
ABSTRACT 

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

direction of Marcela Rojas-Pierce). 

The vacuole is an essential and multifunctional organelle in plant cells and has 

important roles for maintenance of turgor and the storage of a multitude of molecules 

including nutritional proteins and defense molecules. In plants, two types of plant vacuoles 

exist, the protein storage vacuole (PSV) and the lytic vacuole. The PSV has a neutral pH and 

is established during embryonic development as the storage compartment for seed storage 

proteins. In contrast, the lytic vacuole has an acidic pH and is the predominant compartment 

in vegetative cells. The mechanisms for biogenesis of protein storage vacuoles in embryos 

and lytic vacuoles in vegetative tissues are poorly understood. To identify proteins that 

regulate the biogenesis of vacuoles, a screen for impaired traffic to tonoplast (itt) mutants 

was carried out and two itt mutants have been characterized. itt3 has fragmented vacuoles 

and is a new mutant allele of the vacuolar SNARE protein VTI11. itt5, which was renamed 

regulator of bulb biogenesis 1 (rbb1), has more vacuolar bulbs when compared to the 

parental control. Analysis of the rbb1 phenotype indicates that bulb formation is 

developmentally regulated and responds to environmental signals including light.  RBB1 

encodes a novel protein of unknown function that is specific to plants, localizes to the cytosol, 

and associates with cellular membranes. Characterization of RBB1 is being used to 

determine the function and cellular dynamics of vacuolar bulbs in Arabidopsis. Further 

characterization of RBB1 function will provide new insight into novel mechanism of vacuole 

biogenesis. 
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CHAPTER 1 

Vacuole Biogenesis and Vacuolar Protein Trafficking  
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ABSTRACT 

         The vacuole is an essential 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. 

Mutants defective 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 have vacuole 

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 a myriad of 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. 
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INTRODUCTION  

The vacuole is an essential organelle in plant cells that can occupy more than 90% of the cell 

volume, and has important roles in plant growth and development (Taiz, 1992; Martinoia et 

al., 2000; Surpin and Raikhel, 2004; Alberts, 2008). The plant vacuole is critical for 

maintenance of turgor pressure, and therefore, it contributes to plant cell size (Cosgrove, 

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 compounds and 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 example, vacuoless1 (vcl1) mutants, which do not form vacuoles, 

display defects in cell elongation, the orientation of cell division planes and embryo lethality.  

Instead of vacuoles, vcl1 embryos accumulate many small vesicles which do not fuse (Rojo 

et al., 2001). Moreover, the associated molecule with the SH3 domain of STAM 3 (amsh3) 

mutants fail to form a central lytic vacuole and are seedling lethal. These mutants also 

accumulate many vesicles and mis-sort vacuolar protein cargo to the intercellular space 

(Isono et al., 2010). Phenotypes of vcl1 and amsh3 mutants demonstrate that the vacuole has 

critical roles in the cell viability. 
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     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 tonoplast (Martinoia et al., 2007). Proteins involved in the trafficking of vacuolar 

proteins have been characterized over the last decade (Fuji et al., 2007; Sohn et al., 2007; 

Tanaka et al., 2009; Cui et al., 2014; Singh et al., 2014). In terms of membrane proteins, two 

trafficking pathways for vacuolar traffic have been proposed, a Golgi-dependent pathway and 

a Golgi-independent route. In Arabidopsis, TONOPLAST INSTRINSIC PROTEIN1;1 

(TIP1;1) traffics via the Golgi apparatus, while TIP2;1 and TIP3;1 transport bypasses this 

organelle (Rivera-Serrano et al., 2012). The 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 membrane (Bassham et al., 

2008; Cheung and de Vries, 2008; Morita and Shimada, 2014). Transport and exchange of 

proteins and lipids between these organelles occurs via vesicles or vesiculo-tubular structures 

and  is highly dynamic (Fujimoto and Ueda, 2012). Mechanisms for vesicular trafficking 

have been extensively studied in animal cells and yeast, and there is a good level of 

conservation in the proteins involved between eukaryotes. This review summarizes the 

current knowledge of vacuole biogenesis and trafficking mechanisms of both soluble and 

membrane vacuolar proteins.   



 

5 

1.1 Vacuole development and morphology in plant cells 

    In plant cells, two types of vacuoles exist during specific times in development, the protein 

storage vacuole (PSV) and the lytic vacuole (LV). PSVs are most abundant in seeds and have 

a neutral pH. In contrast, LVs are found in vegetative tissues and are acidic. These two types 

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 animal cells (Xiang 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 thaliana, Phaseolus vulgaris and Raphanus sativus and the two-pore 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 fluorescent- protein-tagged fusions revealed specific 

patterns of expression and localization of tonoplast intrinsic proteins (TIPs) during 

embryonic development and seedling growth in Arabidopsis (Hunter et al., 2007). For 

instance, PSVs are marked by TIP3;1/Ŭ-TIP and TPKb while LVs is labeled with TIP1;1/ɔ-

TIP and TPKa. In pea root tips, barley lectin is co-localized with TIP3;1/Ŭ-TIP, while the 

vacuolar protease aleurain, a maker for an acidified vacuole, accumulated together with 

TIP1;1/ɔ-TIP. These experiments were interpreted as evidence for the co-existence of two 

different compartments in a same cell that merge together as a large central vacuole during 

cell development (Paris et al., 1996), but this hypothesis has now been questioned (Hunter et 

al., 2007; Frigerio, 2008; Frigerio et al., 2008; Robinson, 2008; Rogers, 2008). In fact in 

Arabidopsis, TIP3;1-YFP and TIP1;1-YFP briefly overlapped in the same membrane in 
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germinating Arabidopsis seedlings, suggesting the two types of vacuoles do not exist as 

independent compartments in single cells during seed germination (Hunter et al., 2007). The 

mechanisms for transformation 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 geminating Nicotiana tabacum arise in part from fusion of PSVs. The PSV-to-LV 

transformation in this case was determined by changes in vacuole architecture and the 

replacement of TIP3;1/Ŭ-TIP with TIP1;1/ɔ-TIP (Zheng and Staehelin, 2011). Moreover,  

embedded lytic compartments inside PSVs of geminating Arabidopsis embryos can be 

visualized by confocal microscopy and support the hypothesis that LVs develop from PSVs 

(Bolte et al., 2011). Visualization of TIP3;1-YFP and TIP1;1-YFP in the same germinating 

seedling in Arabidopsis indicated that these PSV and LV markers briefly overlapped in the 

same membrane during a short developmental window (Hunter et al., 2007).  In order to 

confirm that LVs arise from PSVs and to identify the cellular processes involved in this 

transition, further research is needed to obtain more insights about the biogenesis of protein 

storage and lytic vacuoles.   

    Live-cell imaging of fluorescence-tagged proteins revealed dynamic changes of vacuole 

morphology. Fluorescent tonoplast markers such as TIP2;1-GFP localize to the vacuole 

membrane, trans-vacuolar strands and spherical sub-vacuolar structures attached to the 

tonoplast (Hawes et al., 2001; Saito et al., 2002). Trans-vacuolar strands (TVS) are thin 

tubular or sheet-like structures that transverse the vacuole and may contain cytoplasm 

materials, even organelles, inside them (Uemura et al., 2002). TVS may serve as distribution 

routes for metabolites and organelles across the cell (Nebenfuhr et al., 1999; Grolig and 
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Pierson, 2000), 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; Kutsuna et al., 2003). The spherical sub-vacuolar 

structures inside the large vacuole are named "bulbs" (Saito et al., 2002) and can be detected 

with several tonoplast markers such as TIP1;1-YFP,  TagRFP-VAM3, GFP-VTI11, YFP-

2xFYVE, TIP3;1-YFP and TgMTP1b-mGFP (Hunter et al., 2007; Gustin et al., 2009; Saito 

et al., 2011; Saito et al., 2011; Feeney et al., 2013). Bulbs are continuous with the main 

vacuole membrane and display brighter signals than the tonoplast. Imaging by electron 

microscopy and 3-D reconstruction indicated that bulbs are formed by double membranes 

and that cytoplasmic materials are detected between the two membranes (Saito et al., 2002). 

Similarly to the dynamics of TVS, the movement of bulbs is dependent on actin, but not on 

microtubules (Uemura et al., 2002; Beebo et al., 2009). The nature of the bulbs as naturally-

occurring structures was recently questioned (Segami et al., 2014). This work examined 

whether dimerization of GFP from tonoplast protein fusions induces the adhesion of adjacent 

membranes and the formation of bulbs. The authors proposed that bulbs are artifacts due to 

dimerization while ñintravacuolar spherical structuresò (IVSP) form naturally, are less 

abundant, and show lower fluorescence intensity than the bulbs (Segami et al., 2014). This 

model, however, needs to be further explored as GFP dimerization alone cannot explain the 

accumulation of bulbs in the 2xFYVE-YFP line in which this marker binds to the membrane 

by protein-lipid interactions, not a transmembrane domain (Saito 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 reservoirs (Saito et al., 2002; Maitrejean and 
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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 of membrane-bound 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 Raikhel, 2004). Vesicles are spherical single membrane-bound 

structures containing cellular cargo materials (De and Csiro, 2000).  The vesicles, which 

serve as cargo shuttles, first bud off from the donor compartment and later fuse with the 

target compartment. The transport via vesicles between compartments is highly dynamic and 

conserved in all eukaryotes (Bassham et al., 2008; Fujimoto and Ueda, 2012; Rojas-Pierce, 

2013). Trafficking of proteins of the endomembrane system is initiated at the Endoplasmic 

Reticulum (ER). After proteins are synthesized and folded into the correct three-dimensional 

conformation in the ER, they are transported to the Golgi apparatus by either vesicles or 

within vesiculo-tubular structures.  Once in the Golgi, most proteins are packaged into 

organelle-derived vesicles for delivery to the proper compartments (Fujimoto 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 
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formation of vesicles at donor compartments occurs by the action of several distinct coat 

proteins including COPs (Coat proteins) and clathrin.  This budding process requires small 

GTPases such as the ADP ribosylation factor 1 (Arf1) for the formation of COPI vesicles and 

CCVs (Clathrin-coated vesicles), and secretion-associated RAS-related protein 1 (Sar1) 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., 2010).  The COPII machinery along 

with Sar1 is involved in forming vesicles at the ER and is responsible for vesicular 

trafficking from the ER to the Golgi (Sanderfoot and Raikhel, 1999).  The Sec23/24 and 

Sec13/31 subunits, which function in cargo selection and cage formation, respectively, are 

also required to form the COPII complex (Bi et al., 2002; Stagg et al., 2006). A dominant-

negative mutation of Arabidopsis Sar1 results in impaired ER-to-Golgi transport of Golgi-

membrane proteins and inhibition of ER exit of sporamin, a vacuolar storage protein in 

Arabidopsis cultured cells (Takeuchi et al., 2000). Similar results are obtained when Sec12 is 

transiently overexpressed in tobacco protoplasts, as overexpression of sec12, the Sar1 GEF, 

inhibits the recruitment of the COPII complex at the ER membrane (Phillipson et al., 2001).  

In contrast, the COPI machinery mediate retrograde transport from the Golgi to the ER and 

intra-Golgi transport (Letourneur et al., 1994; Sanderfoot and Raikhel, 1999). The COPI 

complex is made of the coatomer, which is formed by two subunits called the F-COP and B-

COP subunits, and GTPase Arf1. The F-COP coatomer is comprised of four proteins (ɔ-COP, 

ɓ-COP, ŭ-COP, and ɕ-COP) and serves as the cargo-selective subunit, whereas the B-COP 

coatomer consists of three proteins (Ŭ-COP, ɓ'-COP and ⱦ-COP) and forms the cage complex 
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(Bassham et al., 2008). In addition, two different types of COPI vesicles, COPIa and COPIb, 

have been reported in Arabidopsis. COPIa vesicles arise from cis-Golgi cisternae, while the 

COPIb vesicles are derived from medial- and trans-Golgi cisternae (Donohoe et al., 2007). 

Disruption in the activity of Arf1 in tobacco leaves leads to inhibition of the assembly of 

COPI complex, and redistribution Sec23 and Sec24, which are members of COPII 

components, to the cytosol, suggesting that protein distribution between ER and Golgi is 

maintained by the balanced action of the COPI and COPII machinery (Stefano et al., 2006; 

Bassham et al., 2008). In addition, clathrin-coated 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 three-legged shape that provides structural support for bending of the 

membrane at vesicle budding sites. AP complexes contribute a membrane-binding site for 

clathrin in the donor compartment and also interact with trafficking membrane proteins (De 

and Csiro, 2000; Bassham et al., 2008). In Arabidopsis, AP-3 plays a role in post-Golgi 

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 GTPases. Once vesicles are docked, vesicles and the target membrane 

undergo membrane fusion by the function of SNARE (soluble N-ethylmaleimide-sensitive 

factor attachment protein receptor) proteins, which results in the delivery of their cargo to the 

appropriate organelle (Bassham et al., 2008; Trahey and Hay, 2010).  Rab proteins are a 
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subgroup of the small GTPase family of proteins and are conserved among the majority of 

eukaryotes (Pereira-Leal and Seabra, 2001). Rab proteins are converted from the GDP-bound 

inactive form to the GTP-bound active form by interactions with a Rab-GEF. When Rabs are 

recruited to a particular membrane and activated, they recruit other effectors including 

SNAREs and molecular motors that will tether the vesicle to the cytoskeleton (Bassham et al., 

2008). Arabidopsis contains 57 members of the Rab-type small GTPases, but specific 

functions have only been identified for a handful of them. Two Rab proteins, Rha1 and 

RabG3F, have been shown to regulate vacuolar traffic in plants. The dominant-negative 

mutant of Rha1, an Arabidopsis Rab5 homolog, is defective in the delivery of soluble 

vacuolar cargo proteins to the vacuole and accumulates in a diffuse or punctuate pattern in 

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

to vacuoles in a dominant-negative mutant of RABG3f, which is a member of the 

Arabidopsis Rab7 group (Cui et al., 2014).   

