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ABSTRACT 

Auxin transport polarity is established and maintained by the asymmetrical 

localization of auxin transport proteins in the plasma membrane. The SCD1 (stomata 

cytokinesis defective) gene encodes a protein containing a DENN domain, which is 

predicted to function as a RAB-GEF, which may be important in membrane protein 

targeting.  The scd1-1 allele is a temperature sensitive mutant with a root phenotype 

evident at 25ºC, but not at 18ºC.  The localization of auxin transport proteins, amount of 

auxin transport, and dependent physiological processes were examined in scd1-1. 

Basipetal or shootward auxin transport, and the dependent process of differential 

gravitropic growth, was lower in the scd1-1 mutant than wild type at 25°C, but not at 

18ºC. Laser scanning confocal microscopy was used to examine the localization of auxin 

transport proteins PIN1, PIN2, PIN3, MDR1, and AUX1 fused to fluorescent proteins. 

The PIN protein reporters were expressed in fewer cells at lower intensity in scd1-1 at 

25ºC.  PIN1 and PIN2 exhibited altered localization and accumulation in endomembrane 

bodies.  The endomembranes that accumulated PIN2::GFP in scd1-1 did not exhibit 

FM4-64 staining, consistent with a defect of targeting in scd1-1 through an organelle 

other than the endosome. Together these experiments suggest that SCD1 may function in 

RAB-dependent targeting of auxin transport proteins to the plasma membrane, which is 

required for maximal auxin transport and dependent physiological processes.   
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INTRODUCTION 
 

One important regulator of plant growth and development is the plant hormone 

auxin.  Auxin functions throughout the plant in a wide array of growth and 

developmental processes including embryogenesis, cell division, and tropic responses to 

light and gravity (reviewed by Santner et al., 2009).  These processes are regulated by 

auxin synthesis, transport, and signaling pathways.  Therefore, to understand auxin 

mediated physiological processes, it is crucial to understand how auxin, of which the 

most abundant form is indole-3-acetic acid (IAA), is transported from the sites of 

synthesis, root and shoot apices, to the tissues in which it regulates growth.. 

 

Auxin Transport 

Auxin is transported in shoots from cell to cell unidirectionally from apex to base 

(Muday and Delong, 2001).  The transport of auxin in root tissues is more complex and 

occurs in two polarities, acropetal and basipetal.  Acropetal (rootward) IAA transport 

occurs through the cells of the central cylinder from the root shoot junction toward the 

root apex.  Basipetal (shootward) IAA transport occurs through the outer layers of root 

cells from the root apex towards the root shoot junction, as shown in Figure 1 (reviewed 

by Muday and Delong, 2001).  These two polarities of auxin transport have been shown 

to control different physiological functions.  Disruption in rootward auxin transport 

resulted in a loss of lateral root formation in Arabidopsis, indicating the importance of 

acropetal transport in lateral root formation (Bhalerao et al., 2002; Reed et al., 1998). 

Basipetal transport within the roots has been shown to be necessary  
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Figure 1: Root tissues have two polarities of auxin transport 

There are two polarities of auxin transport in the root tissue of Arabidopsis thaliana. (A) 

Auxin is transported from the root – shoot junction towards the root tip in the acropetal 

(rootward) direction. Rootward auxin transport, through the central tissues of the root, 

 is mediated by the auxin efflux protein PIN1, which can be visualized by a PIN1::GFP 

fluorescent protein. (B) Auxin is transported from the root tip towards the root-shoot 

junction in the basipetal (shootward) direction.  The auxin efflux protein PIN2 mediates 

shootward auxin transport through the epidermal tissues of the root.  The localization of 

this protein is evident by the examination of a PIN2::GFP fusion.  Propidium iodide (the 

red signal) was used to visualize the plasma membrane of intact cells. Scale bar = 50 µm. 
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for a gravitropic response, as disruption of this transport results in an agravitropic root 

growth (Rashotte et al., 2000). 

The Cholodny-Went hypothesis suggests the gravitropic response is a result of a 

lateral redistribution of auxin across gravity-stimulated tissues, which results in 

differential growth in these tissues (reviewed by Muday and Rahman, 2008).  In roots, 

the gravity sensing machinery includes statoliths located in the columella cells located in 

the root tip (Blancaflor et al., 1998). The sedimentation of the statoliths reports the 

direction of the gravity vector resulting in physical pressure on cellular structures 

transducing this signal, by a yet unknown mechanism (reviewed by Valster and 

Blancaflor, 2008). The statolith transduced signal results in elevated levels of auxin, on 

the lower side of the root, leading to reduced elongation on the lower side. The resulting 

growth causes downward curvature (reviewed by Valster and Blancaflor, 2008). 

Transgenic plants have been used to examine auxin induced gene expression to 

demonstrate the presence of asymmetric auxin gradients across roots that have been 

reoriented relative to the gravity vector.  Auxin responsive promoters have been fused to 

genes encoding either β-glucuronidase (GUS) or green fluorescent protein (GFP) to 

measure indirectly the asymmetrical auxin accumulation in the epidermal and cortical 

root tissues after reorientation of seedlings to the gravity vector (Rashotte et al., 2001; 

Ottenschläger et al., 2003).  Gravitropic bending occurs in a specific region of the root 

called the distal elongation zone, which is located approximately 100-300 micrometers 

from the root tip (Wolverton et al., 2002; Mullen et al. 1998), and it is this region of the 

root that exhibits auxin induced asymmetric gene expression (Rashotte et al., 2001).  

These studies are consistent with previous conclusions suggesting that the gravity signal 
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occurs in the epidermal and cortical tissues (Yang et al., 1990).  The localized 

accumulation of auxin to these specific outer root tissues, suggests the importance of 

shootward auxin transport as the source of auxin that is used to drive the gravitropic 

response. 

 

Auxin Transport Mutants have Gravitropic Defects 

Auxin transport occurs from one cell to another through a system of membrane 

proteins called influx and efflux carriers.  Influx carriers are responsible for the transport 

of auxin into the cell while efflux carriers function to transport auxin out of the cell.  

Mutant seedlings screened for agravitropic phenotypes have successfully identified 

candidates for auxin transport proteins (Zazimalova et al., 2010).   These proteins were 

identified by screens that focused on altered responses to auxin and auxin transport 

inhibitors, or alterations in auxin dependent developmental processes such as gravity 

response (reviewed by Muday and Rahman, 2008).  The mutated genes from these 

screens have been identified, and the proteins encoded by these genes have been shown 

to have either auxin influx and efflux activity (Zazimalova et al., 2010).  Identifying these 

auxin transport proteins provides tools to examine and understand the mechanisms of 

polar auxin transport and the dependency of physiological processes, such as gravity 

response, on the localization of these transport proteins. 

