proteins were identified with significant similarity to RBBZLirrubella
and E. salsugineumRBB1 belongs to theutative Plant Model Organism Orthologous
Group APK_ORTHOMCL5144, which includes genes from Rice, Poplar, Sorghum, Maize,

and Brachypodium hitp://rice.plantbiology.msu.edu/ebin/ortholog_group_apk.pl This

group is also supported by gene family clustering of orthologous genes in Phytozome

(www.phytozome.ng{Goodsteiret al. 2012) The putative orthologs also encode very large

proteins (up to 3,715 aa). One of the putative ortholdgginus communisgene
29917.t000066, contains a 32 amino acid region that is 32% identical to the microtubule
associated protein futsch Drosophila melanogastert is tempting to speculate th#te

RBBL1 function may be related to interaction with microtubules, but this will need to be tested.
Due to the cytoplasim localization of 3xYpetRBB1 and its association with cellular
membraneswe propose that RBB1 may interact with other cellular corap@non the

cytosolic side of the tonoplast to regulate bulb formation or stability.
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The morphology of the vacuole bbbl mutant is sensitive to light availability. Dark
grown rbbl seedlings showed a 14{@d increase in the number of bulbs per cell when
compared to the lighgrown plants. A similar increase was also observed in the parental line,
TIP1;2-YFP and 2xFYVEYFP marker lines which are all in a wild type background.
Therefore, the effect of the dark treatmentlihl1 vacuoles represents a natuesponse that
links light signaling or response to vacuole morphology and dynamics. Bulb numbers also
increased in the dafikduction assays. A 24 or 48 h incubation of kghtwn seedlings in
the dark was sufficient to significantly induce the accutmaof bulbs inrbbl. The initial
decrease in bulb number at 12 h may result from membrane in the bulbs being incorporated
back into the tonoplast early during dark incubation and as cell expansion increases. We
speculate that the overall increase in bolmber in the dark is the result of a signaling
cascade that is inhibited by light. A direct signaling pathway between light and vacuole
morphology is not documented, but light availability has profound effects on vacuole
function. For example, it has beereviously shown that dark treatments decrease the
degradation of soluble GFP in the vacuole and light rapidly induces its degradaimuara
et al. 2003) GFP can also be stabilized in the vacuole by incubation with Concanafyycin
which inhibits the vacuolar H+ ATPase-{ATPase), indicating that changes in vacuolar pH
are involved(Tamura, Shimada, Ono, Tanaka, Nagatani, Higashi, Watanabe, Nishimura and
HaraNishimura 2003) Furthermore, dark grown seedlings accumulate plaserabrane
proteins such as PIN2 in the vacuole andWase function contributes to the degradation
of these proteins in the lighitaxmi et al.2008) Whether changes in vacuole pH trigger bulb

formaion or stability remains to be determined. Alternatively, the light sensitivity of bulb
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formation could result from changes in metabolism dua decrease in photosynthesis. A
more detailed analysis of tiebl1 phenotype is necessary to address thesehildsss and it

is beyond the scope of this work. Another example for a correlation between light and
vacuole morphology has been studied in maize, where light induced the fusion of
anthocyanircontaining vacuoles in cultured ce(lsani and Grotewold 2005)The mutant
phenotype ofbblhas allowed us to uncover a novel light regulation of vacuole morphology
in plants that may have important implications in vacuole function and the response of the

endomembrane system to environmental signals.
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MATERIALS AND METHODS

Plant Material and Growth Conditions

The parental line carrying GFAP2;1 and mCher”HDEL (RiveraSerrang et al.
2012) TIP1;:2YFP (Hunter, et al. 2007) and 2xFYVEYFP (Vermeer et al. 2006) were
previously describedSALK 095160, SALK 067590 and SALK 074387 were obtained
from the Arabidopsis Biological Resource Center (ABRC) and genotyped by PCR.
pUBQ10::RFPTIP1;1 was generated by Gateway cloning (Invitrogen). Brigfig, TIP1;1
CDS was amplified from Ced cDNA by PCR and the amplicon was introduced into
PENTR-D-TOPO vector (Invitrogen). A RFPIP1;1 expression clone was generated by
recombination with pUBNRFP (Grefenet al. 2010) using LR clonase Il (Invitrogen). The
promoter of the resulting construct was substituted with the full pUBQ10 promoter (1,596
bp) from pNIGHEO7 (Geldner et al 2009) to generate pUBQ10::RHWPL;1. The
RBB1::3xYpeRBB1 and RBB1::RBB13xYpet constructs were generated by a
Recombineerindpased gene tagging syst€dhou, et al.2011)using the JAtY76M24 clone
and the primerdisted inTable . After introducing 3xYet, the JAtY clone was shorten by
homologous @combination usingdelleft" and "RBamp" primers (Table S2Yhis resulted
in a fragment of the chromosomal region containiBd kb upstream o$tart codon oRBB1
and up to 5 kb downstream from the stop codon. These constructs were transformed into
Agrobacterium GV3101 and then transformed into-Caolild type plants via floral dip

(Clough and Bent 1998)
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Seeds were plated on AGM (0.5X MS media and 1% sucrose) with 4glRite. For
light-grown seedlings, seeds were cold treated for 4 days in the dark to break dormancy and
then incubated at 22 under a 16 h light photoperiod. For daown seedlings, seeds were

cold treated in the dark and then incubated a€2&hile covered in aluminum foil.

Chemical Stocks and Treatments

C834 (ID 6982834) was from Chembridge, Brefeldin A from Sigma and Lysotracker Red
and FM464 from Invitrogen. All chemicals were dissolved in 100% DMSO and all
treatments were carried out withddy old seedlings, unless specified. BFA treatment was
done in liquid AGM containing 75 uM BFA and for 3 h. C834 treatment was done with 3
old seedlings in solid AGMGelRite supplemented with 55uM C834 for 48 hours as
described(RiveraSerrang et al. 2012) For staining, seedlings were incubated in liquid

AGM containing2mMM Lysotracker Red64foo5min2 h or 5 &M F|

Microscopy

A Zeiss LSM 710 confocal microscope was used for all imaging experiments. A 40x
water objective (1.1 N.A.) was used to image embryos and roots. A 20x obj€c8ve.A)
was used to image hypocotyls and cotyledons. The excitation/emissioremagtsl during
acquisition were 488 nm/48270 nm for GFP and Ypet, 561 nm/3836 nm for mCherry

and RFP, 514 nm/58800 nm for FM464, and 561 nm/56690 nm for Lysotracker red.