    Vesicle fusion with the target organelle is mediated by SNARE proteins that provide 

target-specificity in vesicle trafficking. SNARE proteins contain a SNARE motif, are 

distributed throughout different cellular organelles, and in plants, are all integral membrane 

proteins (Jahn and Scheller, 2006; Fujimoto and Ueda, 2012). Vesicles contain a v-SNARE 

(vesicle-membrane SNAREs), while the membrane of the acceptor organelle contains t-

SNAREs (target-membrane SNAREs). Both v- and t-SNAREs contain a coiled-coil domain, 

the SNARE motif, that allows interactions between SNAREs. When both v-SNARE and t-

SNAREs are in close proximity, they form a four-helical 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 fusion occurs, cargo in the vesicle is released into the organelle 

lumen. Based on the core amino acid in the hydrophobic heptad repeats in the SNARE motif, 

SNAREs are classified into four groups: Qa-, Qb-, Qc-, and R-SNAREs (Fasshauer et al., 

1998). A typical SNARE complex is composed of Qa-, Qb-, and Qc- SNAREs on the target 

membrane, and a R-SNAREs on the vesicle (Kim 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 loss-of-function mutants of SNARE proteins indicate that some SNAREs 

function in specific organelles. For example, loss-of-function mutants of SEC22, an R-

SNARE in the Golgi and ER, have abnormal gametophyte development. The pollen of sec22 

mutants display abnormal Golgi morphology and show ER retention of SYP124, a plasma 

membrane (PM) SNARE (El-Kasmi et al., 2011). These results indicate a role of SEC22 in 

protein traffic between the ER and the Golgi. In addition, several Qa-SNARE null mutants, 

such as in the SYP2 gene family, have been reported to be lethal (Sanderfoot et al., 2001; 

Shirakawa et al., 2010). These results indicate that SNAREs have specific and essential 

functions in vesicular trafficking 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 proteins (Sanderfoot 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 later fuse with 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 conservation, there are 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 sporamin (Bednarek et al., 

1990; Bednarek and Raikhel, 1991; Holwerda et al., 1992; Koide et al., 1999). Several 

vacuolar sorting signals (VSS) for soluble proteins, also called vacuolar-sorting determinants 

(VSDs), have been identified. The sequence-specific vacuolar sorting signal (ssVSS) and C-

terminal vacuolar sorting signal (ctVSS) (Matsuoka and Neuhaus, 1999; Xiang et al., 2013) 

target proteins to the vacuole by distinct pathways that merge at the PVCs (Miao et al., 2008). 

Sequence-specific VSS (ssVSS) includes NPIXL (asparagine-proline-isoleucine-X-leucine) 

or similar sequences (Holwerda et al., 1992; Koide et al., 1999) that bind to vacuolar sorting 

receptors (VSRs) (Kirsch et al., 1994; Kirsch et al., 1996). Proteins containing ssVSS are 

exported from the Golgi to lytic vacuoles by clathrin-coated vesicles (Robinson et al., 1998). 

In contrast, C-terminal vacuolar sorting signal (ctVSS) display low sequence specificity, but 

a common requirement is the presence of a C-terminally exposed hydrophobic amino acid 

patch (Matsuoka and Neuhaus, 1999; Vitale and Raikhel, 1999). The ctVSSs of Brazil nut 2S 

albumin and Arabidopsis 12S globulin bind to VSRs, whereas the ctVSS of barley lectin 
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shows weak binding (Kirsch et al., 1996; Shimada et al., 2003). In addition, protein structure-

dependent VSS (psVSS), which is not clearly determined yet, may be composed of multiple 

internal domains or formed by the aggregation of proteins (Vitale and Chrispeels, 1992; 

Maruyama et al., 2006). It has been identified that psVSS mediates protein trafficking to 

vacuoles through coat-less dense vesicles (DVs), which are small uniform vesicles containing 

intrinsic membrane proteins destined for the PSV (Hohl et al., 1996; Hinz et al., 1999). 

Furthermore, vacuolar sorting receptors (VSRs), which are type I 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 Arabidopsis (Kirsch et al., 

1994; Paris et al., 1996; Zouhar et al., 2010; De Marcos Lousa et al., 2012). The N-terminal 

luminal domain binds to soluble vacuolar protein, whereas the C-terminal cytosolic tail forms 

clathrin-coated vesicles. (Kirsch 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 into vesicles 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 proteins may be trafficked by Golgi-dependent or 

independent pathways (Levanony et al., 1992; Jiang and Rogers, 1998; Frigerio et al., 2001; 

De Marchis et al., 2013; Rojas-Pierce, 2013). Trafficking of tonoplast proteins is being 

characterized by fluorescence protein fusions with tonoplast proteins, specific chemical 

inhibitors, and highly-advance confocal microscopy (Jiang and Rogers, 1998; Rivera-Serrano 

et al., 2012; Rojas-Pierce, 2013; Xiang et al., 2013). Tonoplast proteins exit the ER and are 
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transported to the Golgi via COPII vesicles, which are formed by the Sec23/24 and 

SEC13/31 subunits (Bottanelli et al., 2011). Overexpression of SEC12, a guanine exchange 

factor (GEF) for SAR1 GTPase 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 Golgi-dependent and the other Golgi-independent (Jiang and 

Rogers, 1998; Isayenkov et al., 2011; Rivera-Serrano et al., 2012; Rojas-Pierce, 2013). The 

Golgi-dependent pathway for vacuolar proteins is sensitive to Brefeldin A (BFA). BFA binds 

to a guanine exchange factor (GEF) for Arf1 GTPase in the COPI complex, and therefore, 

inhibits retrograde traffic from the Golgi to the ER (Nebenfuhr et al., 2002; Pedrazzini et al., 

2013). This inhibition also results in a block of anterograde traffic. In plant cells, BFA-

inhibition of ER-to-Golgi traffic can be visualized by the redistribution of the Golgi 

membranes into the ER (Lippincott-Schwartz et al., 1989; Nebenfuhr et al., 2002). Traffic of 

several tonoplast proteins such as tandem-pore potassium channel a (TPKa) in rice and TPK1, 

INOSITOL TRANSPORTER1 (INT1), SUCROSE TRANSPORTER 4 (SUC4), and TIP1;1 

in Arabidopsis occurs via  the Golgi and is BFA sensitive (Dunkel et al., 2008; Isayenkov et 

al., 2011; Rivera-Serrano et al., 2012; Wolfenstetter et al., 2012). In contrast, the trafficking 

of other vacuolar proteins such as TIP3;1 in tobacco (Gomez and Chrispeels, 1993), and 

Arabidopsis  (Park et al., 2004; Rivera-Serrano et al., 2012). In addition, a chemical inhibitor, 

C834 (9-(5-bromo-2-propoxyphenyl)-10-ethyl-3,4,6,7,9,10-hexahydro-1,8(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 the localization of TIP1;1, suggesting that C834 
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is an inhibitor of the Golgi-independent pathway (Rivera-Serrano et al., 2012). Other 

vacuolar proteins transported by the Golgi-independent pathway have been identified such as 

TPKb in rice, calcineurin B-like protein 6 (CBL6) in tobacco, vacuolar H
+
-ATPase (VHA-

a3), and H
+
-pyrophosphatase AVP1 in Arabidopsis (Bottanelli et al., 2011; Isayenkov et al., 

2011; Viotti et al., 2013). Beyond the Golgi, vacuolar proteins are transported to the trans-

Golgi network (TGN) or pre-vacuolar 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 polymerization (Kim et al., 2005).  In the presence of Lat B, the 

vacuolar invertase ɓFructosidase4 accumulates at the TGN, supporting its traffic through 

TGN (Jung et al., 2011). On the contrary, SYP22 and CBL6, which transport through the 

Golgi to the vacuole, are  trafficked independently of the TGN (Bottanelli et al., 2011). It has 

been determined that the dominant-negative form of Rab11/AtRabA2A, a Rab GTPase in the 

TGN, led to secretion of soluble vacuolar cargo. When co-expressed with the dominant-

negative form of Rab11 in tobacco leaves, the tonoplast localization of TIP3;1, SYP22 and 

CBL6 is not affected, suggesting  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/MVB (Bottanelli et al., 2011; Rojas-Pierce, 2013). The 

Rab5 family members Ara6/AtRabf1 and Rha1/Rabf2a are active at the PVC/MVB, and the 

trafficking of TIP3;1, which bypasses the Golgi, is dependent of these two Rab proteins. Also, 

the trafficking of ɓFructosidase 4, which traffics through the Golgi and TGN, is Rha1 

dependent, suggesting the Golgi-dependent and independent pathways may converge at the 

PVC (Jung et al., 2011).  Finally, the vacuolar proteins delivered 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 is evidenced by the embryo 

lethal phenotype of the double knockout mutants of SNARE proteins (Ebine et al., 2008; 

Shirakawa et al., 2010). Furthermore, the co-expression of the dominant-negative form of 

Rab7/AtRabG3C also results in mis-localization of the tonoplast proteins TIP3;1 and SYP22, 

suggesting important roles for Rab7 in PVC-to-vacuole trafficking (Bottanelli et al., 2011). 

Yet another TGN-to-vacuole pathway exists that is independent of the PVC/MVB and is 

regulated by AP-3 (Stepp et al., 1997; Nakatsu and Ohno, 2003; DellôAngelica, 2009). The 

AP3 complex is involved in the formation of vesicles from TGN/endosomes, and mediates 

protein transport to vacuoles/lysosomes independently of the PVC. One cargo identified for 

this pathway is the sucrose transporter SUC4, which accumulated at the TGN in the AP-3 

loss-of-function mutants. In contrast, INOSITOL TRANSPORTER 1 (INT1) and the 

monosaccharide transporter ERD6-LIKE 1 (ESL1) reached the tonoplast in an AP-3-

independent manner (Larisch et al., 2012; Wolfenstetter et al., 2012), but it is unclear at this 

point of these two proteins traffic through a PVC dependent pathway. Thus, after exiting the 

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

complexity of protein 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). Vacuole fusion occurs in both protein storage 

and lytic vacuoles to generate a large central vacuole during germination (Zheng and 

Staehelin, 2011), and thus is important for vacuole biogenesis. Vacuole fusion is also 

important for trafficking. Proteins targeted to the vacuole are first delivered to pre-vacuolar 

compartments (PVCs) or late endosomes and these fuse with pre-existing vacuoles using the 

homotypic vacuole fusion machinery (Scheuring et al., 2011). Moreover, it has been reported 

that vacuole fusion in guard cells is necessary for stomatal movements (Zheng 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 stomata are 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 mechanism for vacuole fusion in yeast is 

well characterized from mutant analysis and in vitro vacuole fusion assays (Wickner, 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 (Nyv1p, 

Vti1p, Vam3p and Vam7p), the HOPS (homotypic fusion and vacuole protein sorting) 

complex (Vps11p, Vps16p, Vps18p, Vps33p, Vps39p and Vps41p), the SNARE disassembly 

chaperones ŬSNAP (sec17) and NSF (sec18), and vacuolar lipids (Wickner, 2010).   
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    The function of Rab GTPase (Ypt7p) in yeast vacuole fusion is to contribute to the 

membrane affinity of HOPS (Hickey et al., 2009) and Ypt7p accumulates at the site 

surrounding the apposed membranes of tethered vacuoles (Wang et al., 2002; Fratti et al., 

2004). As expected, the ypt7ȹ yeast strains have highly fragmented vacuoles (Bone et al., 

1998; Iwaki et al., 2003). Interestingly, loss-of-function mutants for AtRabG3c or AtRabG3f, 

which are homologs of Ypt7p in Arabidopsis, display impaired vacuole targeting of both 

soluble and membrane proteins (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 accumulate at sites around the 

apposed membranes of tethered vacuoles along with Ypt7p (Wang et al., 2002). Some 

SNARE proteins involved in vacuole fusion have been identified in Arabidopsis. The four 

members of the SNARE complex that mediate membrane fusion from PVC to vacuole in 

Arabidopsis include VTI11, SYP51/52, SYP22, and VAMP727 (Sanderfoot et al., 2001; 

Ebine et al., 2008). In Arabidopsis, two homologs of Vam3p, a t-SNARE in yeast, have been 

identified as AtVAM3/SYP22 and AtPEP12/SYP21 (Uemura et al., 2010). Although the 

syp21 knock-out mutant shows no apparent abnormal phenotype due to functional 

redundancy, the syp22 mutant displays pleiotropic growth phenotypes including plant 

dwarfism and wavy leaves (Uemura et al., 2010).  The syp21/syp22 double mutant is 

embryo-lethal and the knock-down expression of SYP21/PEP12 in the syp22 background 

resulted in a defect in vacuolar protein sorting (Shirakawa et al., 2010).  VAMP727, an R-

SNARE, is localized to the PVC and is needed for homotypic fusion between the PVC and 
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the vacuole. The vamp727 syp22 double mutant is embryonic lethal and displays an impaired 

trafficking of storage proteins to the vacuole in seeds. In addition, the vamp727 syp22 double 

mutant exhibits fragmented and smaller PSVs vacuoles in mature embryos, consistent with a 

function of these SNARE in vacuole fusion (Ebine et al., 2008). Another SNARE, AtVTI11, 

is homologous to the yeast v-SNARE VTI1p, and the knockout mutant of VTI11/ZIG/ITT3 

displays abnormal traffic of lytic vacuole proteins (Sanmartín et al., 2007). The vti11 mutant 

contains more PSVs in seeds when compared to the wild type and fragmented lytic vacuoles 

in seedlings, strongly suggesting that VTI11 is involved in the homotypic fusion of both 

storage and lytic vacuoles (Morita et al., 2002; Zheng et al., 2014).  

    HOPS is the vacuolar tethering complex and in yeast is composed of six subunits, Vps11p, 

Vps16p, Vps18p, Vps33p, Vps39p, and Vps41p (Wickner, 2010). HOPS binds to the GTP-

bound form of the Ypt7p Rab GTPase (Seals et al., 2000) through its Vps39p and Vps41p 

subunits (Brett et al., 2008). HOPS also binds the Vam7p SNARE and phosphoinositides 

(Stroupe et al., 2006). Therefore, 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 and two null mutants including vcl1 and vps41 are embryonic 

lethal, suggesting its essential function in plant development (Rojo et al., 2001; Niihama et 

al., 2009). The loss-of-function mutant of AtVCL1 (VACUOLESS1), which is the yeast 

Vps16p homolog, was identified by its defects in vacuole formation. The localization of 

VCL1 in the PVCs and tonoplast supports its roles in vacuole fusion and the vcl1 knockout 

mutant shows absence of vacuoles and accumulation of small vesicles in seeds, supporting a 
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role of HOPS in vacuole fusion (Rojo et al., 2001; Rojo et al., 2003).  vcl1 mutants are lethal 

indicating the essential role of HOPS complex 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 

phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2], diacylglycerol (DAG), ergosterol (ERG), 

phosphatidic acid (PA), and phosphatidylethanolamine (PE) (Mayer 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 tethered vacuoles. In vitro vacuole fusion assays in yeast show that lack of 

PI(3)P or PI(4,5)P2 inhibits the fusion of vacuoles (Fratti et al., 2004), and that PI(3)P binds 

the Vam7p SNARE (Cheever et al., 2001). In plants, the exact lipids required for the fusion 

is still unknown, but the effect of some lipids in vacuole morphology has been reported. The 

SAC2-SAC5 (SUPPRESSOR OF ACTIN2-5) encode phosphoinositide phosphatases which 

are involved in the phosphatidylinositol-3,5-biphosphate (PI(3,5)P2)-to-PI3P conversion and 

knockout sac mutants have defects in the fusion of both lytic and protein storage vacuoles 

(Novakova et al., 2014). The fab1a and fab1b mutants, two mutant alleles of PI(3)P 5-kinase 

(PI3P5K) in Arabidopsis,  show abnormal vacuole morphology in pollen (Whitley et al., 

2009). Furthermore, treatment with an inhibitor of PI3P5K delays changes in vacuole 

morphology in fava bean guard cells during stomatal closure, consistent with a role for 

phosphatidylinositol-3,5-biphosphate (PI(3,5)P2) in vacuole biogenesis (Bak et al., 2013). 