The genes that have been found to encode auxin transport proteins are members 

of the PIN, AUX, and ABCB families (Zazimalova et al., 2010).  The first auxin transport 

protein identified was PIN1. The pinformed 1 mutant has pin shaped inflorescences and 

reduced auxin transport in this tissue (Okada et al., 1991). The PIN gene family encodes 

PIN proteins with 10 transmembrane domains that localize to the basal end of cell 
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membranes with defects in rootward transport in inflorescence in pin1 (Gälweiler et al., 

1998).  The isolation of the synonymous agravitropic mutants agr1/eir1/pin2/wav6, 

which have mutations in genes encoding proteins that mediate basipetal auxin transport, 

showed a significant decrease in the amount of shootward auxin transport (Müller et al., 

1998; Chen et al., 1999; Luschnig et al., 1998; Rashotte et al., 2000).  Expression of PIN 

proteins in heterologous expression systems has shown that these proteins function as 

auxin efflux carriers (Blakeslee et al., 2007).  These genetic analyses support the 

hypothesis that auxin transport is required for gravity response.  

 In addition to PIN2, other proteins are implicated in shootward auxin transport.  

ATP Binding Cassette Class B4/Multidrug-Resistant4/P-Glycoprotein 4 (ABCB4/MDR4/ 

PGP4), another class of efflux proteins, is found at the plasma membrane in outer root 

layers along with PIN proteins (Tereska et al., 2005).  abcb4/mdr4/pgp4 mutants show 

reduced shootward auxin transport and have enhanced gravitropic responses (Lewis et al., 

2007) indicating, like PIN, these transport proteins regulate physiological processes by 

leading to appropriate distribution of auxin.  Of the known auxin influx proteins, AUX1 

(Auxin Insensitive 1) is the best characterized (Zazimalova et al., 2010). It contains 11 

transmembrane spanning domains (Swarup et al., 2004) and has been shown to have 

direct auxin influx activity through studies of auxin uptake in heterologous systems 

(Yang et al., 2006).  Xenopus oocytes expressing wild type AUX1 showed an increase in 

auxin uptake relative to a mutant AUX1 construct (Yang et al., 2006).  In roots, AUX1 is 

expressed in epidermal cells, localized to the lower and upper flanks of root tissue, 

facilitating shootward auxin transport without specifying the polarity of auxin transport 

(Swarup et al., 2005).  The interpretation of AUX1 function is supported by analysis of 
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aux1 mutants, which are characterized by decreased shootward auxin transport and 

agravitropic responses.  Both defects are reversed by expression of AUX1 in epidermal 

and root cap tissues (Swarup et al., 2004). 

 

Membrane Targeting of Auxin Transport Proteins 

PIN proteins are asymmetrically localized to the plasma membrane and their 

position determines the direction of polar auxin transport (Müller et al., 1998; Gälweiler 

et al., 1998), which contrasts with the uniform distribution of AUX1/LAX1 (Marchant et 

al., 1999; Swarup et al., 2005), and ABCB proteins (Wu et al., 2007).  The polar 

localization of auxin efflux proteins, specifically PIN, has been suggested to occur 

through cycling of proteins between endosomes and the plasma membrane (reviewed by 

Feraru and Friml, 2008; Geldner et al., 2001).  Vesicle trafficking is mediated by ADP 

Ribosylation Factor (ARF) proteins, which recruit vesicle coats needed for cellular 

localization and budding (Chavrier and Goud, 1999). Treatment with the drug Brefeldin 

A (BFA) has been shown to inhibit the asymmetrical localization of PIN proteins, leading 

to the accumulation of PIN1 and PIN2 in endomembrane structures with endosome 

characteristics called “BFA bodies” (Geldner et al., 2001; Geldner et al., 2003).  BFA 

inhibits vesicle transport through inhibition of ARF proteins (Peyroche et al., 1999), by 

binding to an ARF Guanine Nucleotide Exchange Factor (GEF), which prevents the 

exchange of GDP for GTP needed to activate ARF (Robineau et al., 2000).  The GNOM 

gene encodes an ARF-GEF and altered PIN1 localization has been observed in the 

Arabidopsis gnom mutant during embryogenesis (Steinmann et al., 1999).  The 

construction of a GNOM gene, which was engineered to encode a BFA resistant protein, 

was transformed into Arabidopsis.  Transgenic plants with this transgene are resistant to 
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the effect of BFA on PIN1-GFP accumulation in endosomes (Geldner et al., 2001; 

Geldner et al., 2004).  This experiment demonstrated that the effect of BFA on auxin 

transport proteins localization occurred through GNOM and indicated the importance of 

ARF-GEF for polar localization of auxin efflux proteins. 

Because ARF protein activation is regulated by a GEF, it would follow that 

regulation would also occur by GTPases, which function in deactivating ARF proteins by 

cleaving GTP to GDP.  ARF-GTPase activating (ARF-GAP) proteins regulate vesicle 

formation and trafficking in mammalian cells (Yahara et al., 2001).   The SCARFACE 

(SFC) gene encodes an ARF-GAP protein, and the sfc1 mutant has reduced auxin 

transport and altered membrane localization of PIN1::GFP when treated with BFA 

(Sieburth et al., 2006).  PIN protein cycling has been suggested as a method of regulation 

in the transport of auxin and, through interactions with proteins encoded by ARF-GAP 

genes, could regulate auxin transport dependent processes, including gravitropism 

(Vernoud et al., 2003).  Double sfc1 and weak gnom mutants show partially suppressed 

phenotypes relative to the single mutants, which suggest that ARF-GEF and ARF-GAP 

may function in the same pathway (Sieburth et al., 2006).  Overall, the Arabidopsis 

genome contains many ARF, ARF-like (ARL), ARF- GAPs, and ARF-GEFs, all of 

which may provide mechanisms to regulate vesicle trafficking to a diversity of cellular 

organelles and positions (Vernoud et al., 2003). 

RAB Proteins Mediate Protein Localization 

Rab GTPases, another class of small G-protein, function in vesicle formation and 

docking vesicles on target membranes (Zerial and McBride, 2001), as shown in Figure 2.  
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Figure 2: Model of protein targeting mediated by RAB proteins 

A small class of G-proteins, RAB-GTPases, function in docking vesicles to target 

membranes.  RAB-GTP binds the RAB-effector protein located on the target plasma 

membrane (Chavrier and Goud, 1999), and the v-SNARE binds t-SNARE to initiate the 

fusion of the vesicle with the target membrane (Hutagalung and Novick, 2011). 