To count the number of bulbs, 6 seedlings per genotype were imaged at each time point
and 6 cells per seedling were counted. The only exception was for the hypocotyls-of dark

grown seedlings in which 3 seedlings were used. All experiments were done deaokl
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seedlings except for the lightark transition experiment in which 3 dald seedlings were

used.

RT-PCR
Total mMRNA was extracted using TRI reagent (Ambion) and treated with DNase |
(NEB). cDNA was synthesized using iScript cDNA Synthesis KibR&id) and was used a

template for RTPCR. Oligo sequences used for PCR are shown in T&ble S

Map-based cloning and genome sequencing

A mapping population was generated from a cross betwsshnand the ler wild type
background, and segregating homozygdutsl mutants were identified in the microscope
based on the bulb phenotype. Two Single Sequence Length Polymorphism (SSLP) markers
(Lukowitz et al.2000) RBCSB and PINHEAD, cesegregated with thdob1 phenotype and
placed the mutation in Chromosome 5. For SNP detectiohpa®zygous Efamilies from
1 backcross to the parental line were selected based on the bulb phenotype and 500 seedlings
per family were used to generate DNA libraries. These plants were sequenced in an lllumina
HiSeq sequencer as 100 bp reads at BGI @oiyrBeijing Genomics Institute). The expected
genome coverage was 35X. Data analysis was carried out at the Bioinformatics Consulting
and Service Core at North Carolina State University as follows. Sequence reads were aligned
to the TAIR10 genome using Wtie2 and variant calls were made using samtools mpileup.
Variants were filtered for those located within TAIR10 genes and data was exported to a
spreadsheet. Only SNPs located between markers FB&# PINHEAD in Chromosome 5

were analyzed further. Frothese, mutations that were originally present in the parental line
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were identified from the sequencing of an unrelated mutant from the same mutagenesis
screen. In addition, mutations in introns or UTRs, silent mutations and mutations unlikely to

result fom EMS mutagenesis were discarded.

Western Blot

Total proteins were extracted from 7 dalg seedlings. Samples were homogenized in
50mM HEPESKOH, pH 6.5, 5 mM EDTA, 8% sucrose, 1ImM DTT and proteinase
inhibitors (Complete Mini, EDTAree, Roche Diagndiss) in a chilled mortar. The
homogenates were spun at 5,000g for 10 min @Gtahd the supernatant was filtered through
3 layers of miracloth. For membrane protein fractions (P100), filtered total proteins were
spun at 100,000g for 1 h at@ and the pét was resuspended in buffer. Protein
concentration was quantified by the Bradford assay. ArGRE antibody (Thermo MAS
15256) was used as a primary antibody and a PeroxCiasggated Goat AmMouselgG
(Thermo 32430) was used as a secondary aiibbhe level of calreticulin was used as a
loading control with an antalreticulin antibody(Pagny et al. 2000) and peroxidase
conjugated Stabilized Goat Asfabbit antibody as secondary (Thermo 32460).
Immunoblots were visualized by chemiluminescence with Clarity Western ECL Substrate

(BioRad) using a G:BOX Chemi XRQ system (Syngene) for image capture.
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Figure 1.regulator of bulb biogenesistontains many bulbsin many cell types.

(arh) GFRTIP2;1 localization in the parental line (WT, a, c, e, gyl (b, d, f, h).
Fourday-old seedlings were imaged by confocal microscopy to visualize morphology of the
vacuole in the epidermis of hypocotyl (a, b) and cotyledon (c, d), and in root epidermis and
cortex (e, f). The bulb phenotype was also observed ittedsaves of @veekold plants (g,

h). Scale bar = 20 &m.

(i) Western blot of GFAIP2;1 accumulation in the parental line angbl using

antibodi es -@RR) nand GE®£RT] ddtloading domtral. ( U
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Figure 2. The formation of bulbs inrbb1 mutants is developmentally regulated.
(ar)) Germinating seedlings from the parental line (GHP2;1, ae) andrbb1l mutants ({))
were imaged by confocal microscopy at the indicated number of days of incuafiai
(d). Scale bar = 20 &m.
(k-n) rbbl seedlings grown in the dark contain more bulbs. -GH®2;1 localization in
hypocotyls was visualized indold seedlings from the parental line (WT, k, mYlab1 (I, n)
when grown under light (k,l) ordatkm, n) conditions. Scale bar
(o) The number of bulbs per cell was counted in hypocotyl cells from parentaldiie,
and TIP1;1YFP seedlings that were grown in the light or in the dark for 4 days as {mk
36 cells). Bars representagdard error. * Significantly different to the light treatment in a t
test (P O 0.005) .
(p) Dark treatment results in increased number of bulbs. Seedlings from the parental
control (diamonds) antbbl (squares) were grown under normal light condititors3 days
and then incubated in the light (dashed line) or in the dark (solid line) for up to 48 h. Bulbs
were counted in hypocotyl cells after 0, 6, 12, 24 and 48 h of light or dark incubation (n = 36
cells). Bars represent standard error. * Signifigadifferent to the light treatment in aest

(P O 0.005) .
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Figure 3. GFRTIP2;1 trafficking to the vacuole is similar betweenrbbl and the

parental line.

(af) BFA inhibits trafficking of TIP1;1YFP but not GFPIP2;1 in the parental line obbl.
Fourday-old seedlings from the parental line (GFRP2;1, a, d),rbbl mutant (b, e) or
TIP1;2-YFP (c, f) were exposed to 0.1 % DMSO (control, a, b, ¢) or 75 uM BFA (d, e, f) for

3 hours and hypocotyl cells were imaged. BFA compartments are indicatearioivs.

(g-r) C834 inhibits GFPTIP2;1 trafficking inthe parental line andobl. Threeday-old
seedlings fronthe parental line anbb1 mutant were exposed to 0.5 % DMSGi(g1-0) or
55 nM C834 (I, p-r) for 48 h, and root cells were imaging in timécroscope. Signal from
GFRTIP2;1 (green, g,,jm, p, the ER marker mCherhiDEL (magenta, h, kn, p or the

merged image is shown (jd,) Scal e bar: 20 &m.
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Figure 4. GFP-TIP2;1 and RFP-TIP1;1 co-localize inrbb1 bulbs.

(af) The hypocotyls of fouday-old darkgrown seedlings expressing GFRP2;1 and RFP
TIP1;1 in the parental line (a, b, ¢) ariabl mutants (d, e, f) is shown. Signals from GFP
TIP2;1 (green, a, d), RFPIP1;1 (magenta, b, e) and the merged image (ard)shown.