Finally, Wortmannin, an inhibitor of phosphoinositide 3-kinase (PI3PK), induces homotypic 
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fusion of plant PVCs and vacuoles, suggesting the involvement of PI3P in vacuolar fusion 

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

    Overall, embryo lethal phenotypes for most 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 data for their 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 components required 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 characterized. At the 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 mechanism for this transition are largely unknown. 

Live cell imaging of tonoplast markers using newly developed light-sheet microscopy would 

allow us to study the development of vacuoles in live cells and at high temporal resolution. In 

addition, two different trafficking pathways for tonoplast proteins, which are Golgi-

dependent or -independent, were recently identified, but the mechanisms for the targeting of 

integral proteins to the vacuole membrane remains largely unknown. The two origins and 

function of these two 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. 
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CHAPTER3 

Multiple Vacuoles in impaired tonoplast trafficking3 Mutants 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 Phosphatidylinositol-3-Kinase (PI3K), induces the fusion of plant vacuoles both 

in roots of itt3/vti11 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 in itt3/vti11 are independent organelles. Furthermore, we used fluorescent 

protein reporters that bind specifically to Phosphatidylinositol-3-Phosphate (PtdIns(3)P) or 

PtdIns(4)P to show that Wortmannin treatments that induce the fusion of vti11 vacuoles 

result in the loss of PtdIns(3)P from cellular membranes. These results provided supporting 

evidence for a critical role of PtdIns(3)P in vacuole fusion in roots and guard cells.   

 

 

Keywords: vacuoles, phosphoinositides, SNARE, Wortmannin, membrane fusion 

 

  



 

64 

RESULTS AND DISCUSSION 

The vacuole is an essential organelle that is critical for cellular homeostasis, 

establishment of turgor pressure and storage. 
1-5

  The molecular mechanisms for plant 

vacuole biogenesis and fusion are not fully understood. A pathway for pro-vacuole formation 

from ER membranes was recently shown in meristematic root cells in Arabidopsis. 
6
 Lytic 

vacuoles may also form by maturation and fusion of protein storage vacuoles as it was 

visualized in developing root tips during tobacco germination 
7
. We recently demonstrated 

that the VTI11 SNARE protein is critical for the maintenance or biogenesis of the large 

central vacuole in plant cells. 
8
 VTI11 is a vacuolar SNARE protein involved in membrane 

fusion that was shown to regulate gravitropism and protein trafficking to the vacuole. 
9-11

  

vti11 mutant alleles such as impaired tonoplast trafficking3 (itt3) display defects in vacuole 

fusion both during root and hypocotyl development, and during the formation of a large 

vacuole in guard cells 
8
. It is likely that the vacuolar SNARE complex containing VTI11, 

9
 

which localizes to the pre-vacuolar compartment (PVC) and vacuole, 
9, 12

 regulates vacuole 

fusion events during the formation of the large central vacuole.  

Recent surface renderings of stained vacuoles in Arabidopsis meristematic cells showed 

tubular interconnected vacuolar compartments that form a single organelle. 
6
 Therefore, we 

questioned whether the multiple vacuole phenotype in vti11/itt3 mutants 
8
 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 complete fluorescence recovery (Fig. 1A, orange). 

Similarly, bleaching only a fraction of one of the itt3 vacuoles results in fluorescence 
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recovery due to the movement of GFP-TIP2;1 from non-bleached regions in that vacuole 

(Fig. 1 B, orange). In contrast, vacuoles that are completely bleached recover poorly to the 

pre-bleached levels even after 5 min (Fig. 1 B, dark blue). Vacuoles that were not bleached 

or regions outside the bleach area of partially bleached vacuoles were included as controls 

(Fig. 1). To quantify these results, 36 FRAP experiments with root epidermal cells were 

analyzed and fluorescence recovery was quantified based on relative fluorescence intensity 

(Fig. 1 C-D). Partially bleached vacuoles in itt3, and the parental control recovered to almost 

80% of the original fluorescence intensity. In contrast, membranes from completely bleached 

vacuoles in itt3 did not recover. These results indicate that vti11/itt3 vacuoles are 

independent compartments and not connected to adjacent vacuoles.  

Vacuole fusion in plants is also regulated by phosphoinositides
8
. Using a 

pharmacological approach, Zheng et al. showed that inhibition of PtdIns(3)P synthesis by 

either Wortmannin or LY294002 is sufficient to induce vacuole fusion of itt3 vacuoles in 

Arabidopsis roots and fragmented vacuoles of closed guard cells in Fava bean. 
8
 Given that 

most mature vegetative cells maintain a single large vacuole, an effect of 

Phosphatidylinositol-3-Kinase (PI3K) inhibitors on vacuole fusion could not previously be 

observed, and it was the prevalent view that Wm induced fusion only of PVCs. 
13

 The effect 

of Wm on vacuole fusion indicated a critical role for phosphoinositides in regulating very 

dynamic changes in vacuole morphology. 
8
 Furthermore, loss of function of SUPPRESSOR 

OF ACTIN 2-5 (SAC2-5), results in abnormal phosphoinositide levels and changes in vacuole 

morphology. 
14

 A challenge for these analyses is that the loss of  PI3K function is 

gametophytic lethal. 
15

 In addition, manipulating phosphoinositide levels by either chemical 
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inhibitors or genetically may result in changes of multiple forms of these lipids due to lack of 

specificity or inter-conversion between different species. 
16-18

 In the case of Zheng et al., 
8
 we 

wanted to investigate the effect of Wm on PtdIns(3)P accumulation 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, YFP-2xFYVE to visualize PtdIns(3)P 
19

 and YFP-

PHFAPP1 to visualize PtdIns(4)P. 
20

 The effect of Wm on the localization of YFP-2xFYVE has 

been tested in tobacco cells 
19

 and Arabidopsis root tips; 
21

 however, these data were not 

available for mature root cells where the central vacuole is fully formed, and where vacuole 

fusion events can be visualized in the itt3 mutant. 
8
 YFP-PHFAPP1 has been shown to localize 

to Golgi and plasma membrane 
20, 22

, and Wm did not affect the localization of this marker in 

tobacco BY-2 cells. 
20

 Similar to Zheng et al., 
8
 we exposed the two marker lines to 33 mM 

Wm and imaged mature root cells by confocal scanning laser microscopy. The YFP-2xFYVE 

marker localizes to the tonoplast as well as punctate compartments, most likely pre-vacuolar 

compartments as previously reported (Fig. 2 A). 
19

 After 30 min of Wm treatment, the YFP-

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 is difficult to discern at 60 and 120 min (Fig. 2 A). The loss of 

YFP-2xFYVE from endomembranes indicates a reduction in PtdIns(3)P levels that correlates 

with the inhibition of PI3-Kinase.  The accumulation of the fluorescent marker in the cytosol 

is similar to the changes in YFP-2xFYVE fluorescence in tobacco BY-2 cells treated with 

Wm. 
19

 In contrast, the PtdIns(4)P sensor, which is abundantly localized to the plasma 

membrane in the control, does not change significantly at 30 min of Wm treatment (Fig. 2B). 
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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 fluorescence intensity 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 2xFYVE-YFP increases 

significantly at 30 min of Wm treatment while that of YFP-PHFAPP1 increases only at 2 h. 

Results from these experiments indicate that Wm treatment of Arabidopsis roots results in a 

significant decrease of PtdIns(3)P in tonoplast membranes within 30 min, but not in major 

changes in PtdIns(4)P at this time point. This timing correlates well with the timing of fusion 

events in itt3 roots, 
8
 and provides further supportive evidence for a specific role of 

PtdIns(3)P on vacuole fusion in plants. Our hypothesis is that the multiple independent 

vacuoles in itt3/vti11 result from delayed homotypic vacuole fusion during early stages of 

seedling germination that require VTI11 SNARE function and the regulation of PtdIns(3)P in 

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

    (A-B) Root epidermal cells from GFP-TIP2;1 (parental control, A) or itt3 (B) were used 

for FRAP using a Zeiss710 confocal microscope and images were captured every 10 sec. 

Images before (pre-bleach), immediately after (bleach 0ô) and 6 min after (post-bleach 30ô) 

bleaching are shown for one experiment. Bleached areas are shown with white (dashed) 

rectangles. ROIs that were used to measure fluorescence recovery are shown with colored 

rectangles. ROI fluorescence was quantified for complete vacuoles included in the bleach 

area (1, dark blue), vacuoles partially included in the bleach area (2, orange), non-bleached 

controls (3, light blue), and an area adjacent to the bleach area in partially bleached vacuoles 

(4, magenta). To measure the fluorescence recovery of vacuoles that were completely 

bleached, only the membrane adjacent to the cell wall was selected for quantification (1, dark 

blue). Bleaching was accomplished with an 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 100.85 msec. Scale bar: 20 mm.  

    (C-D) Quantification of fluorescence recovery over time for GFP-TIP2;1 (parental control, 

C) or itt3 (D). Using 36 sets of FRAP experiments for each genotype as shown in A-C, the 

percent fluorescence recovery was calculated for each region of interest. The numbers and 

colors in the graphs correspond to those in A-B. N: 7 seedlings. Error bars indicate standard 

error. 
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Figure 2. Effect of Wortmannin on the localization of YFP-2xFYVE and YFP-PHFAPP1 

in the Arabidopsis root.   

    (A-B) Time-lapse imaging of plant roots expressing YFP-2xFYVE (A) or YFP-PHFAPP1 

(B) by confocal microscopy after Wm treatment. Seedlings were incubated for 0-120 min 

with 33mM Wm. Acquisition settings were kept constant throughout the experiment in order 

to compare protein abundance between different time points. Bright nuclear signal is 

indicated with arrowheads. All images were captured on a Zeiss LSM710 confocal 

microscope. Scale bar: 20mm.  

    (C-D) Quantification of fluorescence signal in the nucleus in the 2xFYVE-YFP and YFP-

PHFAPP1 during Wm treatment. Seedlings were treated as in (A) and stained with Lysotracker 

Red for 30 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 the YFP-PHFAPP1 line to locate the nuclei (arrows). 
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ABSTRACT 

Vacuoles are dynamic compartments with constant fluctuations and transient structures 

such as trans-vacuolar strands and bulbs. Bulbs are highly dynamic spherical structures 

inside vacuoles that are formed by multiple layers of membranes and are continuous with the 

main tonoplast.  We recently carried out a screen for mutants with abnormal trafficking to the 

vacuole or aberrant vacuole morphology. We have characterized regulator of bulb 

biogenesis1 (rbb1), a mutant in Arabidopsis that contains increased numbers of bulbs when 

compared to the parental control. Analysis of the rbb1 phenotype indicates that bulb 

formation is developmentally regulated and bulb biogenesis is inhibited by light. Bulb 

accumulation 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, is present in the cytosol and can associate with cellular 

membranes. Our findings suggest that light may regulate the morphology of the vacuole and 

RBB1 has a important role in determining vacuolar morphology. 
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INTRODU CTION  

The vacuole is a member of the secretory pathway. This essential organelle is highly 

dynamic and has critical functions in cellular homeostasis, maintenance of turgor, storage 

and recycling (Bassham et al. 2008, Muntz 2007, Xiang et al. 2013). The molecular aspects 

of plant vacuole biogenesis are not well understood, and at least two types of vacuoles exist 

that differ in their protein content and pH. The protein storage vacuole (PSV) has a neutral 

pH and is established during embryogenesis when it accumulates seed storage proteins (Park 

and Jurgens 2012, Xiang, Etxeberria and Van den Ende 2013). Lytic vacuoles (LVs) 

accumulate 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. TIP3;1/a-TIP accumulates mostly in PSVs of mature embryos while 

TIP1;1/ɔ-TIP is usually found in LVs (Xiang, Etxeberria and Van den Ende 2013). TIP 

marker localization is a useful tool to analyze the dynamics of vacuole development and 

morphology (Hunter et al. 2007).  

Vacuoles are dynamic compartments with constant membrane fluctuations and transient 

and highly mobile structures such as trans-vacuolar strands and bulbs (Ruthardt et al. 2005, 

Uemura et al. 2002). Bulbs are spherical structures of diameters between 1 and 10 mm that 

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 membranes (Saito et al. 2002, Uemura, 

Yoshimura, Takeyasu and 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 tonoplasts (Saito, Ueda, Abe, Wada, Kuroiwa, 

Hisada, Furuya and Nakano 2002). Bulb formation has been shown to be developmentally 

regulated. Bulbs are present in PSVs of mature embryos labeled with TIP3;1-YFP and 

TIP1;1-YFP (Hunter, Craddock, Di Benedetto, Roberts and Frigerio 2007), although they are 

not visible in the same cells in other tonoplast marker lines (Hunter, Craddock, Di Benedetto, 

Roberts and Frigerio 2007). Bulbs are present in LVs of cotyledon and leaf epidermis and 

their numbers decrease during cotyledon expansion (Saito, Ueda, Abe, Wada, Kuroiwa, 

Hisada, Furuya and Nakano 2002), and leaf maturation (Hunter, Craddock, Di Benedetto, 

Roberts and Frigerio 2007). Bulbs have been visualized by fluorescencence microscopy of 

fluorescent protein (FP) fusions with several tonoplast proteins and in multiple cell types. For 

example, in vacuoles of tobacco leaves, bulbs were observed when GFP-VAM3/SYP22 

(Bottanelli et al. 2011) or a GFP fusion with the high affinitty phosphate transporter NPT2 

(Escobar et 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 transformed plants expressing either GFP-AtVAM3 (Uemura, Yoshimura, 

Takeyasu and Sato 2002), TPK1-GFP (Maitrejean and Vitale 2011, Maitrejean et al. 2011), 

TIP1;1-GFP (Beebo et al. 2009), or FP fusions with other tonoplast intrinsic proteins (Hicks 

et al. 2004, Hunter, Craddock, Di Benedetto, Roberts and Frigerio 2007).  In addition, the 

phosphatidylinositol 3-phosphate sensor 2xFYVE-YFP also accumulates in the bulbs (Saito 

et al. 2011). These structures are not the result of ectopic expression of FP fusions because 

they were also detected in Arabidopsis WT plants by electron micrsocopy in cotyledon 

epidermal cells (Saito, Ueda, Abe, Wada, Kuroiwa, Hisada, Furuya and Nakano 2002). 
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While in most cases these structures have been detected in non-stress conditions, bulbs were 

induced in tobacco suspension cells expressing BobTIP26-1::gfp after osmotic stress 

treatments (Reisen et 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 associated with high levels of 

expression of GFP fusions that showed 3 or higher fold fluorescence instensity compared to 

the tonoplast, and ñintra-vacuolar spherical structures (IVSPs)ò present in transgenic lines in 

which the intensity of fluorescence was only two fold that of the tonoplast and were 

visualized with a non-dimerizing GFP molecule. This distinction was most dramatic in the 

root elongation zone where only very bright bulbs were observed, but it was more complex in 

other tissues, such as the cotyledon epidermis,  where both types of structures existed 

(Segami et al. 2014).  