(Copyright 2002 from Molecular Biology of The Cell, 4th Edition by Alberts, Johnson, 

Lewis, Raff, Roberts, and Walter.  Reproduced by permission of Garland Science/Taylor 

and Francis LLC.) 
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Rab proteins are recognized by a GEF, in the donor compartment (endoplasmic 

reticulum, endosome or Golgi), which results in an exchange of GDP for GTP (Nuoffer 

and Balch, 1994). This nucleotide exchange induces a conformation change of the Rab so 

it can bind to the membrane of a newly formed transport vesicle complex containing a 

vesicle N-ethymaleimide-sensitive fusion attachment protein receptors (v-SNARE) 

(Hutagalung and Novick, 2011).  The Rab-GTP and v-SNARE complex remain bound to 

the transport vesicle after it pinches off the donor membrane, and the Rab-GTP then 

binds to the Rab effector protein, which is located on the target membrane (plasma 

membrane) (Chavrier and Goud, 1999).  The v-Snare then binds with the target 

membrane SNARE (t-SNARE), which initiates the fusion of the vesicle and target 

membranes (Hutagalung and Novick, 2011).  After fusion, GTP hydrolysis causes the 

release of the Rab-GDP from being bound to the Rab effector protein, which allows the 

reuse of Rab-GDP in vesicular transport because a GDP dissociation inhibitor (GDI) 

prevents Rab from releasing GDP until it interacts with another GEF (Chavrier and Goud, 

1999).  In plants, the activation of RAB by the exchange of GTP for GDP could facilitate 

the binding of vesicles containing auxin transport proteins, such as PIN.  Therefore, if a 

protein in the RAB dependent targeting mechanism is rendered non-functional, then the 

cargo proteins should not be targeted to the membrane and accumulate in 

endomembranes within the cell. 

There are 57 Rab GTPases encoded in the Arabidopsis genome, which have been 

classified into eight subgroups based on the similarity with mammalian Rab GTPases 

(Rutherford and Moore, 2002).  In addition, there are 54 genes encoding SNAREs, which 

interact with Rab proteins to facilitate vesicle trafficking and docking (Bassham and 
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Blatt, 2008; Hutagalung and Novick, 2011).  Therefore, identification of the precise RAB 

and SNARE that function in targeting specific PIN proteins would be complex.  

Rab proteins have been shown to function in auxin dependent processes, such as 

embryogenesis and lateral root formation (Goh et al., 2007).  ARA2 (RABA1a), a 

mutation in the RAB 5 gene, exhibits an increase in the production of lateral roots with 

low auxin concentrations, but when the gene is over expressed, seedlings produce fewer 

lateral roots with low auxin concentrations (Koh et al., 2009).  Mutants in a Rab5 GEF, 

vps9a-1 and vps9a-2, lose all GEF activity, which inhibits development in embryos and 

primary root elongation in seedlings (Goh et al., 2007).   Even though the relationship 

between these mutants and auxin transport has not been defined, these mutant phenotypes 

indicate that auxin dependent processes require RAB function, and RAB proteins could 

function in the localization of auxin transport proteins in response to gravity. 

 

DENN domain containing proteins function as RAB-GEFs 

 RAB proteins usually lack a defined GEF activity, which is required for the 

trafficking function of RAB proteins in cells (Yoshimora et al., 2010).  One type of 

protein that shows GEF activity is a protein containing a DENN (differentially expressed 

in neoplastic versus normal cells) domain.  DENN domains were first recognized as 

having RAB-GEF activity when a protein was purified from bovine brain and shown to 

contain a DENN domain and have GEF activity (Wada et al., 1997).  The DENN domain 

of a protein is comprised of an upstream domain (u-DENN), a core domain (DENN), and 

a downstream domain (d-DENN) (Yoshimora et al., 2010).  It is believed that the distinct 

folding of these three subdomains, which forms a hydrophobic amino acid core, 
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contributes to the enzymatic function of RAB-GEF activity (Yoshimora et al., 2010).  

These DENN domain containing proteins have been implicated as having GEF activity 

with specific RAB proteins.  DENND1A has shown GEF activity with human RAB-35, 

and cells depleted of DENND1A were not able to target the Shiga toxin to the trans-golgi 

network (TGN) (Yoshimora et al., 2010). In addition, DENND2 and DENND4B showed 

GEF activity for RAB9 and RAB10, respectively.  Similar to DENND1A, the GEF 

activity of these DENN domains were implicated in the regulation of trafficking through 

cell organelles, specifically the TGN and Golgi (Yoshimora et al., 2010). 

 Recent proteomic studies have identified another DENN domain containing 

protein, connecdenn, with GEF activity and a role in the clathrin-mediated endocytosis of 

vesicles (Allaire et al., 2006).  Clathrin has been identified in many eukaryotic organisms 

as one of the primary mechanisms in which cells perform endocytosis using clathrin 

triskeleton proteins binding to the membrane and constraining the membrane to bud into 

a vesicle (Marsh et al., 1999).   In addition, clathrin-coated vesicle formation is dependent 

upon a clathrin adaptor protein (CAP) to bind accessory proteins to facilitate vesicle 

formation (Marat and McPherson, 2010).   Connecdenn was shown to bind to CAP, but 

vesicle formation still occurred even after the loss of connecdenn, thus showing 

connecdenn was not an accessory protein needed for vesicle formation (Marat and 

McPherson, 2010). The DENN domain of connecdenn showed specific affinity for RAB-

35 in the inactive state, and shows GEF activity by activating RAB-35 with the exchange 

of GDP for GTP (Marat and McPherson, 2010; Allaire et al., 2010).  Therefore, 

connecdenn has a role in the RAB dependent trafficking of proteins by acting as a GEF 

while binding to a CAP (Marat and McPherson, 2010).  
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Testing the role of  SCD1 in the asymmetrical localization of auxin transport proteins and 

dependent processes 

Clathrin-mediated endocytosis has also been identified in Arabidopsis as a 

functional method to internalize plant specific cargo (Dhonukshe et al., 2007).  

Specifically, the clathrin-mediated process has been shown to internalize the PIN protein 

family of auxin efflux carriers, suggesting a role of clathrin-mediated endocytosis in 

regulating auxin transport dependent processes (Dhonukshe et al., 2007).  However, a 

protein with GEF activity has not been shown to associate with clathrin-coated vesicles in 

Arabidopsis.  SCD1 is a unique gene because it is the only Arabidopsis gene that encodes 

a protein containing a DENN domain (Falbel et al., 2003; Levivier et al., 2001; 

Yoshimora et al., 2010; Marat and McPherson, 2010).  This suggests that SCD1 protein 

may be involved in the RAB cycle of targeting proteins, including auxin efflux proteins.   

Stomatal cytokinesis defective (scd1) mutant has a single missense mutation in 

the DENN domain and results in a temperature sensitive allele (Falbel et al., 2003). At 

the permissive temperature, 16°C-18ºC, normal stomata form with two guard cells but 

when grown at the nonpermissive temperature, 22°C-25ºC, the formation of stomata 

ventral cell walls is incomplete resulting in a binucleate guard cell (Falbel et al., 2003).  