Scale bar: 20 & m.
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Figure 5. The locus oRBB1 corresponds toAt5g40450.

(&) Schematic structure of tiRBB1locus indicating the positions obb1l alleles. Exons
are indicated as black boxes and introns are indicated as white boxes. 5' and 3' UTRs are
indicated in gray. Triangles indicateONA insertions of SALK lines. The position of three

diagnosticRTPCR ampl i cons at t hcareSliowrend, mi ddl e an

(b) Accumulation of RBBL1 transcripts as determined by WPCR with gene specific
primers in Col0 (WT), rbbl1-2, the GFPTIP2;1 parental line andbl-1. Three pairs of gene
specific primers were used to detect the transcript at the 5maddle, and 3' end dahe

RBB1gene as indicated in (a).

(c-e) Lack of genetic complementation betwebhl-1 andrbbl-2. Hypocotyls of four
day-old darkgrown seedlings from the parental control (WT, b1-1 (d) and the I
progeny from a cross tveeenrbbl-1 andrbb1-2 (rbbl-1/rbb1-2 double heterozygotes, €)

were imaged by confocal microscopy. Scale bar: 20um.

(f-g) rbb1-2 contains bulbs in a similar manner db1-1. Fourdayold seedlings were
stained with 2 uM LysotrackdRed for 2 hours to label the vacuole in ©oWT) andrbbl-

2. Bulbs are indicated with arrows. Scale:af.

(h) The accumulation oRBB1transcripts was determined by FPCR with gene specific
primers in various tissues of CGOI(WT). Two pairs ofgene specific primers detected the 5'

end and 3' end d®BB1gene as indicated in (a).
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Figure 6. 3xYPetRBB1 is a cytoplasmic protein that associates with the tonoplast.

(a-b) Localization of 3xYPeRBB1. YPet fluorescence ithe seedling (a) and cotyledon

(b) of fourdayold seedlings expressing 3xYAeBB1 under the control of its native

N

promoter. Arrow in (a) indicates root tip.

(c-e) Root elongation zone of foday-old seedlings expressing 3xYpgeBBL1 that were
stained with 5 uM FM464. Signals from 3xYpeRBB1 (green, c), FM$4 (magenta, d) and

the merged image (e) are shown.

(f-h) 3xYpetRBB1 and RFFSYP22 do not cdocalize in roots of fouday-old seedlings.

3xYpetRBB1 (f), RFRSYP22 (g) ad the merged image (h) are shown.

(i-k) 3xYpetRBB1 andLysotracker Regbartially colocalize inrosette leaveby confocal
microscopy. Signals from 3XYp&BB1 (i), Lysotracker Red]j) and the merged image (k)
are shown. Arrows indicate the localimat of 3xYpetRBB1 at the tip of elongating trans

vacuol ar strands. Scal e bar = 20 & m.

() 3xYpetRBB1 accumulates in the membrapellet (P100 fraction. Immunoblot of
3xYpetRBB1 soluble (S100) and membrane (P100) fractions from0Cad 3xYpeiRBB1
transgenicplantsusi ng anti bodi-&& P)a,gatc F-8fFTa Berd fot) U
soluble fraction), and -RH4ABPagm,acontvbé forbmerabmage H+ AT

fraction).
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(m) The number of trargacuolar strands (TVS) per cell was countedatyledon cells
from the parental line anbbl seedlings that were grown in the light (n = 48 cells). Bars

represent standard error.
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Figure S2 Maximum fluorescence intensity for bulbs and tonoplast.

(a, b) Examples of lfiorescencantensity profiles that were used to estimate intensity
values inthe parental line (aand rbbl (b). Intensity value profiles from a line selection
(white lines) across each bulb or the tonoplast were extracted in Image J from confocal

images. Only the maximum value was collected for each line selection (arrowheads).

(c, d) Maximum fluorescence intensity of bulbs and the tonogiesh cotyledon (c) and
hypocotyl cells (d) in the parental lime rbbl grown in the lightiImages were analyzed as in
a, b. Data shown is the average of maximum intensity values b6 ifhages from at lsh 3
seedlings each. The numbers inside the white bars correspond to the calculate ratio between
the maximum fluorescence intensity in the bulbs and that of the tonoplast. Identical
microscope settings were used when collecting data for cotyledons orcaihesting data

for hypocotyls.
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Figure S3. Dark treatment increases the number of bulbs in YFR2xFYVE. Seedlings
were grown for 4 days in the light or in the dark, and hypocotyls were imaged by
epifluorescence microscopy. The number of bulbs wasted in each hypocotyl cell (n = 36

cells).
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Figure $4. The parental line and rbbl have similar hypocotyl growth in the dark.
Seedlings were grown in the dark for up to 5 days and seedlings were imaged in a scanner.
Hypocotyl length was measured using ImageJ (NIH) from seedlings at days 3 and 5 (n=10).

Black bars represent parental line; gray bars represkehimutant.

122



FM4-64

Figure S5. rbb1-2 contains bulbs in a similar manner asrbbl. Fourdayold seedlings
were stained with 5uM FM44 for 5 hours (a, b) to label the vacuole in-OqWT, a) and
rbb1-2 (b). FM4-64 stained the plasma membrane, transvacuolar strands, and bubs)arr

in Col-0 (WT) andrbb1-2. Scale: 2Gmm.
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Table S1. List of primers used for sequencing of GFFIP2;1

Primer Name Primer Sequence
sGFR1F ATGGTGAGCAAGGGCGAGGA
TIP2;1 TOPO 2R GAAATCAGCAGAAGCAAGAG

124



Table S2. List of primers used for Recombineeing

Primer Name | Primer Sequence

GeneNF ACTGTTCAAACCCTAAACCTCCAAATCATTTCTTCCCTGCATGAAA
GATGGGAGGTGGAGGTGGAGCT

GeneNR GATCATACCTTTGTAGAGACTGGTTCTTGGATGGTGACAACTCCAG
TTTCGGCCCCAGCGGCCGCAGCAGCACC

GeneCE AAGTACTCACTGGCAAATCTTCTCACACAACAAAGCCTTCATCAC
CTACAGGAGGTGGAGGTGGAGCT

GeneCR TAAAAAACCTTTTATAGACACTGATTGTGTTTTTCTTGTTTCTTCAC
TTAGGCCCCAGCGGCCGCAGCAGCACC

DelLet AGGTAGTGTGGAGACATGAGCAGCTCAAATAGAGACAGCGAAAA
GGAGGCTTACCAATGCTTAATCAGTG

B.am TATATTGCTCTAATAAATTTTTGGCGCGCCGGCCAATTAGGCCCGG

P GCGGTTCAAATATGTATCCGCTCATG

NFtest CAAAAAGGAAAGAAGGTAGAAACA

NRtest CAAAAGGCCCACAAAAGATT

CFtest AGTGCCGGAGAGAATTAGCC

CRtest CCAAAAAGAGCCTAAAACAGAGG

DellLefttest TAGATCGCAAGGAGGCAAGT
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Table S3. List ofprimers used for RT-PCR