Eventhough bulbs are highly dynamic structures, there may be some specificity in the 

accumulation of certain tonoplast proteins into the bulbs (Saito, Uemura, Awai, Tominaga, 

Ebine, Ito, Ueda, Abe, Morita, Tasaka and Nakano 2011). If this is true, then there should be 

regulatory mechanisms to target tonoplast proteins to bulb structures. For examples of where 

this is true, in lines carrying single fluorescent markers, TIP1;1-YFP and TagRFP-Vam3 

show strong localization to bulbs, but GFP-AtRab7c, TIP2;1-YFP and TIP3;1-YFP do not 

(Gattolin et al. 2009, Saito, Ueda, 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;1-YFP and TagRFP-Vam3 protein fusions were co-expressed, both markers 

accumulated in bulbs; however, the TagRFP-Vam3 levels were higher than GFP-AtRab7c 

(Saito, Uemura, Awai, Tominaga, 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 and the actin cytoskeleton is important for their mobility. 

Treatments with Latrunculin (Escobar, Haupt, Thow, Boevink, Chapman and Oparka 2003) 

or Cytochalasin D (Beebo, Thomas, Der, Sanchez, Leborgne-Castel, Marty, Schoefs and 

Bouhidel 2009) immobilized bulbs within the vacuole. Other sub-vacuolar structures such as 

trans-vacuolar strands require F-actin (Hoffmann and Nebenführ 2004), and dynamic 

rearrangements of transvacuolar strands in BY-2 cells implicated myosin in remodeling the 

plant actin cytoskeleton (Hoffmann and Nebenführ 2004). This is consistent with the effects 

of Cytochalasin D, which also blocked the movement of sheet-like structures in leaf 

epidermis labeled with GFP-Vam3/SYP22 (Uemura, Yoshimura, Takeyasu and Sato 2002). 

Even though a role of the cytoskeleton in bulb 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 strands (Hoffmann and Nebenführ 2004).  

Two hypotheses 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 vacuole (Maitrejean and Vitale 2011, Saito, Ueda, Abe, 

Wada, Kuroiwa, Hisada, Furuya and Nakano 2002). Only two mutants with bulb phenotypes 



 

80 

have been identified thus far. These are sgr2-1 and vti11, and in both cases these mutants 

show a reduced number of bulbs (Saito, Uemura, Awai, Tominaga, Ebine, Ito, Ueda, Abe, 

Morita, Tasaka and Nakano 2011). SGR2 encodes a protein similar to phospholipase A1, and 

sgr2 mutants have an abnormal vacuole morphology with multiple small vacuole-like 

structures and abnormal distribution of the vacuole and the cytosol in shoot endodermal cells 

(Kato et al. 2002). VTI11 encodes a SNARE (soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor) protein that mediates membrane fusion between pre-vacuolar 

compartments and the vacuole (Ebine et al. 2008, Sanderfoot et al. 2001). VTI11 is also 

involved in vacuole homotypic fusion, and vti11 mutant alleles have highly fragmented 

vacuoles (Zheng et 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 phenotype of regulator of bulb biogenesis1 (rbb1), 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 several fluorescently labeled tonoplast 

intrinsic proteins, we show that the differential labeling of bulbs between rbb1 and the 

parental line does not result from abnormal trafficking to the vacuole. Furthermore, we 

identified RBB1 as a new locus that is involved in bulb formation and encodes a large plant-

specific protein of unknown function. 

  



 

81 

RESULTS 

GFP-TIP2;1 labels excess bulbs in regulator of bulb biogenesis1  

We recently carried out a screen for mutants in tonoplast protein trafficking and vacuole 

biogenesis and characterized the function of the VTI11 SNARE protein and 

phosphoinositides in vacuole fusion (Zheng, Han, Rodriguez-Welsh and Rojas-Pierce 2014). 

During the course of this work, we identified a mutant in which the tonoplast protein GFP-

TIP2;1 labeled many vacuolar bulbs and it was named regulator of bulb biogenesis1 (rbb1). 

In the parental line, the GFP-TIP2;1 protein localizes to the tonoplast and rarely localizes to 

bulbs in root epidermis and cortex and the epidermis of hypocotyls, cotyledons and rosette 

leaves (Figure 1a, c, e, g) (Cutler et al. 2000, Hunter, Craddock, Di Benedetto, Roberts and 

Frigerio 2007, Zheng, Han, Rodriguez-Welsh and Rojas-Pierce 2014). In the rbb1 mutant, 

GFP-TIP2;1 accumulates in the tonoplast in 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 sub-vacuolar structures in multiple tissues (Figure 1b, d, f, h). In hypocotyls, 

bulbs were observed consistently in many cells in the epidermis and cortex (Figure 1b). 

Bulbs were also apparent in high numbers in the epidermis of cotyledons and rosette leaves 

of rbb1 (Figure 1d, h). Vacuolar bulbs were detected in roots (Figure 1 f), but this phenotype 

was variable amongst different seed stocks and was not characterized further. No major 

developmental defects in plant morphology were detected in rbb1 homozygous plants (Suppl. 

Fig. 1). Since rbb1 was isolated from an EMS-mutagenized population, the possibility 

existed that the bulb phenotype was related to a mutation in the GFP-TIP2;1 protein sequence; 

however, sequencing in the rbb1 mutant demonstrated that the GFP-TIP2;1 transgene is 
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intact. It was previously proposed that vacuolar bulbs are involved in the degradation of 

membrane proteins (Maitrejean and Vitale 2011) and that bulbs may form as a response to 

FP overexpression (Saito, Uemura, Awai, Tominaga, Ebine, Ito, Ueda, Abe, Morita, Tasaka 

and Nakano 2011, Segami, Makino, Miyake, Asaoka and Maeshima 2014). We then tested 

whether the increased number of bulbs in rbb1 could be caused by enhanced accumulation of 

GFP-TIP2;1 in rbb1 by Western blot. No significant differences in GFP-TIP2;1 protein 

accumulation were detected between rbb1 and the parental control, indicating that the 

increased number of bulbs in rbb1 is not related to differences in protein accumulation or 

stability (Figure 1i). These results overall indicate that the RBB1 locus 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 considered artifacts (Segami, Makino, Miyake, Asaoka and 

Maeshima 2014). In order to compare rbb1 bulbs with the IVSPs and bulbs previously 

described (Segami, Makino, Miyake, Asaoka and Maeshima 2014), we measured the 

maximum intensity values for bulb membranes in rbb1. As shown in Fig S2, maximum 

intensity values for the bulbs in the parental line are 1.2- and 1.3-fold higher than the outer 

tonoplast in cotyledons and hypocotyls, respectively. In contrast, rbb1 bulbs have ~ 2 fold 

higher intensity than the tonoplast in hypocotyl, and 3.5-fold higher in cotyledons. Therefore, 

rbb1 bulbs would fit the description of both IVSPs and bulbs previously described by Segami 

et al. (2014). Moreover, given the fact that the GFP-TIP2;1 transgene sequence in rbb1 

mutants is intact, we conclude that the rbb1 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 availability. 

The mechanisms for biogenesis of vacuolar bulbs are unknown, but developmental 

regulation of bulb formation has been previously observed (Higaki et al. 2007, Saito, Uemura, 

Awai, Tominaga, Ebine, Ito, Ueda, Abe, Morita, Tasaka and Nakano 2011). In order to 

determine if bulb biogenesis was developmentally regulated in rbb1, vacuoles were 

visualized at different times during seed germination (Figure 2a-j). No bulbs were observed 

in PSVs of imbibed seeds or 1 d after incubation at 22C̄ in either of the two genotypes 

(Figure 2a, b, f, g). Bulbs were first detected at day 2 post-germination in both the parental 

line and rbb1 when the large lytic vacuole is already established (Hunter, Craddock, Di 

Benedetto, Roberts and Frigerio 2007). The bulbs were very transient in the parental line and 

very few were observed at 3 days post-germination or later. In contrast, the number of bulbs 

in rbb1 continued to increase at days 3 and 4. These results indicated that bulb formation and 

disappearance are developmentally regulated in the parental control, but this regulation may 

be lost in rbb1 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 2002). This prompted us to 

test whether 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 and rbb1 seedlings that were grown either in the light or the dark were 
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imaged in the microscope, and bulbs were counted. While the parental control seedlings 

grown in the light contain 0.17 ± 0.06 bulbs per cell (Figure 2 k, o), the rbb1 mutant contains 

1.41 ± 0.09 (Figure 2 l, o). Therefore, the rbb1 mutant contains close to 8.3 fold more bulbs 

per cell in hypocotyls when compared to the parental control when plants are grown under 

normal light conditions. Next we analyzed the phenotype of rbb1 mutants in the dark. In 

contrast to the dark-grown parental control, which contains 1.06 ± 0.2 bulbs per cell (Figure 

2 m, o), the dark-grown rbb1 mutant showed 20.81 ± 1.51 bulbs per cell (Figure 2 n, o). 

Therefore, the number of bulbs in both the parental line and rbb1 increased significantly in 

the dark by 6.2 and 14.8 fold, respectively. Remarkably, this large induction in the dark is not 

exclusive of the parental line and rbb1 mutant because we detected a similar response in the 

TIP1;1-YFP line (Hunter, Craddock, Di Benedetto, Roberts and Frigerio 2007) (Figure 2o) 

and a moderate increase in the 2xFYVE-YFP marker line (Vermeer et al. 2006) (Figure S3). 

Given that rbb1 as well as two additional markers that accumulate in the bulbs in the wild 

type background show similar increases in 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 dark-grown rbb1 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 dark-grown plants led us to hypothesize that 

light negatively regulates bulb biogenesis. In order to address this hypothesis, we 

investigated the dark induction of bulbs in light-grown plants. Plants were grown for 3 days 

under a standard 16 h light photoperiod, incubated in the dark for up to 48 h, and the number 

of bulbs was counted in hypocotyls. Bulb number did not increase significantly in the 
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parental line 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 contrast, the number of bulbs in the rbb1 mutant initially decreased at 

12 h of dark treatment, but then drastically increased to 3.22 ± 0.53 bulbs/cell at 24 h. After 

48 h in the dark, the number of bulbs reached 6.05 ± 0.74 bulbs/cell and was 3.4 X higher 

than the number at the beginning of the experiment. These results indicate that light inhibits 

the biogenesis of the bulbs in hypocotyls, and that light signaling may control vacuole 

morphology and dynamics via RBB1.   

 

GFP-TIP2;1 trafficking in  rbb1  is insensitive to BFA.  

TIP1;1-YFP labels both the tonoplast and bulbs with high efficiency (Hunter, Craddock, 

Di Benedetto, Roberts and Frigerio 2007, Rivera-Serrano et al. 2012, Saito, Ueda, Abe, 

Wada, Kuroiwa, Hisada, Furuya and Nakano 2002), and this fusion protein traffics from the 

tonoplast via a Golgi-dependent pathway (Rivera-Serrano, Rodriguez-Welsh, Hicks and 

Rojas-Pierce 2012). On the other hand, GFP-TIP2;1 and TIP3;1-YFP proteins traffic via a 

Golgi-independent pathway (Rivera-Serrano, Rodriguez-Welsh, Hicks and Rojas-Pierce 

2012), and they only label bulbs occasionally (Gattolin, Sorieul, Hunter, Khonsari and 

Frigerio 2009, Hunter, Craddock, Di Benedetto, Roberts and Frigerio 2007). We 

hypothesized that the two distinct trafficking pathways of TIP1;1-YFP and GFP-TIP2;1 

could result in distinct protein modifications that could affect their accumulation in the bulbs. 

Moreover, the increased bulb labeling by GFP-TIP2;1 in rbb1 could be the result of this 

protein being routed via the Golgi-dependent pathway. To test this hypothesis, two inhibitors 
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for tonoplast protein trafficking were used to determine if GFP-TIP2;1 was targeted 

differently in the parental line and rbb1. Brefeldin A (BFA) inhibits a Golgi-dependent 

pathway by preventing the formation of COPII-mediated
 
transport vesicles between the 

endoplasmic reticulum (ER) and the Golgi apparatus (Nebenfuhr et al. 2002). BFA inhibits 

TIP1;1-YFP trafficking in hypocotyls and induces its accumulation in BFA compartments 

(Rivera-Serrano, Rodriguez-Welsh, Hicks and Rojas-Pierce 2012). On the other hand, C834 

inhibits GFP-TIP2;1 traffic to the tonoplast in roots and induces its accumulation in the ER 

(Rivera-Serrano, Rodriguez-Welsh, Hicks and Rojas-Pierce 2012). We treated the GFP-

TIP2;1 (parental control), the TIP1;1-YFP line and the rbb1 mutant with BFA and visualized 

each fusion protein in hypocotyls by confocal microscopy. The fusion proteins localized to 

the tonoplast (GFP-TIP2;1) or tonoplast and bulbs (rbb1 and TIP1;1-YFP) in the DMSO 

control as expected (Figure 3a-c).  In BFA-treated cells, the GFP-TIP2;1 localization was 

unchanged in the parental control (Figure 3d). Similarly, GFP-TIP2;1 accumulated in the 

tonoplast and vacuolar bulbs in BFA-treated rbb1 hypocotyls, indicating that the trafficking 

of this protein was still BFA-insensitive (Figure 3e). In contrast and consistent with previous 

reports (Rivera-Serrano, Rodriguez-Welsh, Hicks and Rojas-Pierce 2012), the TIP1;1-YFP 

marker line  displayed  large and bright aggregates in the presence of BFA (Figure 3f). Next 

we tested sensitivity to C834. GFP-TIP2;1 localized to the tonoplast and did not co-localize 

with the ER marker mCherry-HDEL in neither the parental line or rbb1 (Figure 3g-i, m-o). In 

contrast, GFP-TIP2;1 co-localized with the ER marker in C834-treated roots of the parental 

line (Figure 4j-l) and rbb1 (Figure 3p-r). Therefore, we conclude that GFP-TIP2;1 traffics in 

a similar pathway in rbb1 and the parental line, at least early in the secretory pathway, and 
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that the bulb-localization of GFP-TIP2;1 in rbb1 does not appear to be the result of altered 

trafficking to the vacuole.  