The phenotype of the temperature sensitive mutant suggest that at the non-permissive 

temperature the SCD1 proteins becomes non-functional due to a physical change in 

protein folding.  SCD1 is expressed in all Arabidopsis tissues, and scd1-1 exhibits a 

defect in polarized cell expansion including root elongation, which is consistent with 

SCD1 having a possible role in regulating vesicle trafficking and localization (Falbel et 



 13 

al., 2003).  In a previous study, scd1-1 has been shown to have a temperature sensitive 

root phenotype (Figure 3)(Mattox, 2009).  The temperature sensitivity of scd1-1 is 

particularly useful because auxin transport can be easily perturbed to dissect the 

relationship between the localization of auxin transport proteins and auxin transport 

dependent processes. 

 

Research Goals 

The goal of this thesis is to use the temperature sensitive mutant scd1-1 to analyze 

the role of SCD1 protein in auxin transport protein localization, auxin transport, and the 

root gravitropic response.  If the SCD1 protein is involved in the cellular mechanisms 

needed for protein localization, then the scd1-1 mutant should show a defect in auxin 

transport, the gravitropic response, and the localization of auxin transport proteins to the 

plasma membrane. The experiments reported here test this hypothesis by quantifying the 

physiological defects in the scd1-1 mutant at the non-permissive temperature.  First, the 

difference in auxin transport between scd1-1 and its parental line will be quantified. 

Second, it will be determined whether scd1-1 has a gravitropic defect.  To ask if the 

defects in auxin transport and the gravity response are related to altered protein 

localization, the localization of auxin transport proteins will be examined in scd1-1 at 

both the permissive and non-permissive temperatures.  The results of this research will 

provide support for the role of SCD1 protein as a potential RAB-GEF involved in the 

plasma membrane localization of auxin transport proteins. 
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Figure 3: scd1-1 has a root phenotype at the non-permissive temperature 

Col(g) (wildtype) and scd1-1 have similar root phenotypes at 18ºC.  At 25ºC, wildtype 

shows expected increase in primary root growth and lateral root formation. However, 

scd1-1 shows a dwarfed primary root with stressed cotyledons and no lateral root 

formation. (This figure was recreated from Mattox, 2009.) 
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METHODS 

Seed Sterilization and Growth Conditions 

 Seeds were sterilized in a sterilization buffer (75% ethanol, 0.01% Triton X-100) 

for 2 minutes and then placed on autoclaved filter paper.  The seeds were then covered 

with 95% ethanol and allowed to dry in the sterile hood.  Seeds were then collected in 

sterile tubes or directly placed on sterile culture media. 

 Seeds were plated on sterile culture media with 0.8% (w/v) Agar ( MP 

Biomedical), 1X MS nutrients (macro and micro salts: MSP01-50LT, Caisson Labs, 

Inc.), vitamins (1µg/mL-1 thiamine, 1µg/mL-1 pyridoxine HCL, and 0.5µg/mL-1 nicotinic 

acid), 1.5% sucrose (w/v), and 0.05% MES (w/v); with pH adjusted to 6.0 with 1M KOH 

before autoclaving.  The seeds were placed in the dark at 4ºC for 48 hours and then 

moved to the permissive temperature (18ºC) or the non-permissive temperature (25ºC).  

The seedlings were grown vertically under light intensity of 100 µmol m-2s-1 for 5 or 7 

days at the specified temperature. 

 Col(g) (wildtype) and scd1-1 seeds were used for the majority of the experiments. 

scd1-1 seeds originated from Tanya Falbel at the University of Wisconsin.  Additionally, 

scd1-1 seeds crossed with PIN2::GFP (Xu and Scheres, 2005), PIN1::GFP (Benkova et 

al., 2003; Heisler et al., 2005), PIN3::GFP (Laskowski et al., 2008), MDR1::GFP (Wu et 

al., 2007), AUX1::YFP (Laskowski et al., 2008) and pDR5-GFP were prepared by Tanya 

Falbel.  Homozygous transgenic lines, screened for both fluorescent signal and scd1-1 

phenotypes, were used for this research. 
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Shootward IAA transport assays 

 To measure shootward IAA transport directly in root tissue, I applied 500 nM 

tritiated IAA (3H-IAA) to root tips.  Five day old seedlings, grown at 18ºC and 25ºC, 

were placed on agar such that their root tips were aligned 24 hours prior to the transport 

assay.  For temperature switch auxin transport experiments in which seedlings were 

transferred from 18ºC to 25ºC, seedlings were placed on agar 24 hours prior to the 

experiment and switched to the appropriate temperature 4, 8, and 24 hours before assay.   

Agar media droplets containing 1.25% agar and 500 nM 3H-IAA were applied to the root 

tips, and seedlings were placed back into respective temperatures under yellow filters to 

prevent auxin degradation (Stasinopoulos and Hangarter, 1989).  After a 2 hour transport 

period, the radioactive droplets were removed from the root tip.  The root was excised 2 

mm from the site of 3H-IAA application, and a 5mm segment of root tissue was excised 

and placed in 2.5 ml of scintillation liquid and radioactivity was measured using a 

Beckman scintillation counter (model LS 6500, Fullerton, CA). 

 Shootward IAA transport was measured indirectly using an artificial promoter 

(pDR5) fused to a green fluorescent protein (GFP).  Five day old seedlings, grown at 

18ºC and 25ºC, were placed on agar such that their root tips were aligned 24 hours prior 

to the transport assay. Agar media droplets containing 1.25% and 1 µM unlabeled IAA 

were applied to the root tips for 1, 2, 3, and 4 hours. After the respective transport period, 

seedlings were mounted with deionized H2O (dH2O) on slides and GFP fluorescence was 

visualized using a Zeiss 710 laser scanning confocal microscope (LSCM)(Jena, 

Germany) using the argon laser for excitation at 488 nm.  Images of root tips were 

captured using 80% laser power with 40x magnification, a pinhole of 2.64 airy units 
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(AU), 560 gain and an emission spectrum of 493-656 nm.  Images were exported to 

Adobe Photoshop, and the distance of GFP fluorescence in the epidermal layers was 

measured using the line tool. 