Primer Name

Primer Sequence

At 5940450 _5

GGAAACTGGAGTTGTCACCA

At 594045 _5

CTGGCTTTCCGGTAGTATCC

At5g40450_midF

GAAGACAGATGCAGAACCGAG

At5g40450_mieR

CTCCTCACTGCTTTCGCCTTG

At 594045R _ 3 CGGTCTTGCAGGGAAATCTC
At 594045 _ 3 TGCTTACCCTCCTCTTGCTC
UBQ5-F GACGCTTCATCTCGTCC
UBQ5R CCACAGGTTGCGTTAG
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CHAPTER 5

Characterization of PLEIOTRPPIC DRUG RESISTANCE13in Arabidopsis
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ABSTRACT

ABC (ATP-binding cassette)proteins are found in all living organismsand transport
various substratesacrossbiological membranes.The pleiotropic drug resistance(PDR)
family belongsto the ABC transportefamily andis foundonly in fungi andplants.Members
of the PDR family are involved in transportof secondarymetabolites heavy metals,and
phytohormonesn plants.Among 15 PDR-encodinggenesin Arabidopsis,we attemptedo
characterizehe function of PDR13by geneknock-out andcharacterizatiomf its expression
pattern. Two lossof-functionmutantsfor PDR13wereidentifiedandno obviousphenotypes
in rootswere observedpdrl3 knockoutmutantshavenormal sensitivityto auxinand ABA.
Histochemicalanalyss using GUS staining revealedthat the PDR13 promoter conferred
geneexpressionn theroot tip, exceptfor meristematiaells androot caps. As root growth
proceededGUS expressiorextendedo the entireroot tip, indicatingthat PDR13expression
is developmentallyregulated.Our resultsprovide new insightsinto PDR13 expressionin

variousplanttissues.
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INTRODUCTION

The ABC (ATP-binding cassette)transportersconstitute one of the largest protein super
families in all living organisms(Higgins, 2001) These proteinstransportvarious substrates
acrosdifferent cellular membranegncluding the plasmamembranethe tonoplast,chloroplasts,
mitochondria and peroxisomes(Kang et al., 2011) ABC transportershave a conserved
organizationformed by one or two hydrophobictransmembranelomains (TMD), which
constitutethe membranespanningpore,andone or two cytosolicdomans, which form two
nucleotidebinding domains(NBDs). Molecule transportacrossthe membranaequiresATP
binding and hydrolysis, which is carried out by the NBDs. ABC transportersan plants are
implicatedin diverseprocessessuchaspathogerresponsdCampbellet al., 2003; Kobaeet
al., 2006) surfacelipid deposition(Choi et al., 2011; van Meer et al., 2006) phytic acid
accumulatiorin seedgRaboy,2007;Xu etal., 2009) andtransportof phytohormonegKang
et al., 2010; Kuromori et al., 2010; Noh et. al, 2001; Terasakaet al., 2005) Thus, ABC
transporterglay importantroles in plant growth, developmentandthe interactionbetween
plants andtheenvironment.

The pleiotropic drug resistance(PDR) family, also namedABCG subfamily, has been
foundonly in fungi andplants,andcontainsgwo NBDs andtwo TMDs (Crouzetetal., 2006)
The plant PDRs transport various secondarymetabolites,including antimicrobial and
antifungalcompoundsandheavymetalsin wheat,rice, tobacco,and Arabidopsis(Campbell
etal., 2003;Ducoset al., 2005; Kobaeet al., 2006; Krattingeret al., 2009; Martinoia et al.,
2002;Moons,2003;Steinet al., 2006) Fifteenmembersof the PDR family wereidentified

in Arabidopsisby proteinsequenceanalysis(vandenBrule & Smart,2002) andthefunction
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of a few of themin different responsgathwayshasbeencharacterizedThe expressiorof
AtPDR12ABCH0is inducedby lead(Lee et al., 2005)andthe planthormoneabscisicacid
(ABA) (Kang et al., 2010) Protoplastsisolatedfrom pdr12 knockout mutantsdisplayed
slowerABA uptakeratesthanwild type,indicatingarole for PDR12asa plasmamembrane
ABA uptaketransporter.The plasmamembranelocalized AtPDR8 hasroles in pathogen
responses,cadmium transport,and the efflux of indole-3-butyric acid (IBA), an auxin
precursorKim etal., 2007; Steinet al., 2006; Strader& Bartel,2009) In addition,AtPDR9
hasbeenidentified asan efflux facilitator for the syntheticauxin 2,4-Dichlorophenoxyacetic
acid (2,4D) (lto & Gray, 2006; Straderet al., 2008) suggestingthe role of AtPDRs in
transport of phytohormones AtPDR4 is localized to the outer plasma membraneof
epidermalcells. The polar localization of AtPDR4 is consistentwith its role in exporting
cutin precursordrom epidermalcells, which is importantfor the formation of the cuticular
layer of the cell wall (Bessireet al., 2011) Therefore, multiple functions of AtPDR
transportergdemonstrateheir importancefor plant growth and developmeniand for plant
responseto theenvironment.

Although the importanceof someAtPDR transportersgs known, the substrateof many
transportersand their functionsremain unknown.Here, we report the phenotypeof pdrl3
knockoutmutantsandtheir response&o phytohormonesn addition,the patternsof AtPDR13

expressionn developingseedlingsaaredescribed.
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RESULTS
Characterization of PDR13and identification of pdrl13knockout mutants

PDR13/ABCG41is a memberof ABC transportelG family. Accordingto the annotation
in The Arabidopsisinformation Resourcg(TAIR), PDR13 (At4g1521% contains24 exons
andits trarscriptis 4,173 basepairs. To characteriza?DR13 we amplified and clonedthe
PDR13 coding sequencdrom wild type cDNA using PDR13specific oligos. Sequencing
analysisof the PDR13CDSreveale®1 nucleotidesgtgaaattgttgtgggcccagresenin exon9
which were previously annotatedas a part of intron 8 in TAIR10 (Fig. 1A). These21
nucleotidesadd 7 additionalamino acids, VKLLWAQ, to the annotatedprotein sequence.
The correctsizefor the PDR13CDS s therefore4,194 bp andthe sizeof the PDR13protein
is 1,397 aminoacids.