 

GFP-TIP2;1 and RFP-TIP1;1 co-localize  in rbb1  bulbs  

According to previous reports, some tonoplast proteins such as TIP1;1-YFP are more 

abundant than others in vacuolar bulbs (Gattolin, Sorieul, Hunter, Khonsari and Frigerio 

2009, Hunter, Craddock, Di Benedetto, Roberts and Frigerio 2007, Saito, Uemura, Awai, 

Tominaga, Ebine, Ito, Ueda, Abe, Morita, Tasaka and Nakano 2011). In order to determine if 

the rbb1 bulbs accumulate different tonoplast proteins in a similar manner, we tested the 

localization of RFP-TIP1;1 in the rbb1 mutant background. In the parental line, the RFP-

TIP1;1 protein was localized to the tonoplast, but unlike the previously characterized TIP1;1-

YFP, RFP-TIP1;1 labeled very few bulbs in roots and hypocotyls. Importantly, RFP-TIP1;1 

co-localized with GFP-TIP2;1 in the tonoplast and the bulbs when the two markers were co-

expressed in the parental control lines and rbb1 lines  (Figure 4). This result indicates that 

RFP-TIP1;1  also accumulates in rbb1 bulbs.  

 

The RBB1 locus corresponds to At5g40450 . 

The bulb phenotype of rbb1 segregated as 25 out of 96 (1/3.84) in a backcross to the 

GFP-TIP2;1 parental line, indicating that the rbb1 mutation is recessive. In order to identify 

the RBB1 locus, we used a combination of map-based cloning and whole genome 

sequencing. The RBB1 gene mapped to a region of 2.2Mb in Chromosome 5 between 
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markers RBCS-B and PINHEAD. Using Illumina whole-genome sequencing, we identified 

nucleotide variants in the rbb1 mutant genome between these two markers. From those, only 

two SNPs located within gene coding sequences and corresponding to EMS-type non-silent 

mutations were detected, in At5g38540 and At5g40450. In order to determine which gene 

corresponded to the RBB1 locus, we identified Salk T-DNA insertion alleles (Alonso et al. 

2003) for both candidate genes. Only one T-DNA line, SALK_095160, for At5g38540 was 

available, but no homozygote plants could be recovered. Heterozygous plants were crossed to 

rbb1 and the vacuole phenotype of F1 seedlings grown in the dark was analyzed. Out of 27 F1 

seedlings, none showed the rbb1 bulb phenotype indicating that RBB1 was unlikely to 

correspond to At5g38540. We obtained two SALK T-DNA alleles for At5g40450 (Figure 5a). 

However, one of the T-DNA lines, SALK_067590, had a complex transgene insertion and 

could not be used. We used RT-PCR to determine if At5g40450 was expressed in 

SALK_074387. The expression of the full length At5g40450 was disrupted in SALK_074387 

(Figure 5 b), and therefore, this was a good mutant allele to test for the bulb phenotype. 

However, this allele may not be a complete loss of function allele because partial transcripts 

can be detected by RT-PCR. We named this allele rbb1-2.  

To determine if RBB1 is At5g40450, a complementation test between rbb1 and rbb1-2 

was carried out. F1 seedlings from a cross between rbb1 and homozygous rbb1-2 were 

incubated in the dark and analyzed by fluorescence microscopy for the bulb phenotype. As 

shown in Figure 5e, the double heterozygote F1 plants display the rbb1 phenotype and 

indicate the lack of complementation between the two mutant alleles. We were unable to 

confirm this result in the F2 population as the GFP-TIP2;1 transgene was constantly silenced 
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in the segregating population whenever the SALK insertion was present. This result is 

consistent with highly silenced transgenes in SALK insertion lines (Daxinger et al. 2008). To 

confirm the identity of RBB1, we visualized the vacuole morphology of rbb1-2 mutants with 

fluorescent dyes. This experiment could only be carried out in cotyledons from light-grown 

seedlings as penetration of fluorescent dyes in hypocotyls is very poor. Seedlings were 

stained for 2 h with Lysotracker Red (Figure 5f, g) and for 5 h with FM4-64 (Figure S3). 

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

wild type Col-0 cotyledons (Figure 5f and Figure S5a). On the contrary, the rbb1-2 mutant 

allele showed a similar bulb phenotype as the rbb1 mutant with 4 - 5 vacuolar bulbs per cell 

in cotyledons (Figure 5g and Figure S5b). These results confirmed that the RBB1 locus 

corresponds to At5g40450.  

At5g40450 encodes a large protein of 2,890 amino acids. The mutation in rbb1 is a C/T 

nucleotide substitution that results in an A1070V substitution in the predicted protein 

sequence. BLASTp analysis in NCBI identified only two proteins with protein similarity 

covering at least 40% of the RBB1 protein sequence, CARUB_v10003962mg from Capsella 

rubella and EUTSA_v10027617mg from Eutrema salsugineum. All other hits (~40) show 

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 

RBB1 is a plant-specific protein. In addition, no specific domain hits were detected using the 

Conserved Domain Database search function in NCBI (Marchler-Bauer et al. 2011), but 

regions of similarity to three multi-domain structures were detected. These results overall 

indicate that RBB1 is a novel plant-specific protein with unknown function. 
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In order to determine the spatial and temporal expression of RBB1, the accumulation of 

RBB1 transcripts was analyzed by RT-PCR in Col-0 wild type plants.  RBB1 accumulated at 

similar levels in 4- and 7-day-old light-grown seedlings, and in rosette leaves and 

inflorescences (Figure 5h). These results are consistent with publicly available databases. 

According to Arabidopsis eFP browser (Winter et al. 2007), RBB1 is expressed in leaves and 

roots of both seedlings 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 

RBB1 transcripts (Winter, Vinegar, Nahal, Ammar, Wilson and Provart 2007, Zeller et al. 

2009). In contrast, 3 h treatment with photosystem II inhibitor N-octyl-3-nitro-2,4,6-

trihydroxybenzamide (PNO8) or the brassinosteroid biosynthesis inhibitor brassinazole 220 

resulted in a 2-fold induction of RBB1 (Goda et al. 2008). These results indicate that RBB1 

may have important functions in multiple developmental stages. The RBB1 transcript 

accumulation was also analyzed in the parental line and rbb1, but no differences in the 

expression level were detected (Figure 5b). Therefore, the rbb1 mutation did not affect the 

expression of RBB1 at the transcriptional level.  

 

RBB1 is a cytosolic protein.  

In order to characterize the function of RBB1, a fluorescent protein fusion was generated 

to visualize its protein localization. Given the large size of the RBB1 coding sequence, we 

used Recombineering (Zhou 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 encoding 3xYpet to the gene of interest 

within the native genomic context. Both N- and C-terminal fusions of RBB1 with 3xYpet 

were generated and introduced into Col-0 wild type. We could not detect fluorescence in 

RBB1-3xYpet lines after selection of 15 independent transformants. However, 3xYpet-RBB1 

was detected in cotyledon epidermal cells, root cortical cells, and although very faint, in the 

cortex of hypocotyls of light-grown seedlings (Figure 6a). No significant Ypet signal was 

detected at the root tip. The localization of 3xYpet-RBB1 was diffuse and suggestive of 

cytosolic localization (Figure 6b), but it also labeled transvacuolar strands. In order to 

determine its sub-cellular distribution in detail, we tested for co-localization between 3xYpet-

RBB1 and the plasma membrane dye FM4-64, or two markers for the tonoplast, RFP-SYP22 

(Geldner et al. 2009) and Lysotracker Red. As shown in Figure 6, the 3xYpet-RBB1 marker 

does not co-localize with FM4-64 (Figure 6c-e) or with RFP-SYP22 (Figure 6f-h) in the root 

elongation zone. However, the marker was found in the cytosol and co-localized with 

Lysotracker Red the primary leaf (Figure 6i-k). These results indicate that a fraction of the 

3xYpet-RBB1 protein may associate with the tonoplast. Interestingly, 3xYpet-RBB1 was 

present at the tip of emerging TVS (Figure 6 i-k). Immunoblot analysis was used to confirm 

that the 3xYpet-RBB1 fusion protein accumulates as a large protein of ~400 kDa in 

seedlings. Membrane and soluble fractions were isolated from wild type and the 3xYPet-

RBB1 line and the fusion protein was detected with a GFP antibody.  The 3xYPet-RBB1 was 

detected only in the membrane fraction in 10-dy old seedlings (P100, Figure 6l). These 

results overall indicate that 3xYpet-RBB1 is a large soluble protein that is likely to associate 

with cellular membranes.  



 

92 

The accumulation of 3xYpet-RBB1 at the tip of emerging TVS (Figure 6 j-l) suggests 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 wild type and rbb1 mutants. In contrast to the 

parental line which shows 4.06 TVS per cell in cotyledon epidermis, rbb1 mutants have 1.40 

TVS per cell (Figure 6m). Therefore, rbb1 has fewer TVS than the parental line and this 

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

We have identified rbb1, a novel mutant with defects in vacuole morphology. Vacuoles 

in rbb1 contain increased numbers of bulbs in large central vacuoles of cotyledons and 

hypocotyls when compared to the parental control. The vacuolar bulbs are defined vacuolar 

sub-structures in plant cells that can be visualized with tonoplast proteins fused to FPs (Saito, 

Ueda, Abe, Wada, Kuroiwa, Hisada, Furuya and Nakano 2002, Saito, Uemura, Awai, 

Tominaga, Ebine, Ito, Ueda, Abe, Morita, Tasaka and Nakano 2011). These 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, Abe, Morita, Tasaka and Nakano 2011). The 

GFP-TIP2;1-labeled bulbs in rbb1 showed brighter florescence than the membrane of the 

vacuole and are likely to have a similar structure as previously characterized bulbs. The two 

other mutants that have been identified as having abnormal bulb accumulation, sgr2 and 

vti11, have fewer bulbs (Saito, Uemura, Awai, Tominaga, Ebine, Ito, Ueda, Abe, Morita, 

Tasaka and Nakano 2011). Unlike sgr2 and vti11 mutants, which have very abnormal 

vacuole morphology, rbb1 vacuoles developed into single large compartments as the wild 

type. So far, the only phenotype we have detected in rbb1 is the increased number of bulbs 

and decreased the number of transvacuolar strands, which makes rbb1 a useful tool to study 

bulb biogenesis and function.  

Proposed functions of vacuolar bulbs include acting as a tonoplast reservoir for rapid 

growth or serving as the sites of degradation of tonoplast membrane and proteins (Saito et al. 

2002 and Maîtrejean et al. 2011). We tested one of these hypotheses by measuring the 
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hypocotyl growth of rbb1 in the dark, a condition that promotes cell elongation. If bulbs 

function as membrane sources during elongation, we expected rbb1 hypocotyls to show a 

growth phenotype when compared to the parental control. However, no obvious growth 

differences were observed between rbb1 and the parental line. One possibility is that the 

additional tonoplast membranes contained in rbb1 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 determine if rbb1 bulbs 

have any effects on cell elongation. Outside of TVS, no obvious morphological or 

developmental phenotypes were detected in rbb1 mutants thus far, and the specific function 

of the bulbs remains unknown.  

The number of bulbs in rbb1 was developmentally regulated. Bulbs in rbb1 appear after 

the large LV is established around day 2 post-imbibition. In the GFP-TIP2;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, including at 3-5 days when most of the experiments 

described here were done, display very few bulbs per cell. This developmental window, 

however, is not universal because bulbs have been observed earlier in PSVs in lines carrying 

TIP3;1-YFP or TIP1;1-YFP (Hunter et al, 2007). Three hypotheses have been proposed for 

the biogenesis of bulbs. 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 events during the development from PSVs to LVs (Saito et al. 2002). The 
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developmental progression of rbb1 vacuoles indicates that these bulbs are not remnants of 

PSVs because they are formed after the LV is fully established. Instead, rbb1 bulbs are more 

likely to result from invaginations of the tonoplast.   

The RBB1 gene encodes a protein of unknown function that accumulates in the 

cytoplasm. RBB1 is expressed in seedlings and adult plants both in shoots and roots. That 

RBB1 is expressed as a full-length transcript of 8,957 bp is supported by several ESTs as well 

as the alignment of RNAseq reads spanning the entire coding sequence by the Integrated 

Genome Browser (Gulledge et al. 2012, Nicol et al. 2009). The molecular function of RBB1 

is unknown as the protein has no conserved domains, and it represents a new plant-specific 

protein. Only two proteins were identified with significant similarity to RBB1 in C. rubella 

and E. salsugineum. RBB1 belongs to the putative Plant Model Organism Orthologous 

Group APK_ORTHOMCL5144, which includes genes from Rice, Poplar, Sorghum, Maize, 

and Brachypodium (http://rice.plantbiology.msu.edu/cgi-bin/ortholog_group_apk.pl). This 

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

(www.phytozome.net)(Goodstein et al. 2012). The putative orthologs also encode very large 

proteins (up to 3,715 aa). One of the putative orthologs, Ricinus communis gene 

29917.t000066, contains a 32 amino acid region that is 32% identical to the microtubule-

associated protein futsch in Drosophila melanogaster. It is tempting to speculate that the 

RBB1 function may be related to interaction with microtubules, but this will need to be tested. 

Due to the cytoplasmic localization of 3xYpet-RBB1 and its association with cellular 

membranes, we propose that RBB1 may interact with other cellular components on the 

cytosolic side of the tonoplast to regulate bulb formation or stability. 

http://rice.plantbiology.msu.edu/cgi-bin/ortholog_group_apk.pl
http://www.phytozome.net/
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The morphology of the vacuole in rbb1 mutant is sensitive to light availability. Dark-

grown rbb1 seedlings showed a 14.8-fold increase in the number of bulbs per cell when 

compared to the light-grown plants. A similar increase was also observed in the parental line, 

TIP1;1-YFP and 2xFYVE-YFP marker lines which are all in a wild type background. 

Therefore, the effect of the dark treatment in rbb1 vacuoles represents a natural response that 

links light signaling or response to vacuole morphology and dynamics. Bulb numbers also 

increased in the dark-induction assays. A 24 or 48 h incubation of light-grown seedlings in 

the dark was sufficient to significantly induce the accumulation of bulbs in rbb1. 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 bulb number 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 been previously shown that dark treatments decrease the 

degradation of soluble GFP in the vacuole and light rapidly induces its degradation (Tamura 

et al. 2003). GFP can also be stabilized in the vacuole by incubation with Concanamycin A, 

which inhibits the vacuolar H+ ATPase (V-ATPase), indicating that changes in vacuolar pH 

are involved (Tamura, Shimada, Ono, Tanaka, Nagatani, Higashi, Watanabe, Nishimura and 

Hara-Nishimura 2003).  Furthermore, dark grown seedlings accumulate plasma membrane 

proteins such as PIN2 in the vacuole and V-ATPase function contributes to the degradation 

of these proteins in the light (Laxmi et al. 2008). Whether changes in vacuole pH trigger bulb 

formation or stability remains to be determined. Alternatively, the light sensitivity of bulb 



 

97 

formation could result from changes in metabolism due to a decrease in photosynthesis. A 

more detailed analysis of the rbb1 phenotype is necessary to address these possibilities 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 

anthocyanin-containing vacuoles in cultured cells (Irani and Grotewold 2005). The mutant 

phenotype of rbb1 has 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 GFP-TIP2;1 and mCherry-HDEL (Rivera-Serrano, et al. 