Gravitropic Response Assays 

 Wildtype and scd1-1 seedlings of similar size were placed on fresh agar plates on 

the 5th day after constitutive growth at 18ºC.  Seedlings were plated such that root tips 

were aligned with ample space between each seedling to prevent roots from intersecting 

after re-orientation.  After 1 hour, seedlings were placed in diffuse light at 20-22 µmol m-

2 s-1 and re-oriented by rotating the plates 90º. Images were captured for low temporal 

resolution analysis at time 0 and at 2 hour intervals until 8 hours after re-orientation, and 

a final image 24-hours after re-orientation.  Images were captured using an Epson 

Perfection 3200 Photo Perfection flatbed scanner (Nagano, Japan) with 16-bit grayscale 

and 800 dpi resolution.  Images were exported to ImageJ to measure degree of curvature 

after gravity stimulation and reported as a function of time. 

 The second method for measuring the gravitropic root response was using high 

temporal resolution imaging.  Three seedlings of each genotype were placed on fresh 

media plates on the 5th day after constitutive growth at 18ºC and 25ºC.  Seedlings were 

plated such that each subsequent root tip was placed below the previous to prevent root 

intersection after re-orientation. After 1 hour, seedlings were placed in diffused light (20-

22 µmol m-2 s-1) and re-oriented by rotating the plates 90º.  High temporal resolution 

images captured root curvature every 2 minutes for 8 hours using AVT Marlin cameras 

(Stadtroda, Germany).  Images were exported and root curvature after gravity stimulation 
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was measured by a MATLAB based custom image analysis software (Lewis et al., 2007).  

Root curvature was graphed as a function of time. 

Gravity Induced Gene Expression 

 To examine the lateral distribution of auxin after gravity stimulation, wildtype and 

scd1-1 seedlings transformed with an artificial auxin promoter fused to a green 

fluorescent protein (pDR5-GFP) were imaged.  Seedlings of similar size were placed on 

fresh agar plates on the 5th day after constitutive growth at 18ºC and 25ºC.  Seedlings 

were plated such that root tips were aligned with ample space between each seedling to 

prevent roots from intersecting after re-orientation.  After 1 hour, seedlings were placed 

in diffuse light at 20-22 µmol m-2 s-1 and re-oriented by rotating the plates 90º. Images 

were captured at time 0 and at 2-hour intervals until 8 hours after re-orientation.  

Seedlings were stained with propidium iodide (PI) to visualize root structure and 

mounted on slides with dH2O. Root tips were visualized at 40x magnification using Zeiss 

710 LSCM using the argon laser for excitation at 488nm.  pDR5-GFP fluorescence was 

captured with 80% laser power, a pinhole of 1.01 AU, 720 gain for GFP, 535 gain for PI, 

and emission spectrum of 492-547 nm and 567-735 nm for GFP and PI, respectively.  

Images were exported to Adobe Photoshop for analysis. 

Statolith Staining and Imaging 

 Wildtype and scd1-1 seedlings were grown for 5 days at 18ºC and 25ºC.  

Seedlings were stained with a 150 mg/mL I2KI Lugol’s solution for two minutes.  

Seedlings were mounted on slides with an 8:2:1 choral hydrate:glycerol:dH2O solution, 

which also cleared remaining Lugol’s stain from the root tissue.  Statoliths were imaged 
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using a Zeiss AxioObserver D.1 inverted microscope (Jena, Germany).  Images were 

captured using a 40x objective.   

PIN2 Transcript Abundance 

 Wildtype and scd1-1 seedling tissue samples were collected after 7 days of 

constitutive growth at 18ºC and 25ºC.  RNA was isolated from tissue samples using a 

Qiagen RNeasy Plant Mini Kit (50) and cDNA synthesis was performed using Invitrogen 

SuperScript.  Quantitative-Real Time PCR was performed using SYBR Green chemistry 

(Applied Biosystems) and the 7500-Fast Real-Time PCR System (Applied Biosystems) 

using universal cycling conditions.  PIN2 primers used in this experiment were developed 

using Prime3Plus (Untergasser et al., 2007).  All results were normalized to an internal 

actin standard. 

Auxin Transport Protein Localization 

 Wildtype and scd1-1 seedlings containing PIN2::GFP, PIN1::GFP, PIN3::GFP, 

MDR1::GFP, and AUX1::YFP were grown for 7 days at a constant 18ºC and 25ºC.  

Seedlings were imaged at indicated temperatures by using a Julabo F25 temperature stage 

(Seelbach,Germany) to maintain 18ºC and 25ºC.  Overview images of fluorescent 

expression of PIN2::GFP were captured using 20x magnification.   Protein localization 

images were captured using a 63x water objective with or without a 1.5x optical zoom.  

Seedlings were mounted in dH2O, and the GFP fluorescence was visualized using a Zeiss 

710 LSCM using the argon laser for excitation at 488 nm.  PIN2::GFP, PIN1::GFP, and 

PIN3::GFP were imaged using 80% laser power, a pinhole of 1.0AU, 679 gain, and an 

emission spectrum of 500-525 nm.  MDR1::GFP was imaged using 80% laser power, a 

pinhole of 1.0 AU, 851 gain, and an emission spectrum of 500-525 nm. AUX1::YFP was 
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imaged using the argon laser for excitation at 514 nm, 80% laser power, a pinhole of 1.0 

AU, 679 gain, and an emission spectrum of 519-621 nm. 

PIN2::GFP and FM4-64 co-location analysis 

 Wildtype and scd1-1 seedlings containing PIN2::GFP were grown for 7 days at a 

constant 18ºC and 25ºC.  N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)-

phenyl)hexatrienyl)pyridinium dibromide (FM4-64) was used to stain the plasma 

membrane and endosomes that formed due to endocytosis of the plasma membrane.  

Seedlings were incubated in 5 µM FM4-64 solution dissolved in dH2O for 20 minutes 

and then washed in dH2O.  The GFP fluorescence and FM4-64 signal were visualized 

using a multi-track setting, to prevent bleed through of signals.  The GFP fluorescence 

was imaged under identical settings as described above.  The FM4-64 signal was imaged 

using 80% laser power, a pinhole of 1.0 AU, 510 gain, and an emission spectrum of 632-

759 nm. 

 Co-localization analysis was performed using ZEN 2010 software. PIN2::GFP 

and FM4-64 signal thresholds were established from control images containing each 

individual signal.  The plasma membrane, PIN2::GFP containing endomembranes, and 

FM4-64 stained endosomes were analyzed as regions of interests. A Pearson’s 

coefficient, which measures the correlation of the intensity values of pixels in a dual-

channel image, was used to determine if the PIN2-GFP and FM4-64 signals are co-

localized, with a maximal coefficient value of 1 (Bolte and Cordelieres, 2006).  In 

addition, a fluorogram will graphically represent co-localization by plotting GFP pixel 

intensity on the x-axis and FM4-64 pixel intensity on the y-axis.  Co-localization will be 
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represented by pixel distribution along a centered line, and pixels that do not co-localize 

are skewed towards either the x-axis or y-axis (Bolte and Cordeliers, 2006). 