In orderto understandhe functionof PDR13 threeT-DNA insertionalleleswereobtained
from ABRC. The T-DNA insertionswere locatedin the promoter,about1,000 basepairs
upstreanof the trarscriptionstartsitein pdr13-1, in the 9th exonin pdrl3-2, andin the 14th
exonin pdrl3-3 (Fig. 1A). RT-PCR analysiswas carriedout with the three T-DNA mutant
allelesto determinethe effect of the insertionson the expressiorof PDR13 Two regionsof
the PDR13cDNA wereamplified,onelocatedbetweerexonsl-9 andanothembetweerexons
1-17 (Fig. 1A, B). Both ampliconswere detectedn pdr13-1 andtherefore this mutantwas
not used.Neitherofthe ampliconswere detectecdby RT-PCRin pdrl32 or pdrl33. These
resultsindicatethat pdr13-2 and pdr13-3 are null mutantallelesfor the analysisof PDR13

function
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PDR13expressionis restricted to the root tip.

AtPDR13is not representedh the ATH1 microarraysand EST cloneswere not available
in public repositories.Therefore,its patternof gene expressionwas unknown. We then
investigatedthe patternsof geneexpressiorof PDR13by RT-PCR from wild type Col-0 .
RT-PCR analysesndicatedthat PDR13transcriptsaccumulatan roots of 4 and 7 day-old
plantsandin inflorescencef matureplants(Fig. 1C). Rootsfrom 7 daysold seedlings
showedconsistentlyhigher accumulationof PDR13transcriptsthan 4 daysold seedings.
However,PDR13transcriptsaccumulatedt very low levelsin seedlingshootsandtheywere
not detectedin rosette leaves.To determinethe spatialtemporal expressionof PDR13
transcriptsin more detail, we generateda fusion of the PDR13 promoter and the gene
encodingb-Glucuronidas€ GUS), and transformedhis constructinto wild type Col-0. A 3
kb regionupstreanfrom the startcodonof PDR13wasusedasa promoter.Transgeni@lants
expressingthe PDR13p:GUS construct were analyzed for GUS activity. Staining of
seedlingsat4 and7 daysaftergerminationindicatedthatPDR13is only expresseat theroot
tip. No GUS activity was detectedin cotyledons,hypocotyls,or the elongationor mature
zonesof the root in seedlings(Fig. 1D-F). In mature embryosfrom dry seeds,weak
expressiorof PDR13p:GUSwasdetectedtloseto theroottip (Fig. 1E), andthis signalwas
morediffuse in the root after waterimbibition for 1 h (Fig. 1F). In matureplants,we could
not detectGUSexpressionn rosetteleaves(Fig. 1G) or inflorescences(Fig. 1H), in contrast
with the RT-PCR resultsthat detectedexpressionin the latter (Fig. 1C). PDR13p:GUS
expressiorevelsincreasedat the root tip during root elongation.In contrastto the lack of

GUS expressionn the meristemandthe root cap of the primary root (Fig. 1D) and lateral
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root primordia, (Fig. 11-K), GUS expressiorwas extendedo the entireroot tip in elongated
lateral roots (Fig. 1L). This resultsuggestghat PDR13expressions regultedby the root
developmentaktage.Overall, our datasuggesthat PDR13may play a role at the root tip

duringrootdevelopment.

Generation of a PDR13fusion with GFP.

Live-cell imagingof fluoresceniproteinfusionswith a proteinof interestis oneof the best
waysto identify their subcelluladocalization,which is closelyassociateavith its molecular
function. In orderto generatea fusion betweenPDR13and the green fluorescenceprotein
(GFP),the PDR13CDS, a 4,194 bp sequencewas amplified with two high-fidelity DNA
polymerasesndclonedinto binaryvectorsto generateeitherN-terminalor C-terminal GFP
fusions.Theseconstructavere underthe control of the 35S promoterand were expectedo
resultin high levelsof transgenexpressionBoth clonesweresequencedo confirm thatthe
PDR13 sequencehad no mutationsin theseconstructs.However, none of the 20 plants
selectedby antibiotic resistanceor their progenydisplayedany fluorescencesignalundera
confocalmicroscoperegardles®f the site of the GFP.Onepossiblereasonfor this resultis
thatthe N- or C-terminalfusionswith GFPinterferewith PDR13proteinfolding andinduce
proteindegradationTo avoidthis possibilitywe generatea C-terminal 6x-His tag fusion of
PDR13.In orderto determineif the transgenavasexpressedn theseplants,we carriedout
RT-PCR amplification from cDNA of severaltransgenicplants.Indeed,the transgenevas
detectecby RT-PCRin 7-day-old seedlinggFig 2A). Next, we analyzedthe presencef the

fusion protein by Immunoblot. Total protein extractsfrom transgenicplants carrying the
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PDR13His constructswere extractedand analyzedby Westernblot using an antiHis
antibody. While a His signal was detectedin protein extractsfrom the His cortrol line
(positive control), no signalwasdetectedn any of the PDR13fusionlines (Fig 2B). These
results suggestthat the PDR13His fusion proteins are potentially unstableand may be
degradedjuickly. We usedthe proteasomenhibitor MG132to deternine if theinstability of
the PDR13 fusions was proteasomanediated. The MG132 treated transgenic plants
containingPDR13GFP or GFRPDR13did not display any fluorescenceeither, indicating
that PDR13fusionsmay be degradedvia a proteasoméndependenpathway,or resultfrom
inefficient translationof the fusionproteins.

Thelack of fluorescencef the 35S::GFPPDR13and35::PDRB-GFPlines could be due
to the lack of importantregulatorysequences untranslateadegionsof the PDR13genethat
could regulatetranslation.In orderto addresshis possibility, we useda Recombineering
strategy(Zhuo et al., 2011) to generatefluorescentprotein fusionsto PDR13in a natural
genomic context. In addition to PDR13, we included PDR2, which has 94% sequence
similarity to PDR13at the aminoacid level. We wereunableto generateArabidopsisplants
expressinghe PDR13Y pet fusion usingthis approachHowever,we were ableto generate
stablelines expressinga PDR2 Y pet fusion proteinwith intensefluorescencesignalin roots,
hypocotylsand cotyledons.In contrastto the plasmamembrandocalizationof other PDR
proteinsin plants,PDR2YPetlocalizesto thetonoplastasevidencedy its labelingof trans
vacuolarstrandgFig. 2C) andabsencef co-localizationwith the plasmamembranemarker

FM4-64 (Fig. 2D).
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pdrl3knockout mutants havenormal root hair growth.