2012),  TIP1;1-YFP (Hunter, et al. 2007) and 2xFYVE-YFP (Vermeer, et al. 2006) were 

previously described. SALK_095160, SALK_067590 and SALK_074387 were obtained 

from the Arabidopsis Biological Resource Center (ABRC) and genotyped by PCR. 

pUBQ10::RFP-TIP1;1 was generated by Gateway cloning (Invitrogen). Briefly, the TIP1;1 

CDS was amplified from Col-0 cDNA by PCR and the amplicon was introduced into 

pENTR-D-TOPO vector (Invitrogen). A RFP-TIP1;1 expression clone was generated by 

recombination with pUBN-RFP (Grefen et al. 2010) using LR clonase II (Invitrogen). The 

promoter of the resulting construct was substituted with the full pUBQ10 promoter (1,596 

bp) from pNIGEL07 (Geldner et al 2009) to generate pUBQ10::RFP-TIP1;1. The 

RBB1::3xYpet-RBB1 and RBB1::RBB1-3xYpet constructs were generated by a 

Recombineering-based gene tagging system (Zhou, et al. 2011) using the JAtY76M24 clone 

and the primers  listed in Table S2. After introducing 3xYpet, the JAtY clone was shorten by 

homologous recombination using "delleft" and "RB-amp" primers (Table S2). This resulted 

in a fragment of the chromosomal region containing 12.8 kb upstream of start codon of RBB1 

and up to 5 kb downstream from the stop codon. These constructs were transformed into 

Agrobacterium GV3101 and then transformed into Col-0 wild 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 4 g /L GelRite.  For 

light-grown seedlings, seeds were cold treated for 4 days in the dark to break dormancy and 

then incubated at 22̄C under a 16 h light photoperiod. For dark-grown seedlings, seeds were 

cold treated in the dark and then incubated at 22C̄ while covered in aluminum foil.  

Chemical Stocks and Treatments 

C834 (ID 6982834) was from Chembridge, Brefeldin A from Sigma and Lysotracker Red 

and FM4-64 from Invitrogen. All chemicals were dissolved in 100% DMSO and all 

treatments were carried out with 4-day old seedlings, unless specified. BFA treatment was 

done in liquid AGM containing 75 µM BFA and for 3 h. C834 treatment was done with 3-d-

old seedlings in solid AGM-GelRite supplemented with 55µM C834 for 48 hours as 

described (Rivera-Serrano, et al. 2012). For staining, seedlings were incubated in liquid 

AGM containing 2 mM Lysotracker Red for 2 h or 5 ɛM FM4-64 for 5 min. 

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 objective (0.8 N.A.) 

was used to image hypocotyls and cotyledons. The excitation/emission wavelengths during 

acquisition were 488 nm/492ï570 nm for GFP and Ypet, 561 nm/588ï696 nm for mCherry 

and RFP, 514 nm/588ï700 nm for FM4-64, and 561 nm/566-690 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 with 4-day-old 
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seedlings except for the light-dark transition experiment in which 3 day-old seedlings were 

used.  

RT-PCR 

 Total mRNA was extracted using TRI reagent (Ambion) and treated with DNase I 

(NEB). cDNA was synthesized using iScript cDNA Synthesis Kit (BioRad) and was used a 

template for RT-PCR. Oligo sequences used for PCR are shown in Table S3.  

Map-based cloning and genome sequencing 

 A mapping population was generated from a cross between rbb1 and the Ler wild type 

background, and segregating homozygous rbb1 mutants were identified in the microscope 

based on the bulb phenotype. Two Single Sequence Length Polymorphism (SSLP) markers 

(Lukowitz et al. 2000), RBCS-B and PINHEAD, co-segregated with the rbb1 phenotype and 

placed the mutation in Chromosome 5. For SNP detection, 12 homozygous F3 families 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 Illumina 

HiSeq sequencer as 100 bp reads at BGI (formerly Beijing 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 bowtie2 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 RBCS-B and PINHEAD in Chromosome 5 

were analyzed further. From these, 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 from EMS mutagenesis were discarded.  

Western Blot 

  Total proteins were extracted from 7 day-old seedlings. Samples were homogenized in 

50mM HEPES-KOH, pH 6.5, 5 mM EDTA, 8% sucrose, 1mM DTT and proteinase 

inhibitors (Complete Mini, EDTA-free, Roche Diagnostics) in a chilled mortar. The 

homogenates were spun at 5,000g for 10 min at 4C̄ and 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 4̄C and the pellet was resuspended in buffer. Protein 

concentration was quantified by the Bradford assay. An anti-GFP antibody (Thermo MA5-

15256) was used as a primary antibody and a Peroxidase-Conjugated Goat Anti-Mouse IgG 

(Thermo 32430) was used as a secondary antibody. The level of calreticulin was used as a 

loading control with an anti-calreticulin antibody (Pagny et al. 2000) and peroxidase-

conjugated Stabilized Goat Anti-Rabbit 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 biogenesis1 contains many bulbs in many cell types.  

    (a-h) GFP-TIP2;1 localization in the parental line (WT,  a, c, e, g) or rbb1 (b, d, f, h). 

Four-day-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 in rosette leaves of 6-week-old plants (g, 

h). Scale bar = 20 ɛm. 

    (i) Western blot of GFP-TIP2;1 accumulation in the parental line and rbb1 using 

antibodies against GFP (Ŭ-GFP) and Calreticulin (Ŭ-CRT) as loading control. 
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Figure 2. The formation of bulbs in rbb1 mutants is developmentally regulated. 

    (a-j) Germinating seedlings from the parental line (GFP-TIP2;1, a-e) and rbb1 mutants (f-j) 

were imaged by confocal microscopy at the indicated number of days of incubation at 22̄ C 

(d). Scale bar = 20 ɛm.  

    (k-n) rbb1 seedlings grown in the dark contain more bulbs. GFP-TIP2;1 localization in 

hypocotyls was visualized in 4-d-old seedlings from the parental line (WT, k, m) or rbb1 (l, n) 

when grown under light (k, l) or dark (m, n) conditions. Scale bar = 20 ɛm.  

    (o) The number of bulbs per cell was counted in hypocotyl cells from parental line, rbb1 

and TIP1;1-YFP seedlings that were grown in the light or in the dark for 4 days as in k-n (n = 

36 cells). Bars represent standard error. * Significantly different to the light treatment in a t-

test (P Ò 0.005).  

    (p) Dark treatment results in increased number of bulbs. Seedlings from the parental 

control (diamonds) and rbb1 (squares) were grown under normal light conditions for 3 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. * Significantly different to the light treatment in a t-test 

(P Ò 0.005). 
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Figure 3. GFP-TIP2;1 trafficking to the vacuole is similar between rbb1 and the 

parental line. 

(a-f) BFA inhibits trafficking of TIP1;1YFP but not GFP-TIP2;1 in the parental line or rbb1. 

Four-day-old seedlings from the parental line (GFP-TIP2;1, a, d), rbb1 mutant (b, e) or 

TIP1;1-YFP (c, f) were exposed to 0.1 % DMSO (control, a, b, c) or 75 µM BFA (d, e, f) for 

3 hours and hypocotyl cells were imaged. BFA compartments are indicated with arrows. 

(g-r) C834 inhibits GFP-TIP2;1 trafficking in the parental line and rbb1. Three-day-old 

seedlings from the parental line and rbb1 mutant were exposed to 0.5 % DMSO (g-i, m-o) or 

55 mM C834 (j-l, p-r) for 48 h, and root cells were imaging in the microscope. Signal from 

GFP-TIP2;1 (green, g, j, m, p), the ER marker mCherry-HDEL (magenta, h, k, n, p) or the 

merged image is shown (i, l, o, r) Scale bar: 20 ɛm. 
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Figure 4. GFP-TIP2;1 and RFP-TIP1;1 co-localize in rbb1 bulbs. 

(a-f) The hypocotyls of four-day-old dark-grown seedlings expressing GFP-TIP2;1 and RFP-

TIP1;1 in the parental line (a, b, c) and rbb1 mutants (d, e, f) is shown. Signals from GFP-

TIP2;1 (green, a, d), RFP-TIP1;1 (magenta, b, e) and the merged image (c, f) are shown. 

Scale bar: 20 ɛm. 
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Figure 5. The locus of RBB1 corresponds to At5g40450. 

    (a) Schematic structure of the RBB1 locus indicating the positions of rbb1 alleles. Exons 

are indicated as black boxes and introns are indicated as white boxes. 5' and 3' UTRs are 

indicated in gray. Triangles indicate T-DNA insertions of SALK lines. The position of three 

diagnostic RT-PCR amplicons at the 5ô end, middle and 3ô end are shown.  

    (b) Accumulation of RBB1 transcripts as determined by RT-PCR with gene specific 

primers in Col-0 (WT), rbb1-2, the GFP-TIP2;1 parental line and rbb1-1. Three pairs of gene 

specific primers were used to detect the transcript at the 5' end, middle, and 3' end of the 

RBB1 gene as indicated in (a).  

    (c-e) Lack of genetic complementation between rbb1-1 and rbb1-2. Hypocotyls of four-

day-old dark-grown seedlings from the parental control (WT, c), rbb1-1 (d) and the F1 

progeny from a cross between rbb1-1 and rbb1-2 (rbb1-1/rbb1-2 double heterozygotes, e) 

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

    (f-g) rbb1-2 contains bulbs in a similar manner as rbb1-1. Four-day-old seedlings were 

stained with 2 µM Lysotracker Red for 2 hours to label the vacuole in Col-0 (WT) and rbb1-

2. Bulbs are indicated with arrows. Scale: 20 mm.  

    (h) The accumulation of RBB1 transcripts was determined by RT-PCR with gene specific 

primers in various tissues of Col-0 (WT). Two pairs of gene specific primers detected the 5' 

end and 3' end of RBB1 gene as indicated in (a).  
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Figure 6. 3xYPet-RBB1 is a cytoplasmic protein that associates with the tonoplast. 

     (a-b) Localization of 3xYPet-RBB1. YPet fluorescence in the seedling (a) and cotyledon 

(b) of four-day-old seedlings expressing 3xYpet-RBB1 under the control of its native 

promoter. Arrow in (a) indicates root tip. Scale bar = 200 ɛm (a) 

    (c-e) Root elongation zone of four-day-old seedlings expressing 3xYpet-RBB1 that were 

stained with 5 µM FM4-64. Signals from 3xYpet-RBB1 (green, c), FM4-64 (magenta, d) and 

the merged image (e) are shown.  

    (f-h) 3xYpet-RBB1 and RFP-SYP22 do not co-localize in roots of four-day-old seedlings. 

3xYpet-RBB1 (f), RFP-SYP22 (g) and the merged image (h) are shown.  

    (i-k) 3xYpet-RBB1 and Lysotracker Red partially co-localize in rosette leaves by confocal 

microscopy. Signals from 3xYpet-RBB1 (i), Lysotracker Red (j) and the merged image (k) 

are shown. Arrows indicate the localization of 3xYpet-RBB1 at the tip of elongating trans-

vacuolar strands. Scale bar = 20 ɛm. 

    (l)  3xYpet-RBB1 accumulates in the membrane pellet (P100) fraction. Immunoblot of 

3xYpet-RBB1 soluble (S100) and membrane (P100) fractions from Col-0 and 3xYpet-RBB1 

transgenic plants using antibodies against GFP (Ŭ-GFP), cFBPase (Ŭ-CRT, control for 

soluble fraction), and Plasma Membrane H+ATPase (Ŭ-H+ATPase, control for membrane 

fraction).  
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    (m) The number of trans-vacuolar strands (TVS) per cell was counted in cotyledon cells 

from the parental line and rbb1 seedlings that were grown in the light (n = 48 cells). Bars 

represent standard error. 
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Figure S1. rbb1 mutants show normal growth. Normal growth phenotype of 4 day-old 

seedlings, and 4week-old plants  from the parental line and rbb1 are shown.   
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Figure S2. Maximum fluorescence intensity for bulbs and tonoplast.  

    (a, b) Examples of fluorescence intensity profiles that were used to estimate intensity 

values in the parental line (a) and rbb1 (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 tonoplast from cotyledon (c) and 

hypocotyl cells (d) in the parental line or rbb1 grown in the light. Images were analyzed as in 

a, b. Data shown is the average of maximum intensity values for 10-15 images from at least 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 or when collecting data 

for hypocotyls. 
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Figure S3. Dark treatment increases the number of bulbs in YFP-2xFYVE. Seedlings 

were grown for 4 days in the light or in the dark, and hypocotyls were imaged by 

epifluorescence microscopy. The number of bulbs was counted in each hypocotyl cell (n = 36 

cells). 
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Figure S4. The parental line and rbb1 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 represent rbb1 mutant. 
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Figure S5. rbb1-2 contains bulbs in a similar manner as rbb1. Four-day-old seedlings 

were stained with 5µM FM4-64 for 5 hours (a, b) to label the vacuole in Col-0 (WT, a) and 

rbb1-2 (b). FM4-64 stained the plasma membrane, transvacuolar strands, and bulbs (arrows) 

in Col-0 (WT) and rbb1-2. Scale: 20 mm. 
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Table S1. List of primers used for sequencing of GFP-TIP2;1 

 

 

Primer Name Primer Sequence 

sGFP-1F ATGGTGAGCAAGGGCGAGGA 

TIP2;1 TOPO 2R GAAATCAGCAGAAGCAAGAG 
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Table S2. List of primers used for Recombineeing 

Primer Name Primer Sequence 

GeneNF 
ACTGTTCAAACCCTAAACCTCCAAATCATTTCTTCCCTGCATGAAA

GATGGGAGGTGGAGGTGGAGCT 

GeneNR 
GATCATACCTTTGTAGAGACTGGTTCTTGGATGGTGACAACTCCAG

TTTCGGCCCCAGCGGCCGCAGCAGCACC 

GeneCF 
AAGTACTCACTGGCAAATCTTCTCACACAACAAAGCCTTCATCAC

CTACAGGAGGTGGAGGTGGAGCT 

GeneCR 
TAAAAAACCTTTTATAGACACTGATTGTGTTTTTCTTGTTTCTTCAC

TTAGGCCCCAGCGGCCGCAGCAGCACC 

DelLeft 
AGGTAGTGTGGAGACATGAGCAGCTCAAATAGAGACAGCGAAAA

GGAGGCTTACCAATGCTTAATCAGTG 

RB-amp 
TATATTGCTCTAATAAATTTTTGGCGCGCCGGCCAATTAGGCCCGG

GCGGTTCAAATATGTATCCGCTCATG 

NFtest CAAAAAGGAAAGAAGGTAGAAACA  

NRtest CAAAAGGCCCACAAAAGATT 

CFtest AGTGCCGGAGAGAATTAGCC 

CRtest CCAAAAAGAGCCTAAAACAGAGG 

DelLefttest TAGATCGCAAGGAGGCAAGT 
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Table S3. List of primers used for RT-PCR 

Primer Name Primer Sequence 

At5g40450_5ôend-F GGAAACTGGAGTTGTCACCA 

At5g40450_5ôend-R CTGGCTTTCCGGTAGTATCC 

At5g40450_mid-F GAAGACAGATGCAGAACCGAG 

At5g40450_mid-R CTCCTCACTGCTTTCGCCTTG 

At5g40450_3ôend-F CGGTCTTGCAGGGAAATCTC 

At5g40450_3ôend-R TGCTTACCCTCCTCTTGCTC 

UBQ5-F GACGCTTCATCTCGTCC 

UBQ5-R CCACAGGTTGCGTTAG 
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CHAPTER 5 

Characterization of PLEIOTRPPIC DRUG RESISTANCE 13 in Arabidopsis 
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ABSTRACT 

    ABC (ATP-binding cassette) proteins are found in all living organisms and transport 

various substrates across biological membranes. The pleiotropic drug resistance (PDR) 

family belongs to the ABC transporter family and is found only in fungi and plants. Members 

of the PDR family are involved in transport of secondary metabolites, heavy metals, and 

phytohormones in plants. Among 15 PDR-encoding genes in Arabidopsis, we attempted to 

characterize the function of PDR13 by gene knock-out and characterization of its expression 

pattern.  Two loss-of-function mutants for PDR13 were identified and no obvious phenotypes 

in roots were observed. pdr13 knockout mutants have normal sensitivity to auxin and ABA. 