Statistical Analysis 

All comparisons within genotype at non-permissive and permissive temperatures 

or between genotypes at a single temperature were analyzed by a one-tailed Student’s t-

test in Microsoft Excel. The respective p values are reported in the results section or in 

figures with p<0.05 indicating significance. 
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RESULTS 

Shootward auxin transport is reduced in scd1-1 at the non-permissive temperature and is 

reversible 

To test the hypothesis that the SCD1 protein is needed for maximum shootward 

auxin transport, I applied 3H-IAA to the root tip of each genotype.  After 2 hours, 

shootward auxin transport was measured by quantifying the amount of 3H-IAA 

transported into a 5 mm root segment 2 mm from the site of 3H-IAA application.  At 

18ºC, wildtype and scd1-1 transported similar amounts of IAA in the shootward 

direction, with no significant difference (p>0.01) (Figure 4).  At 25ºC, the wildtype 

showed a significant 3-fold increase in auxin transport compared to the 18ºC condition 

(p<0.01) (Figure 4).  In contrast, scd1-1 showed equivalent levels of IAA transport at 

18ºC and 25ºC (p>0.05) resulting in significantly less auxin transport in scd1-1 compared 

with the parental line at 25ºC (p<0.01)(Figure 4).  These data are consistent with scd1-1 

not showing a temperature dependent increase in auxin transport. 

The scd1-1 mutant had reduced shootward auxin transport compared to wild type 

when grown constitutively at the non-permissive temperature.  In order to exploit the 

temperature sensitivity of the scd1-1 mutant and determine the time in which the 

potential downstream processes are altered, I asked if auxin transport changes after 

switching scd1-1 from 18ºC to 25ºC.  At 0 and 4 hours after transfer to 25ºC, scd1-1 does 

not show a significant change in auxin transport compared with 18ºC grown seedlings 

(p>0.05)(Figure 5).  At 8 and 24 hours after transfer to 25ºC, there was a significant 

decrease in auxin transport compared with 18ºC grown seedlings (p<0.05)  
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Figure 4: scd1-1 shows reduced shootward auxin transport at 25ºC 

Shootward 3H-IAA transport was measured in 5 day old seedlings. The averages and SE 

for 30 seedlings, for Col(g) and scd1-1 at each temperature, are reported. a Indicates 

significant difference between temperatures within genotype p<0.05. b Indicates 

significance difference between genotype at equivalent temperature p<0.05. 
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Figure 5: scd1-1 shows altered auxin transport within 8 hour exposure to 25ºC 

3H-IAA transport was measured in a shootward auxin transport assay in 5 day old 

seedlings. The averages and SE for 30 seedlings, for Col(g) and scd1-1 at each condition, 

are reported. a Indicates significant difference between each time point and scd1-1 at 

18ºC for 0 hours p<0.05.  
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(Figure 5).  In addition, the 24 hour time point showed a significant decrease compared 

with the 8 hour time point (p<0.05) (Figure 5). These data illustrate that a switch to the 

non-permissive temperature allows the detection of the scd1-1 mutant phenotype in auxin 

transport within 8 hours. 

I have also employed an indirect auxin transport assay, which visualizes the 

movement of auxin induced gene expression signal as a function of time after application 

of unlabeled IAA to the root tip of pDR5-GFP.  I used this assay to compare the parental 

line and scd1-1 transformed with pDR5-GFP at the permissive and non-permissive 

temperatures. To quantify auxin transport, I measured the distance from the root tip in 

which GFP, fused to an auxin induced artificial promoter (pDR5), was expressed over 

time in the epidermal cells of the root tissue.  At 18ºC and 25ºC, wildtype and scd1-1 

show expression limited to the root tip before application of IAA (Figure 6A). At 18ºC, 

wildtype and scd1-1 show fluorescence at similar distances from the site of IAA 

application at all time points (Figure 6A).  Both wildtype and scd1-1 show similar 

kinetics in the movement of auxin with calculated slopes of 23 and 22 µm/hr, 

respectively (Figure 7).  The distance of movement of the auxin induced gene expression 

signal in scd1-1 is significantly greater over the first 3 hours (p<0.05) compared to 

wildtype, but after 4 hours each genotype shows a similar zone of fluorescence 

(p>0.05)(Figure 7). 

 Wildtype at 25ºC shows a similar pattern of a gradual increase in the length of the 

zone of DR5-GFP fluorescence (p>0.05)(Figure 6B), as well as similar kinetics with a 

slope of 21 µm/hr (Figure 7).  In contrast, scd1-1 at 25ºC shows a significant decrease in  
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Figure 6: scd1-1 shows decreased movement of auxin induced gene expression signal 

at 25ºC compared to 18ºC 

Seedlings were grown for 7 days for Col(g) x pDR5::GFP and scd1-1 x pDR5::GFP.  

Auxin induced gene expression signal was measured based on the distance of GFP 
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fluorescence from the root tip until the point at which non-continuous fluorescence was 

seen in 2 or more cells in the epidermal root tissue. (A) Wildtype and scd1-1 show auxin 

induced gene expression signal over 4 hours after application of unlabeled IAA at 18ºC. 

(B) Wildtype and scd1-1 show auxin induced gene expression signal over 4 hours after 

application of unlabeled IAA at 25ºC. 20 seedlings for each time point and condition 

were imaged. Scale bar = 50 µm. 
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distance of fluorescence compared to wildtype at 25ºC at all time points after IAA 

application (p<0.05)(Figure 6B and 7).  scd1-1 at 25ºC shows a slower rate of DR5-GFP 

movement with a calculated slope of 5.4 µm/hr (Figure 7). One surprising observation is 

that the GFP expression increases in the central cylinder of scd1-1 at 25ºC.  The 

significance or mechanism for this increase is not known, but this tissue is not implicated 

in basipetal transport or gravitropism.  Additionally, scd1-1 at 25ºC shows a significant 

decrease in the length of the zone of GFP fluorescence compared with scd1-1 at 18ºC 

(p<0.01) (Figure 6A and 7). These data are consistent in showing that auxin transport is 

substantially reduced when SCD1 protein is non-functional at the non-permissive 

temperature. 

scd1-1 shows a reduced gravitropic response at 25ºC 

  I examined the gravitropic response of Col(g) and scd1-1 at 18ºC and 25ºC to test 

the role of the SCD1 protein in auxin transport dependent processes. The gravitropic 

response at 18ºC for both genotypes was measured at low temporal resolution by 

capturing images at 2 hour intervals, and root curvature was calculated manually using 

ImageJ to determine the gravitropic curvature.  At 18ºC, wildtype showed a delayed 

gravitropic response relative to roots at 25ºC by showing 90º gravitropic curvature 24-

hours after re-orientation (Figure 8A and B).  Surprisingly, scd1-1 had an approximately 

25% decrease in root curvature compared to wildtype at 18ºC (Figure 8A and B). This is 

the only phenotype in which scd1-1 shows a difference compared to wildtype at the 

permissive temperature. 