According to previousreports,pdr8 and pdr9 mutantsshowedabnormalphenotypesn
root hair elongation(Ruzickaet al., 2010; Strader& Bartel,2009) In orderto characterize
thefunctionof PDR13,we observedlevelopmentabhenotype®f rootsin pdrl3 mutantsin
the first generationthat was confirmed as homozygousknockout lines, pdrl3 mutants
displayedshorterroot hairsthanwild type (Fig. 3A). Thelengthof the root hairsin pdrl3-2
andpdrl33 wasabout33 percentand 19 shorterthanwild type, respectivelysuggesting
possiblefunction of PDR13in the elongationof root hairs.However,this phenotypevasnot
stable as root hairs of pdrl3 mutantswere similar in size to the wild type in the next

generatior(Fig. 3B).

pdrl3mutants display normal sensitivity to Auxins.

Two relatedmemberwf the PDR family, PDR8andPDR9,wereidentified astransporters
of IBA and/or2,4-D, an, auxinprecursoanda syntheticauxin.We thentestedthe possibility
that PDR13may function in a similar transportmechanisnby analyzingthe sensitivity of
pdrl3 mutantsto auxins. To determinethe sensitivityof pdrl3 mutantsto auxins,including
indole-3-aceticacid (IAA), 2,4D and IBA, the root length of plantsgrown in MS media
containingdifferentconcentration®f thesehormonesvasmeasuredFig. 4). Therewereno
differencesn thelengthof primaryrootsbetweernwild type andpdrl3 mutantswhengrown
in MS media,indicating that the loss of PDR13 doesnot have deleteriouseffectson root

growth. Increasingconcentration®f IAA, IBA and2,4-D resultedin the inhibition of root
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growth in the wild type seedlingsas expected.In wild type seedlings,50% root growth
inhibition (IC50) was achievedat 10 nM IAA, 2 nM IBA and 7.3 nM 2,4D (Fig. 4).
Similarly to the wild type, both pdr13 mutantallelespdrl3-2 and pdr13-3 hadshorterroots
with increasingconcentration®f all threehormonesin thesealleles,the IC50 coresponded
to the samehormoneconcentrationgsthe wild type, which indicatesthat the mutantshave

similar sensitivityto auxinswhencomparedo thewild type (Fig. 4).

pdrl3mutants display normal sensitivity to ABA.

Anothercloselyrelatedprotein,PDR12,is atransporteiof ABA. In orderto testif PDR13
alsofunctionsin ABA transportwe measuredhe sensitivityof pdrl3 mutantsto ABA in a
seedgerminationassay Seeddrom wild type andpdrl3 mutantswereharvesed from plants
grown at the sametime and underidentical conditionsfor this assay.Seedswere platedon
MS supplementedvith different concentrationof ABA and the percentageof seedsthat
germinatedafter 48 h was counted.In the first generationof thesehomozygousknockout

lines, the pdr13-2 mutantsshowedhypersensitivityto ABA during seedgermination(Fig.
5A). About 90% of the wild type seedggerminatedn 2.5uM ABA after48 hours,while only
68% of pdr13-2 seedggerminatedunderthe sameconditions. The germinationrateof pdrl3
2 seedavas25%Ilower comparedo thewild typein the presencef 2.5nmM ABA, indicating

a possiblerole of PDR13in ABA transport.However,this phenotypewasnot stableasthe

progeniesof wild type and knockoutlines showed similar germinationratesin MS media
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containingup to 50 MM ABA (Fig. 5B). Theseresultsindicatethat the pdr13 mutantshave

normalsensitivityto ABA in termsof seedgermination.

To determineif pdrl3 mutantshada normalresponsdo ABA at the seedlingstage,we
comparedthe expressionevel of an ABA-responsivegenebetweenwild type and pdrl3
mutants. NCED3 encodes9-cis-epoxycarotenoiddioxygenase3, a key enzymein ABA
biosynthesigTan et al. 2003),whichis inducedby ABA treatmeniKangetal., 2010. The
accumulationof NCED3 transcriptsin ABA -treatedwild type and pdrl3 mutantseedlings
was analyzed by RealTime PCR. As previously characterized, NCED3 transcripts
accumulatedn wild type seedlingsasa function of the ABA concentration{Fig. 5C). Thus,
NCED3transcriptaccumulationwas 3.8 timeshigherin seedlinggreatedwith 50 uM ABA
whencomparedo the MS control, indicatingthatthe ABA treatmentvaseffective.pdrl32
and pdrl33 mutantsdisplayed5.8 times and 3.7 times more accumulationof NCED3,
respectively The fold inductionof NCED3in pdrl32 treatedwith 50uM ABA was higher
thanwild type, but this needgo be confirmedthroughrepeatedexperimentatests Thefold
chang in pdrl33 mutant is similar to wild type. Therefore, we determinedthat no
significant differencesexist betweenthe wild type and pdr13 mutantsin termsof NCED3
transcriptsaccumulatiorafter ABA treatmentsThereforeall datacombinedindicatethatthe

PDR13doesnotplay amajorin theresponseo ABA.
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DISCUSSION

We report herea functional analysisof PDR13with the characterizatiorof two mutant
null alleles anda transcriptionaffusion to a reportergene.The function of severalmembers
of the PDR family waspreviouslyidentified astransportergor secondarynetabolitesauxin,
auxinprecursor®r ABA (Bessireetal., 2011;lto & Gray,2006;Kangetal., 2010; Steinet
al., 2006;Strader& Bartel,2009;Straderetal., 2008) We attemptedo identify thefunction
of PDR13in phytohormondransportby observingthe root phenotype®f pdrl3 mutantsin
regular media and in media containing IAA, IBA and 2,4D, and by measuringtheir
germinationrate in mediacontainingABA. While we observedreducedroot hair lengthin
both mutantallelesand hypersensitivityto ABA during seedgerminationin pdrl3-2 in the
first generationthesephenotypesvere not reproducible This discrepancycould be dueto
variations in the growth conditions in each generationthat could have affected these
phenotypes.We conclude that pdrl3 mutants have normal sensitivty to auxins, auxin
precursorsand ABA. One possiblereasonfor the lack of visible phenotypesn the pdrl3
lossof-function mutantsis that PDR13actsredundantlywith otherPDR genesandthe best
candidatefor this redundancyis PDR2. PDR13is 88% idenical and 94% similar to its
neighborAtPDR2 at the amino acid level (van denBrule & Smart,2002) Due to the high
sequencesimilarity betweentwo genesthereis a high potentialfor functionalredundancy
thatcomplicategphenotypicanaly®s usingsingle knockoutmutantsbecauseachgenefully
compensates$or the disruption of a functional paralog(Lloyd & Meinke, 2012; van den