Histochemical analysis using GUS staining revealed that the PDR13 promoter conferred 

gene expression in the root tip, except for meristematic cells and root caps.  As root growth 

proceeded, GUS expression extended to the entire root tip, indicating that PDR13 expression 

is developmentally regulated. Our results provide new insights into PDR13 expression in 

various plant tissues. 
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INTRODUCTION  

    The ABC (ATP-binding cassette) transporters constitute one of the largest protein super 

families in all living organisms (Higgins, 2001). These proteins transport various substrates 

across different cellular membranes including the plasma membrane, the tonoplast, chloroplasts, 

mitochondria and peroxisomes (Kang et al., 2011). ABC transporters have a conserved 

organization formed by one or two hydrophobic transmembrane domains (TMD), which 

constitute the membrane-spanning pore, and one or two cytosolic domains, which form two 

nucleotide binding domains (NBDs). Molecule transport across the membrane requires ATP 

binding and hydrolysis, which is carried out by the NBDs. ABC transporters in plants are 

implicated in diverse processes, such as pathogen response (Campbell et al., 2003; Kobae et 

al., 2006), surface lipid deposition (Choi et al., 2011; van Meer et al., 2006), phytic acid 

accumulation in seeds (Raboy, 2007; Xu et al., 2009), and transport of phytohormones (Kang 

et al., 2010; Kuromori et al., 2010; Noh et. al, 2001; Terasaka et al., 2005). Thus, ABC 

transporters play important roles in plant growth, development, and the interaction between 

plants and the environment.  

    The pleiotropic drug resistance (PDR) family, also named ABCG subfamily, has been 

found only in fungi and plants, and contains two NBDs and two TMDs (Crouzet et al., 2006). 

The plant PDRs transport various secondary metabolites, including antimicrobial and 

antifungal compounds, and heavy metals in wheat, rice, tobacco, and Arabidopsis (Campbell 

et al., 2003; Ducos et al., 2005; Kobae et al., 2006; Krattinger et al., 2009; Martinoia et al., 

2002; Moons, 2003; Stein et al., 2006). Fifteen members of the PDR family were identified 

in Arabidopsis by protein sequence analysis (van den Brule & Smart, 2002), and the function 
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of a few of them in different response pathways has been characterized. The expression of 

AtPDR12/ABCG40 is induced by lead (Lee et al., 2005) and the plant hormone abscisic acid 

(ABA) (Kang et al., 2010). Protoplasts isolated from pdr12 knockout mutants displayed 

slower ABA uptake rates than wild type, indicating a role for PDR12 as a plasma membrane 

ABA uptake transporter. The plasma membrane localized AtPDR8 has roles in pathogen 

responses, cadmium transport, and the efflux of indole-3-butyric acid (IBA), an auxin 

precursor (Kim et al., 2007; Stein et al., 2006; Strader & Bartel, 2009). In addition, AtPDR9 

has been identified as an efflux facilitator for the synthetic auxin 2,4-Dichlorophenoxyacetic 

acid (2,4-D)  (Ito & Gray, 2006; Strader et al., 2008), suggesting the role of AtPDRs in 

transport of phytohormones. AtPDR4 is localized to the outer plasma membrane of 

epidermal cells. The polar localization of AtPDR4 is consistent with its role in exporting 

cutin precursors from epidermal cells, which is important for the formation of the cuticular 

layer of the cell wall (Bessire et al., 2011). Therefore, multiple functions of  AtPDR 

transporters demonstrate their importance for plant growth and development and for plant 

responses to the environment.  

    Although the importance of some AtPDR transporters is known, the substrates of many 

transporters and their functions remain unknown. Here, we report the phenotype of pdr13 

knockout mutants and their response to phytohormones. In addition, the patterns of AtPDR13 

expression in developing seedlings are described.  
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RESULTS 

Characterization of PDR13 and identification  of pdr13 knockout mutants    

    PDR13/ABCG41 is a member of ABC transporter G family. According to the annotation 

in The Arabidopsis Information Resource (TAIR), PDR13 (At4g15215) contains 24 exons 

and its transcript is 4,173 base pairs. To characterize PDR13, we amplified and cloned the 

PDR13 coding sequence from wild type cDNA using PDR13-specific oligos. Sequencing 

analysis of the PDR13 CDS revealed 21 nucleotides, gtgaaattgttgtgggcccag, present in exon 9 

which were previously annotated as a part of intron 8 in TAIR10 (Fig. 1A). These 21 

nucleotides add 7 additional amino acids, VKLLWAQ,  to the annotated protein sequence. 

The correct size for the PDR13 CDS is therefore 4,194 bp and the size of the PDR13 protein 

is 1,397 amino acids. 

    In order to understand the function of PDR13, three T-DNA insertion alleles were obtained 

from ABRC. The T-DNA insertions were located in the promoter, about 1,000 base pairs 

upstream of the transcription start site in pdr13-1, in the 9th exon in pdr13-2, and in the 14th 

exon in pdr13-3 (Fig. 1A). RT-PCR analysis was carried out with the three T-DNA mutant 

alleles to determine the effect of the insertions on the expression of PDR13. Two regions of 

the PDR13 cDNA were amplified, one located between exons 1-9 and another between exons 

1-17 (Fig. 1A, B). Both amplicons were detected in pdr13-1 and therefore, this mutant was 

not used. Neitherof the amplicons were detected by RT-PCR in pdr13-2 or pdr13-3. These 

results indicate that pdr13-2 and pdr13-3 are null mutant alleles for the analysis of PDR13 

function.       
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PDR13 expression is restricted to the root tip.  

    AtPDR13 is not represented in the ATH1 microarrays and EST clones were not available 

in public repositories. Therefore, its pattern of gene expression was unknown. We then 

investigated the patterns of gene expression of PDR13 by RT-PCR from wild type Col-0 . 

RT-PCR analyses indicated that PDR13 transcripts accumulate in roots of 4 and 7 day-old 

plants and in inflorescences of mature plants (Fig. 1C).  Roots from 7 days-old seedlings 

showed consistently higher accumulation of PDR13 transcripts than 4 days-old seedlings. 

However, PDR13 transcripts accumulated at very low levels in seedling shoots and they were 

not detected in rosette leaves. To determine the spatial-temporal expression of PDR13 

transcripts in more detail, we generated a fusion of the PDR13 promoter and the gene 

encoding b-Glucuronidase (GUS), and transformed this construct into wild type Col-0. A 3 

kb region upstream from the start codon of PDR13 was used as a promoter. Transgenic plants 

expressing the PDR13p::GUS construct were analyzed for GUS activity. Staining of 

seedlings at 4 and 7 days after germination indicated that PDR13 is only expressed at the root 

tip. No GUS activity was detected in cotyledons, hypocotyls, or the elongation or mature 

zones of the root in seedlings (Fig. 1D-F). In mature embryos from dry seeds, weak 

expression of PDR13p::GUS was detected close to the root tip (Fig. 1E), and this signal was 

more diffuse in the root after water imbibition for 1 h (Fig. 1F). In mature plants, we could 

not detect GUS expression in rosette leaves (Fig. 1G) or inflorescences  (Fig. 1H), in contrast 

with the RT-PCR results that detected expression in the latter (Fig. 1C). PDR13p::GUS 

expression levels increased at the root tip during root elongation. In contrast to the lack of 

GUS expression in the meristem and the root cap of the primary root (Fig. 1D) and lateral 
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root primordia, (Fig. 1I-K), GUS expression was extended to the entire root tip in elongated 

lateral roots (Fig. 1L). This result suggests that PDR13 expression is regulated by the root 

developmental stage. Overall, our data suggest that PDR13 may play a role at the root tip 

during root development.  

 

Generation of a PDR13 fusion with  GFP.  

    Live-cell imaging of fluorescent-protein fusions with a protein of interest is one of the best 

ways to identify their subcellular localization, which is closely associated with its molecular 

function. In order to generate a fusion between PDR13 and the green fluorescence protein 

(GFP), the PDR13 CDS, a 4,194 bp sequence, was amplified with two high-fidelity DNA 

polymerases and cloned into binary vectors to generate either N-terminal or C-terminal GFP 

fusions. These constructs were under the control of the 35S promoter and were expected to 

result in high levels of transgene expression. Both clones were sequenced to confirm that the 

PDR13 sequence had no mutations in these constructs. However, none of the 20 plants 

selected by antibiotic resistance or their progeny displayed any fluorescence signal under a 

confocal microscope, regardless of the site of the GFP. One possible reason for this result is 

that the N- or C-terminal fusions with GFP interfere with PDR13 protein folding and induce 

protein degradation. To avoid this possibility we generated a C-terminal 6x-His tag fusion of 

PDR13. In order to determine if  the transgene was expressed in these plants, we carried out 

RT-PCR amplification from cDNA of several transgenic plants. Indeed, the transgene was 

detected by RT-PCR in 7-day-old seedlings (Fig 2A). Next, we analyzed the presence of the 

fusion protein by Immunoblot. Total protein extracts from transgenic plants carrying the 
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PDR13-His constructs were extracted and analyzed by Western blot using an anti-His 

antibody. While a His signal was detected in protein extracts from the His control line 

(positive control), no signal was detected in any of the PDR13 fusion lines (Fig 2B).  These 

results suggest that the PDR13-His fusion proteins are potentially unstable and may be 

degraded quickly. We used the proteasome inhibitor MG132 to determine if  the instability of 

the PDR13 fusions was proteasome-mediated. The MG132 treated transgenic plants 

containing PDR13-GFP or GFP-PDR13 did not display any fluorescence either, indicating 

that PDR13 fusions may be degraded via a proteasome-independent pathway, or result from 

inefficient translation of the fusion proteins.  

    The lack of fluorescence of the 35S::GFP-PDR13 and 35::PDR13-GFP lines could be due 

to the lack of important regulatory sequences in untranslated regions of the PDR13 gene that 

could regulate translation. In order to address this possibility, we used a Recombineering 

strategy (Zhuo et al., 2011) to generate fluorescent protein fusions to PDR13 in a natural 

genomic context. In addition to PDR13, we included PDR2, which has 94% sequence 

similarity to PDR13 at the amino acid level. We were unable to generate Arabidopsis plants 

expressing the PDR13-Ypet fusion using this approach. However, we were able to generate 

stable lines expressing a PDR2-Ypet fusion protein with intense fluorescence signal in roots, 

hypocotyls and cotyledons. In contrast to the plasma-membrane localization of other PDR 

proteins in plants, PDR2-YPet localizes to the tonoplast, as evidenced by its labeling of trans-

vacuolar strands (Fig. 2C) and absence of co-localization with the plasma membrane marker 

FM4-64 (Fig. 2D).  
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pdr13 knockout mutants have normal root hair  growth. 

  According to previous reports, pdr8 and pdr9 mutants showed abnormal phenotypes in 

root hair elongation (Ruzicka et al., 2010; Strader & Bartel, 2009). In order to characterize 

the function of PDR13, we observed developmental phenotypes of roots in pdr13 mutants. In 

the first generation that was confirmed as homozygous knockout lines, pdr13 mutants 

displayed shorter root hairs than wild type (Fig. 3A). The length of the root hairs in pdr13-2 

and pdr13-3 was about 33 percent and 19 shorter than wild type, respectively, suggesting a 

possible function of PDR13 in the elongation of root hairs. However, this phenotype was not 

stable as root hairs of pdr13 mutants were similar in size to the wild type in the next 

generation (Fig. 3B).  

 

pdr13 mutants display normal sensitivity to Auxins. 

    Two related members of the PDR family, PDR8 and PDR9, were identified as transporters 

of IBA and/or 2,4-D, an, auxin precursor and a synthetic auxin. We then tested the possibility 

that PDR13 may function in a similar transport mechanism by analyzing the sensitivity of 

pdr13 mutants to auxins. To determine the sensitivity of pdr13 mutants to auxins, including 

indole-3-acetic acid (IAA ), 2,4-D and IBA, the root length of plants grown in MS media 

containing different concentrations of these hormones was measured (Fig. 4). There were no 

differences in the length of primary roots between wild type and pdr13 mutants when grown 

in MS media, indicating that the loss of PDR13 does not have deleterious effects on root 

growth. Increasing concentrations of IAA,  IBA and 2,4-D resulted in the inhibition of root 
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growth in the wild type seedlings as expected. In wild type seedlings, 50% root growth 

inhibition (IC50) was achieved at 10 nM IAA,  2 nM IBA and 7.3 nM 2,4-D (Fig. 4).  

Similarly to the wild type, both pdr13 mutant alleles pdr13-2 and pdr13-3 had shorter roots 

with increasing concentrations of all three hormones. In these alleles, the IC50 corresponded 

to the same hormone concentrations as the wild type, which indicates that the mutants have 

similar sensitivity to auxins when compared to the wild type (Fig. 4).  

 

pdr13 mutants display normal sensitivity to ABA.  

  Another closely related protein, PDR12, is a transporter of ABA. In order to test if  PDR13 

also functions in ABA transport, we measured the sensitivity of pdr13 mutants to ABA in a 

seed germination assay. Seeds from wild type and pdr13 mutants were harvested from plants 

grown at the same time and under identical conditions for this assay. Seeds were plated on 

MS supplemented with different concentrations of ABA and the percentage of seeds that 

germinated after 48 h was counted. In the first generation of these homozygous knockout 

lines, the pdr13-2 mutants showed hypersensitivity to ABA during seed germination (Fig. 