The gravitropic response at 25ºC for both genotypes was measured by high 

temporal resolution cameras by capturing images every 2 minutes for 8 hours.  At  
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Figure 7: scd1-1 shows a decrease in pDR5-GFP expression distance and rate at 

25ºC 

Seedlings were grown for 7 days for Col(g) x DR5::GFP and scd1-1 x DR5::GFP. Auxin 

induced gene expression signal was measured based on the fluorescence distance from 

the root tip until the point at which non-continuous fluorescence was seen in the 

epidermal root tissue. The average and SE of 20 seedlings for each genotype and time 

point are reported. a Indicates the difference between temperatures within genotype 

p<0.05. b Indicates the difference between genotype at each temperature p<0.05. 
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Figure 8: scd1-1 shows a slightly reduced gravitropic response at 18ºC 

The gravitropic response was measured in 5 day old seedlings using low temporal 

resolution after seedlings were rotated 90º relative to gravity vector. The average and SE 



 31 

for 70 seedlings, for Col(g) and scd1-1, are reported. (A) Four of the 70 seedlings for 

each genotype at 18ºC are shown after 24 hours post 90º re-orientation. 

 (B) Low temporal resolution imaging shows the gravitropic response of scd1-1 and 

Col(g) at 18ºC. 
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25ºC, wildtype showed a full gravitropic response by 8-hours with root curvature 

measured at 90º (Figure 9A and B).   In contrast, scd1-1 showed a >50% reduction in the 

gravitropic response after 8-hours with root curvature measured at 40º (p<0.05) (Figure 

9A and B).  The magnitude of the gravitropic defect in scd1-1 is much greater at this 

temperature. 

scd1-1 seedlings were also switched from 18ºC to 25ºC to test if the gravitropic 

response defect could be induced with similar kinetics to auxin transport reductions. 

scd1-1 seedlings grown at 18ºC and switched to 25ºC for 4 hours before re-orientation 

did not show an overall significant decrease in gravitropic curvature after 8 hours (Figure 

10).  In contrast, scd1-1 switched to 25ºC for 8-hours before re-orientation showed a 

significant decrease in overall gravitropic curvature compared with wildtype at 25ºC 

(Figure 10).  These data illustrate that the scd1-1 mutant shows a phenotype within 8 

hours at the non-permissive temperature similar to the time point in which a change in 

auxin transport was detected. 

scd1-1 has reduced number of columella cells at 25ºC, but no defect in statolith 

accumulation 

I examined the alternative possibility that a gravity defect in scd1-1 was due to a 

change in physical structure of the gravity perception machinery. Statoliths are starch 

filled plastids that settle in response to gravity in the columella cells of the root tip, 

thereby placing physical pressure on cellular structures to induce the gravitropic signal.  I 

stained statoliths using Lugol’s solution and imaged root tips using a Zeiss AxioObserver 

D.1 inverted microscope.  At 18ºC, wildtype and scd1-1 show a similar organization of 

the columella cells and equivalent number of statoliths per cells (Figure 11).  At 25ºC,  
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Figure 9: scd1-1 shows a drastic reduction in the gravitropic response at 25ºC 

Seedlings were grown for 5 days for Col(g) and scd1-1. The gravitropic response was 

measured using high temporal resolution after seedlings were rotated 90º with the gravity 

vector. (A) Arrows show the root tip at the time of re-orientation. The lighter roots show 
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the gravitropic curvature 8 hours post re-orientation. (B) Quantification of root curvature 

as a function of time after re-orientation for 12 seedlings (p<0.05) 
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Figure 10: scd1-1 shows a significant decrease in gravitropic root curvature after a 

switch to the non-permissive temperature for 8 hours 

Seedlings were grown for 5 days, at 18ºC and 25ºC, for Col(g) and scd1-1.  scd1-1  

seedlings grown at 18ºC were switched to 25ºC for 4 and 8 hours before re-oriented 90º. a 

Indicates significant difference between genotypes within the same temperature p<0.05. b 

Indicates significant difference between scd1-1 at 18ºC p<0.05. 
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Figure 11: scd1-1 has no apparent reduction in statolith abundance 

Seedlings were grown for 5 days for wildtype and scd1-1 at the indicated temperatures. 

In addition, seedlings for both genotypes were switched from 18ºC to 25ºC for 24 hours 

before imaging.  Roots were stained with Lugol’s solution and cleared are shown at 40x 

magnification. 10 seedlings for each genotype and condition were imaged. Scale bar = 20 

µm. 
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wildtype and scd1-1 show similar number of statoliths per cell when compared to 18ºC, 

but scd1-1 shows a reduction in the number of columella cells (Figure 11).  In addition, 

when either genotype was switched from 18ºC to 25ºC for 24-hours, wildtype and scd1-1 

did not show a change in the number of statoliths per cell or the reduction in number of 

columella cells that are evident in scd1-1 at 25ºC (Figure 11).  Therefore, the gravitropic 

defect shown in scd1-1 does not appear to be due to a temperature sensitive change in the 

gravity perception machinery at 25ºC. 

 

scd1-1 shows temperature sensitive asymmetrical pDR5-GFP expression at the root tip 

 I used pDR5-GFP to ask if the altered gravitropic response in scd1-1 was 

accompanied by a temperature sensitive defect in the lateral redistribution of auxin at the 

root tip.  In vertical seedlings, wildtype at 18ºC and 25ºC, and scd1-1 at 18ºC, showed 

equivalent GFP fluorescence in the epidermal tissues on both sides of the root.  The 

presence of signal in these tissues differs from the controls of the pDR5-GFP auxin 

transport assay due to a change in the confocal microscopy settings to greater sensitivity 

to see the asymmetrical accumulation of auxin induced gene expression (Figure 12). In 

contrast, scd1-1 at 25ºC did not show fluorescence of GFP in the epidermal root tissue in 

the vertical controls.  At 18ºC, wildtype and scd1-1 showed an asymmetrical 

accumulation of auxin induced fluorescence on the lower flank of the root beginning 4-

hours post re-orientation, and the asymmetrical accumulation increased to approximately 

200 µm from the root tip after 6 and 8-hours post re-orientation (Figure 12).  At 25ºC, 

wildtype showed an enhanced asymmetrical GFP fluorescence in the lower flank of the  

 



 38 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 12: scd1-1 shows decreased lateral distribution of auxin at 25ºC 

pDR5-GFP transformed seedlings were grown for 5 days for Col(g) and scd1-1 at 18ºC 

and 25ºC.   Roots were imaged using laser scanning confocal microscopy. Propidium 

iodide (PI) was used to stain the cell wall to show the root structure and is seen as red. 30 
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seedlings for wildtype at each condition and 20 seedlings for scd1-1 at each condition 

were imaged. Scale bar = 50 µm.  
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root after 4, 6, and 8 hours post-reorientation extending back from the root tip 

approximately 250 µm (Figure 12). In addition, asymmetrical accumulation of auxin 

induced gene expression signal was not detected until 6-hours post re-orientation in scd1-

1 at 25ºC and only extended 66 µm back from the root tip at 8 hours, which is a 

substantially reduced difference compared to 18ºC or to Col(g) at either temperature 

(Figure 12).  These data indicate gravity stimulated auxin transport is inhibited at 25ºC 

and are consistent with a role of SCD1 protein in auxin transport dependent processes. 