Brule & Smart,2002) More detailedobservationwith pdrl3 pdr2 doubleknockoutmutants
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arenecessaryo determinef PDR13has arole in phytohormonesransportHowever,since
thesetwo genesare locatedadjacentto eachotherin chromosomet, the generationof the
double mutants are technically challenging Given that no obvious developmentalroot
phenotypeswere detected in pdrl3 mutantsthus far, the function of the PDR13 remains
unknown.

It waspreviouslyreportedby RT-PCRanalysisthatthe transcriptsof PDR13 like PDR2
accumulatedin roots but not in shoots of seedlings(van den Brule & Smart, 2002)
Consistentwith this resultPDR13 transcriptswere detectedin roots of 4 and 7-day-old
seedlingsanddid not accumulaten shoots A promder fusiondriving GUSrevealedhatthe
expressionof PDR13is limited to the tip of the root and that it is excludedfrom the
meristematiaegionandroot capin youngrootsandlateralroot primordia. Increasedevels
of PDR13expressioweredetectedn both RT-PCRandGUS stainingof the PDR13::GUS
line as plant development proceeded,indicating that the expressionof PDR13 is
developmentallyegulated While PDR13transcriptsweredetectedn inflorescencedy RT-
PCR,no GUS stainingwas presentn this tissue.This discrepancymay be dueto the higher
sensitivityof RT-PCRcomparedo the GUS assaypor to regulatorysequencemissingfrom
the 3 kb promoterconstructwhich may be importantfor expressionin the inflorescence
Overall, we concludethat PDR13may have a specific function at the root tip during root
development.

A translationalfusion betweena protein of interestand a fluorescentprotein provides
evidencefor in vivo subcellularlocalization,which is importantto understandunction. We

attemptedo generatdransgeniglantsexpressingN- or C-terminal GFP fusionsto PDR13
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drivenby the 35S constitutivepromoter but werenot successfuin identifying anylineswith
fluorescenceGiven that fusion transcipts were detectedin the transgeniclines, the most
likely explanationfor the lack of fluorescencas that the fusion proteinsmay be unstable.
However,transgenicseedlingsexpressing?DR2 Y pet were successfullygeneratecand the
Ypet signalwasdetecedin thetonoplast.This resultwasunexpectedsall the PDR proteins
characterizedhusfar arelocalizedto the plasmamembrangKobaeet al., 2006 Steinetal.,
2009. Giventhe high similarity betweenPDR13andPDR2 (vandenBrule & Smart,2002),
the possibility existsthat PDR13 also localizesto the tonoplast.One way to addressthis
possibilityis to inserta GFPtagin adifferentlocationof the proteinthatmaybe morestable,
such as a cytoplasmicloop. This strategyhas beenusedsuccessfly to generatea GFP
taggedto H*-PPasea vacuolarmembraneorotein,in which the N- or C-terminalfusionsdid
not haveflorescenceeither(Segametal., 2014) Thus,aconstructin which GFPis inserted
into an internaland non-conserveccytoplasmicloop of PDR13may be usefulto determine

thesubcelluladocalizationof PDR13.
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MATERIALS AND METHODS

Plant materials and plant growth conditions

The T-DNA insertion lines pdrl31 (SALK 025745), pdr132 (SALK_116255) and
pdr13-3 (SALK_137639)were obtainedfrom the ArabidopsisBiological ResourceCenter
(ABRC). Sterilizedseedsvereplatedon AGM (0.5x MS media,4g/L GelRite,1% sucrose).

Plateswerekept at 4°C in the dark for 4 daysandweretransferredo a growth chamberat

22°C with a 16h/8hlight/dark photoperiod.

Plant phenotypeanalysisand hormone treatments

Sevenday-old seedlingsvereusedto measuregheroot hair length.Picturesweretakenon
a Leica stereoscopén threedifferent regionsof the primary root, andthe length of 10 root
hairswasmeasuredn eachpictureusinglmaged (NIH).

Indole butyric acid (IBA, ResearciProductsinternationalCorp.) wasdissolvedin ethanol
to makea 0.9 M, andthena4 mM working stockwasdiluted in water.Indole-3-aceticacid
(IAA, ResearchProductsinternationalCorp.) and 2,4-dichlorophenoxyaceti@cid (2,4-D,
ResearchProductsdinternationalCorp.) weredissolvedin ethanolto makel.14M and0.9M
stocks respectivelyandthen0.4 mM working solutionsweredilutedin water. Abscisicacid
(ABA, Sigma)wasdissolvedn 1N sodiumhydroxide(NaOH)to makeal90 mM, andthena
4 mM working stockwasdiluted in water. Working stockswere usedto makeAGM media
containing different concentration®©f hormones.To measurethe length of root growth, 4
daysold seedlingsveretransferredo mediawith hormonesimagesweretaken4 daysafter

transferand the length of the root was measuredusing Image J. For germinaton assays,

seedswere platedon AGM mediawith different concentration®f ABA, stored4°C for 3

daysandtransferredo the 22°C incubator. Germinatedseedswere countedundera Leica
stereoscope4 hours after transferto 22°C as the number of seedswhere the root had

emergedrom the seedcoat.
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GUS expressionassay

GUS stainingwasperformedasdescribedRojasPierce& Springer,2003) Briefly, 4- and
7- day-old seedlingwere infiltrated in GUS staining solution (100mM sodium phosphate
buffer, pH 7.0, 10 mM EDTA, 0.1 % Triton X-100, 1 mg/ml X-Gluc, 100 pg/ml

chloramphenicl2 mM potassiumferricyanide,2 mM potassiumferrocyanide for 15 min

andthenincubatedat 37°C in the dark for 48 h. Seedlingswere clearedin 70% ethanolat

room temperaturewith severa changesSeedlingswere observedand imagedon a Leica

stereoscopequippedwith aLeicadigital color camera.