5A). About 90% of the wild type seeds germinated in 2.5µM ABA after 48 hours, while only 

68% of pdr13-2 seeds germinated under the same conditions. The germination rate of pdr13-

2 seeds was 25% lower compared to the wild type in the presence of 2.5 mM ABA, indicating 

a possible role of PDR13 in ABA transport. However, this phenotype was not stable as the 

progenies of wild type and knockout lines showed similar germination rates in MS media 
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containing up to 50 mM ABA (Fig. 5B). These results indicate that the pdr13 mutants have 

normal sensitivity to ABA in terms of seed germination.   

   To determine if  pdr13 mutants had a normal response to ABA at the seedling stage, we 

compared the expression level of an ABA-responsive gene between wild type and pdr13 

mutants. NCED3 encodes 9-cis-epoxycarotenoid dioxygenase 3, a key enzyme in ABA 

biosynthesis (Tan et al. 2003), which is induced by ABA treatment (Kang et al., 2010).  The 

accumulation of NCED3 transcripts in ABA-treated wild type and pdr13 mutant seedlings 

was analyzed by Real-Time PCR. As previously characterized, NCED3 transcripts 

accumulated in wild type seedlings as a function of the ABA concentration (Fig. 5C). Thus, 

NCED3 transcript accumulation was 3.8 times higher in seedlings treated with 50 µM ABA 

when compared to the MS control, indicating that the ABA treatment was effective. pdr13-2 

and pdr13-3 mutants displayed 5.8 times and 3.7 times more accumulation of NCED3, 

respectively. The fold induction of NCED3 in pdr13-2 treated with 50µM ABA was higher 

than wild type, but this needs to be confirmed through repeated experimental tests.  The fold 

change in pdr13-3 mutant is similar to wild type. Therefore, we determined that no 

significant differences exist between the wild type and pdr13 mutants in terms of NCED3 

transcripts accumulation after ABA treatments. Therefore, all data combined indicate that the 

PDR13 does not play a major in the response to ABA.  
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DISCUSSION 

    We report here a functional analysis of PDR13 with the characterization of two mutant 

null alleles and a transcriptional fusion to a reporter gene. The function of several members 

of the PDR family was previously identified as transporters for secondary metabolites, auxin, 

auxin precursors or ABA  (Bessire et al., 2011; Ito & Gray, 2006; Kang et al., 2010; Stein et 

al., 2006; Strader & Bartel, 2009; Strader et al., 2008).  We attempted to identify the function 

of PDR13 in phytohormone transport by observing the root phenotypes of pdr13 mutants in 

regular media and in media containing IAA,  IBA and 2,4-D, and by measuring their 

germination rate in media containing ABA. While we observed reduced root hair length in 

both mutant alleles and hypersensitivity to ABA during seed germination in pdr13-2 in the 

first generation, these phenotypes were not reproducible. This discrepancy could be due to 

variations in the growth conditions in each generation that could have affected these 

phenotypes. We conclude that pdr13 mutants have normal sensitivity to auxins, auxin 

precursors and ABA. One possible reason for the lack of visible phenotypes in the pdr13 

loss-of-function mutants is that PDR13 acts redundantly with other PDR genes, and the best 

candidate for this redundancy is PDR2. PDR13 is 88% identical and 94% similar to its 

neighbor AtPDR2 at the amino acid level (van den Brule & Smart, 2002). Due to the high 

sequence similarity between two genes, there is a high potential for functional redundancy 

that complicates phenotypic analyses using single knockout mutants because each gene fully 

compensates for the disruption of a functional paralog (Lloyd & Meinke, 2012; van den 

Brule & Smart, 2002). More detailed observation with pdr13 pdr2 double knockout mutants 
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are necessary to determine if  PDR13 has a role in phytohormones transport. However, since 

these two genes are located adjacent to each other in chromosome 4, the generation of the 

double mutants are technically challenging. Given that no obvious developmental root 

phenotypes were detected in pdr13 mutants thus far, the function of the PDR13 remains 

unknown. 

    It was previously reported by RT-PCR analysis that the transcripts of PDR13, like PDR2, 

accumulated in roots but not in shoots of seedlings (van den Brule & Smart, 2002). 

Consistent with this result,PDR13 transcripts were detected in roots of 4 and 7-day-old 

seedlings and did not accumulate in shoots. A promoter fusion driving GUS revealed that the 

expression of PDR13 is limited to the tip of the root and that it is excluded from the 

meristematic region and root cap in young roots and lateral root primordia. Increased levels 

of PDR13 expression were detected in both RT-PCR and GUS staining of the PDR13p::GUS 

line as plant development proceeded, indicating that the expression of PDR13 is 

developmentally regulated. While PDR13 transcripts were detected in inflorescences by RT-

PCR, no GUS staining was present in this tissue. This discrepancy may be due to the higher 

sensitivity of RT-PCR compared to the GUS assay, or to regulatory sequences missing from 

the 3 kb promoter construct which may be important for expression in the inflorescence. 

Overall, we conclude that PDR13 may have a specific function at the root tip during root 

development.  

    A translational fusion between a protein of interest and a fluorescent protein provides 

evidence for in vivo subcellular localization, which is important to understand function. We 

attempted to generate transgenic plants expressing N- or C-terminal GFP fusions to PDR13 
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driven by the 35S constitutive promoter, but were not successful in identifying any lines with 

fluorescence. Given that fusion transcripts were detected in the transgenic lines, the most 

likely explanation for the lack of fluorescence is that the fusion proteins may be unstable. 

However, transgenic seedlings expressing PDR2-Ypet were successfully generated and the 

Ypet signal was detected in the tonoplast. This result was unexpected as all the PDR proteins 

characterized thus far are localized to the plasma membrane (Kobae et al., 2006, Stein et al., 

2006). Given the high similarity between PDR13 and PDR2 (van den Brule & Smart, 2002), 

the possibility exists that PDR13 also localizes to the tonoplast. One way to address this 

possibility is to insert a GFP tag in a different location of the protein that may be more stable, 

such as a cytoplasmic loop. This strategy has been used successfully to generate a GFP 

tagged to H
+
-PPase, a vacuolar membrane protein, in which the N- or C-terminal fusions did 

not have florescence either (Segami et al., 2014).  Thus, a construct in which GFP is inserted 

into an internal and non-conserved cytoplasmic loop of PDR13 may be useful to determine 

the subcellular localization of PDR13.  

.  
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MATERIALS  AND METHODS  

Plant materials and plant growth conditions  

    The T-DNA insertion lines pdr13-1 (SALK_025745), pdr13-2 (SALK_116255) and 

pdr13-3 (SALK_137639) were obtained from the Arabidopsis Biological Resource Center 

(ABRC).  Sterilized seeds were plated on AGM (0.5x MS media, 4g/L GelRite, 1% sucrose). 

Plates were kept at 4°C in the dark for 4 days and were transferred to a growth chamber at 

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

 

Plant phenotype analysis and hormone treatments 

    Seven-day-old seedlings were used to measure the root hair length. Pictures were taken on 

a Leica stereoscope in three different regions of the primary root, and the length of 10 root 

hairs was measured in each picture using Image J (NIH).      

    Indole butyric acid (IBA, Research Products International Corp.) was dissolved in ethanol 

to make a 0.9 M, and then a 4 mM  working stock was diluted in water. Indole-3-acetic acid 

(IAA,  Research Products International Corp.) and 2,4-dichlorophenoxyacetic acid (2,4-D, 

Research Products International Corp.) were dissolved in ethanol to make 1.14 M and 0.9 M 

stocks, respectively, and then 0.4 mM working solutions were diluted in water.  Abscisic acid 

(ABA, Sigma) was dissolved in 1N sodium hydroxide (NaOH) to make a190 mM, and then a 

4 mM working stock was diluted in water. Working stocks were used to make AGM media 

containing different concentrations of hormones. To measure the length of root growth, 4 

days-old seedlings were transferred to media with hormones. Images were taken 4 days after 

transfer and the length of the root was measured using Image J. For germination assays, 

seeds were plated on AGM media with different concentrations of ABA, stored 4°C for 3 

days and transferred to the 22°C incubator.  Germinated seeds were counted under a Leica 

stereoscope 24 hours after transfer to 22°C as the number of seeds where the root had 

emerged from the seed coat. 
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GUS expression assay 

    GUS staining was performed as described (Rojas-Pierce & Springer, 2003). Briefly, 4- and 

7- day-old seedling were 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 µg/ml 

chloramphenicl, 2 mM potassium ferricyanide, 2 mM potassium ferrocyanide) for 15 min 

and then incubated at 37°C in the dark for 48 h. Seedlings were cleared in 70% ethanol at 

room temperature with several changes. Seedlings were observed and imaged on a Leica 

stereoscope equipped with a Leica digital color camera. 

 

Constructions of transgenic plants 

    To generate the transgenic plants overexpressing GFP-PDR13 or PDR13-GFP fusions, the 

Gateway system (Li fe Technologies Corporation) was used. The PDR13 CDS was amplified 

from Col-0 cDNA with a combination of 0.2 U Herculase II  Fusion DNA Polymerase 

(Agilent Technology) and 1 U ExTaq DNA polymerase (Takara Bio Company) in Herculase 

II  buffer. Oligo sequences for PDR13 CDS amplification were PDR13-NotI-ATG 

GCGGCCGCATGGCTCAAACAGGTGA and PDR13-STOP+NotI-R 

GCGGCCGCGCTTTCTTTTGAAAATTGAG or PDR13+STOP-R 

CTATTTCTTTTGAAAATTGAGTTTGCTC. The resulting Col-0 products (4.1kb) were 

cloned into pGEM T-easy vector (Promega Corporation) and sequenced by Sanger 

sequencing. This clone was digested with NotI (New England Biolabs), and the PDR13 

cDNA fragment was cloned into pENTR4 vector (Life Technologies Corporation). LR 

recombination with the Gateway destination vector pGWB6 or pGWB5 (Nakagawa et al., 

2007), generated pGWB5::PDR13 or pGWB6::PDR13, respectively. For the transcriptional 

fusion with GUS, a 3kb genomic DNA fragment upstream of start codon was amplified from 

the genomic DNA using primers proPDR13_SbfI-F CCTGCAGGCCTTGTCTCCGTAAAT 

and proPDR13_KpnI-R GGTACCTGTCAGGTAAAAGCAGC. The 3kb amplicon was 

cloned into the pENTR4 vector and then inserted into pGWB3 (Nakagawa et al., 2007) by 

recombination to generate the PDR13p::GUS. The PDR2-Ypet Recombineering construct 

was generated as previously described (Zhou et al., 2011)  using the JAtY53H01 TAC clone. 
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All  constructs were transformed into Agrobacterium tumefaciens C58 and then into the plants 

by floral dip method (Clough & Bent, 1998).  

 

Confocal microscopy and chemical treatment 

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

microscope and the combinations of excitation wavelength/emission were 488 nm/492 570 

nm for GFP and Ypet and 514 nm/588ï700 nm for FM4-64. For plasma membrane staining, 

seedlings were incubated in liquid AGM containing 5 mM FM4-64 for 5 min and washed in 

water shortly. For MG132 treatment, 3 days-old seedlings were incubated with 10 nM 

MG132 (Z-Leu-Leu-Leu-al, Sigma) for 24 hours in the dark and then observed on confocal 

microscopy.  

 

RT-PCR and Real-Time PCR 

    Total RNA was extracted using TRI reagent (Ambion) from 4-day-old seedlings treated 

with different concentration of ABA for 24 hours.  cDNA was synthesized with DNase I 

(New England Biolabs)-treated total RNA using iScript cDNA synthesis kit (Bio-Rad). The 

synthesized cDNA was used as a template in RT-PCR or Real-Time PCR reaction. In RT-

PCR, oligo sequences for PDR13 were PDR13-16F ACAGGAGATGACTCGTCAGATATT 

and PDR13-1R CCCAAAAGAATCACATCGTC or PDR13-2R 

ATCAAAGAGAAGTTGCCGTG for the UBQ5 were UBQ5-F GACGCTTCATCTCGTCC, 

and UBQ5-R CCACAGGTTGCGTTAG. A StepOnePlus Real-Time PCR system (Life 

Technologies) and Brilliant II  SYBR green qRT-PCR Master mix with ROX (Agilent 

Technologies) were used to analyze gene expression levels in seedlings. Oligo sequences for 

NCED3 were NCED3-F AGCCGCCATTATCGTCTTCTC, NCED3-R 

GGAGTGTGAAGCGCAGATGAA,  and for the UBQ5 were same in RT-PCR. 

 

Western Blot 

    Total proteins were extracted from 7 day-old seedlings in a buffer containing 50mM 
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HEPES-KOH, pH 6.5, 5 mM EDTA, 8% sucrose, 1mM DTT and proteinase inhibitors 

(Complete Mini, EDTA-free, Roche Diagnostics). The homogenates in the buffer were spun 

at 5,000g for 10 min at 4°C and the supernatant was cleaned through 3 layers of miracloth.  

In order to load equal amounts of proteins, protein concentration was quantified by the 

Bradford assay. The proteins were loaded onto 10% SDS PAGE minigel (Mini -PROTEAN 

Tetra Cell, BioRad). A semi-dry transfer blotter (Amersham) was used for protein transfer to 

a PVDF membrane. An anti-His antibody (MA1-21315) was used as a primary antibody and 

a Peroxidase-Conjugated Goat Anti-Mouse IgG (Thermo 32430) was used as a secondary 

antibody. Immunoblots were incubated with ECL western blotting substrate (Pierce) and 

were visualized by exposing the membrane to Hyperfilm® ECLÊ (Amersham).   
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Figure 1. PDR13 is expressed in root tips.  

    (A) PDR13 gene structure. Exons (dark boxes) and introns (open boxes) are indicated, and 

the translation start site (+1) is marked with an arrow. The position of the T-DNA insertions 

in pdr13-2 and pdr13-3 mutant lines is shown with arrowheads and the 21 nucleotides in 

exon 9 previously annotated as part of intron 8 are indicated. The location  of two diagnostic 

RT-PCR amplicons exons 1-9 and 1-17 are shown as pink and green bars, respectively.  

    (B) RT-PCR analysis of PDR13 expression in wild type, pdr13-2, and pdr13-3. Two pairs 

of gene specific primers were used to detect the transcripts as indicated in (A). (C) RT-PCR 

analysis of PDR13 expression in different tissues. Total RNA was isolated from roots and 

shoots of 4 and 7 days-old seedlings, rosette leaves and inflorescences of wild-type (Col-0) 

plants. Amplification of the UBQ5 gene serves as a control.  

    (D-L) GUS staining of PDR13p::GUS transgenic plants. Histochemical GUS staining was 

carried out in 4 days-old seedlings (D), embryos after 1 h water imbibition (E),  dry seeds 

(F), rosette leaf (G), inflorescence (H) and different stages of lateral root development (I-L). 

Scale bar = 200 µm.  
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