Constructions of transgenicplants

To generatehetransgeni@lantsoverexpressingFRPDR13or PDR13GFPfusions,the
Gatewaysystem(Life Technologieorporation)wasused.The PDR13CDS wasamplified
from Col-0 cDNA with a combinationof 0.2 U Herculasell Fusion DNA Polymerase
(Agilent Technology)and1 U ExTagDNA polymerasgTakaraBio Company)in Herculase
Il buffer. Oligo sequencesfor PDR13 CDS amplification were PDR13Notl-ATG
GCGGCCGCATGGCTCAAACAGGTGA and PDR13STOP+NotiR
GCGGCCGCGCTTTCTTTTGAAAATTGAG or PDR13+STORR
CTATTTCTTTTGAAAATTGAGTTTGCTC. The resulting Col-0 products (4.1kb) were
cloned into pGEM T-easy vector (Promega Corporation) and sequencedby Sanger
sequencingThis clone was digestedwith Notl (New England Biolabs), and the PDR13
cDNA fragmentwas cloned into pENTR4 vector (Life TechnologiesCorporation).LR
recombinationwith the Gatewaydestinationvector pPGWB6 or pGWBS5 (Nakagawaet al.,
2007) generate@GWB5:PDR130or pGWB6:PDR13,respectively.For the transcriptional
fusionwith GUS, a 3kb genomicDNA fragmentupstreanof startcodonwasamplified from
the genomicDNA usingprimersproPDR13_SbfF CCTGCAGGCCTTGTCTCCGTAAAT
and proPDR13_KpmlR GGTACCTGTCAGGTAAAAGCAGC The 3kb amplicon was
clonedinto the pENTR4 vector andtheninsertedinto pGWB3 (Nakagawaet al., 2007 by
recombinationto generatethe PDR13p::GUS The PDR2Ypet Recombineeringconstruct
wasgeneratedspreviouslydescribedZhouetal., 2011) usingthe JAtY53HO1TAC clone

142



All constructsveretransformednto Agrobacteriuntumefacien€£58andtheninto the plants
by floral dip method(Clough& Bent,1998)

Confocal microscopyand chemicaltreatment

Confocal laser scanning microscopy was carried out in a Zeiss LSM 710 confocal

microscopeand the combinationsof excitationwavelength/emsion were 488 nm/492 570

nm for GFPandYpetand514 nm/588 700 nm for FM4-64. For plasmamembranestaining,
seedlingsvereincubatedn liquid AGM containingd nM FM4-64 for 5 min andwashedn
water shortly. For MG132 treatment,3 daysold seedlingswere incubatedwith 10 nM
MG132 (Z-Leuw-Leu-Leu-al, Sigma)for 24 hoursin the dark andthenobservedon confocal

microscopy.

RT-PCR and RealTime PCR

Total RNA was extractedusing TRI reagent(Ambion) from 4-day-old seedlingstreated
with different concentrationof ABA for 24 hours. cDNA was synthesizedvith DNasel
(New EnglandBiolabs}treatedtotal RNA usingiScript cDNA synthesiit (Bio-Rad).The
synthesizedDNA was usedas a templatein RT-PCR or RealTime PCRreaction.In RT-
PCR,oligo sequencefor PDR13 werePDR1316F ACAGGAGATGACTCGTCAGATATT
and PDR131R CCCAAAAGAATCACATCGTC or PDR132R
ATCAAAGAGAAGTTGCCGTG for the UBQ5wereUBQ5-F GACGCTTCATCTCGTCC,
and UBQ5R CCACAGGTTGCGTTAG A StepOneRis RealTime PCR system (Life
Technologies)and Brilliant II SYBR green gRT-PCR Master mix with ROX (Agilent
Technologiesyereusedto analyzegeneexpressionevelsin seedlingsOligo sequencefor
NCED3 were NCED3F AGCCGCCATTATCGTCTTCTC, NCED3R
GGAGTGTGAAGCGCAGATGAA, andfor theUBQ5weresamen RT-PCR.

Western Blot
Total proteinswere extractedfrom 7 dayold seedlingsin a buffer containing 50mM
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HEPESKOH, pH 6.5, 5 mM EDTA, 8% sucrose,1mM DTT and proteinaseinhibitors
(CompleteMini, EDTA-free, RocheDiagnostics).The homogenatem the buffer werespun
at 5,000gfor 10 min at 4°C andthe supernatantvas cleanedthrough3 layersof miracloth.
In order to load equal amountsof proteins, protan concentrationwas quantified by the
Bradford assay.The proteinswere loadedonto 10% SDS PAGE minigel (Mini-PROTEAN
TetraCell, BioRad).A semidry transferblotter (Amersham)wvasusedfor proteintransferto
a PVDF membraneAn antiHis antibody(MA1-21315 wasusedasa primary antibodyand
a PeroxidaseConjugatedGoat Anti-Mouse IgG (Thermo 32430)was usedas a secondary
antibody. Immunoblotswere incubatedwith ECL westernblotting substrate(Pierce)and

werevisualizedby exposinghe membrando Hyperfilm® E C L EAmersham).
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Figure 1. PDR13is expressedn root tips.

(A) PDR13genestructure Exons(darkboxes)andintrons(openboxes)areindicated,and
thetranslationstartsite (+1) is markedwith anarrow. The positionof the T-DNA insertions
in pdrl3-2 and pdrl13-3 mutantlines is shownwith arrowheadsand the 21 nucleotidesin
exon9 previouslyannotatedaspartof intron 8 areindicated.Thelocation of two diagnostic
RT-PCRampliconsexonsl-9 and1-17 areshownaspink andgreenbars,respectively.

(B) RT-PCRanalysisof PDR13expressionn wild type, pdrl3-2, andpdrl3-3. Two pairs
of genespecificprimerswereusedto detectthe transcriptsasindicatedin (A). (C) RT-PCR
analysisof PDR13expressionn different tissues.Total RNA wasisolatedfrom roots and
shootsof 4 and 7 daysold seedlingsyosetteleavesandinflorescence®f wild-type (Col-0)
plants.Amplification of the UBQ5geneservesasa control.

(D-L) GUS stainingof PDR13p::GUSransgeniglants.HistochemicalGUS stainingwas
carriedout in 4 daysold seedlinggD), embryosafter 1 h waterimbibition (E), dry seeds
(F), rosetteleaf (G), inflorescencgH) anddifferent stagesf lateralroot developmentl-L).

Scalebar=200pum.
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