 

scd1-1 shows reduced PIN2::GFP expression and PIN2-GFP endomembrane 

accumulation at 25ºC 

 This study is focused on testing the hypothesis that the scd1-1 mutant has altered 

targeting of auxin transport proteins to the plasma membrane.  PIN2 transports IAA in a 

shootward polarity which is believed to control gravitropism (Chen et al., 2009), 

therefore I examined PIN2::GFP in wild type and scd1-1.  The expression domain of 

PIN2-GFP in wildtype and scd1-1 was examined using LSCM at 20x magnification 

(Figure 13).  At 18ºC, wildtype and scd1-1 show clear asymmetric plasma membrane 

localization pattern in the root epidermal tissue spanning from the root tip through the 

elongation zone (>300 µm), which is also found in wildtype at 25ºC (Figure 13).  In 

contrast, scd1-1 at 25ºC showed a reduced region of fluorescence of PIN2-GFP, with 

expression limited to the epidermal tissues within 100 µm from the root tip (Figure 13). 

The epidermal root tissue was examined at 63x magnification using the LSCM to 

provide insight into the patterns of cellular localization of PIN2-GFP in scd1-1 and 

wildtype.  At 18ºC and 25ºC for wildtype and at 18ºC for scd1-1, all PIN2-GFP is found  
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Figure 13:  In scd1-1 at 25ºC PIN2::GFP is in a smaller domain at the root tip 

Seedlings were grown at 25ºC and 18ºC for 5 days. Images were captured under identical 

confocal settings at 20x magnification. 10 images for Col(g) and scd1-1 at each condition 

were captured. Scale bar =50 µm. 
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in the plasma membrane with an asymmetric localization to the rootward facing plasma 

membrane (Figure 14).  In contrast, scd1-1 at 25ºC showed PIN2-GFP fluorescence 

associated with endomembrane bodies within the cell (see arrow) (Figure 14) as well as 

PIN2-GFP localizing to the plasma membrane.  To determine the localization of these 

PIN2-GFP endomembrane bodies, I examined the root epidermal tissue of scd1-1 from 

the root tip up through the elongation zone, and PIN2-GFP was uniformly localized to 

small, punctate endomembrane bodies (Figure 15).   These data suggest that in the 

absence of SCD1 protein PIN2::GFP membrane targeting is disrupted. 

 

scd1-1 mutation specifically affects the PIN protein family  

I examined the effect of the scd1-1 mutation on the localization of other auxin 

transport proteins.  Col(g) x PIN1::GFP showed asymmetrical localization to the plasma 

membrane of PIN1::GFP at 25ºC (Figure 16), which directs the rootward polarity of IAA 

transport.  In contrast, scd1-1 x PIN1::GFP showed PIN1::GFP accumulation in 

endomembranes as well as localization to the plasma membrane (see arrow)(Figure 16). 

In addition, scd1-1 x PIN3::GFP show reduced expression in the columella cells of the 

root tip compared to wildtype at 25ºC (Figure 16).  PIN3::GFP was not detected in 

endomembrane bodies though, even when gain was increased to the point of saturation of 

the membrane.  I examined two additional auxin transport proteins not associated with 

the PIN family, MDR1 and AUX1.  scd1-1 x MDR1::GFP and scd1-1 x AUX1::YFP 

showed similar localization compared to wildtype at 25ºC (Figure 16). These data suggest 

the temperature sensitive scd1-1 mutation specifically affects the polar localization and  
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Figure 14: scd1-1 shows accumulation of PIN2::GFP in endomembranes at 25ºC 

Seedlings were grown for 7 days for Col(g) and scd1-1 at 18ºC and 25ºC.  Images were 

captured under identical confocal settings.  All images were captured at 63x 

magnification. 30 images were captured for both genotypes at each temperature. Scale 

bar = 20 µm. 
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Figure 15: PIN2::GFP is associated with endomembrane bodies at multiple positions  
 
in the root tissue in scd1-1 at 25ºC  
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Seedlings were grown for 7 days for Col(g) and scd1-1. Images were taken under 

identical confocal settings at 40x magnification. 10 images for each genotype and zone of 

region were captured.  Scale bar = 20 µm. 
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Figure 16: scd1-1 shows altered localization in PIN protein family 

Seedlings were grown for 7 days for Col(g) and scd1-1 transgenic lines.  Identical 

confocal settings were used for each transgenic line. PI was used to stain the cell wall to 

show the structure of the root in PIN1::GFP, PIN3::GFP, and MDR1::GFP. Scale bar = 

10 µm. 
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expression of PIN1 and PIN2 auxin efflux transport proteins, with effects on PIN3 being 

intermediate. 

 

PIN2 transcript abundance is similar in wildtype and scd1-1 at 18ºC and 25ºC 

The potential function of the SCD1 protein as a RAB interacting protein suggests 

that the primary function of this protein is targeting.  Yet the very reduced PIN2-GFP 

signal in scd1-1 at 25ºC raised the possibility that PIN2 synthesis was also reduced.  To 

test this possibility, wildtype and scd1-1 seedlings were grown constitutively at 18ºC and 

25ºC and tissue was collected and examined by qualitative real time polymerase chain 

reaction (qRT-PCR) as compared with an internal actin standard. The PIN2 transcript 

abundance was at equivalent levels in scd1-1 and Col(g) at 18ºC and 25ºC (p>0.05) 

(Figure 17). Therefore, the effect of scd1-1 on PIN2::GFP appears to be post-

transcriptional. 

scd1-1 PIN2-GFP endomembrane bodies do not co-localize with FM4-64 endosomes 

 To ask if the endomembranes in which PIN2-GFP accumulates in scd1-1 at 25ºC 

are endosomes, I used FM4-64 to stain the plasma membrane and endosomes and the 

PIN2-GFP and FM4-64 signals were examined to look for co-localization.  At 18ºC, 

wildtype and scd1-1 showed the expected asymmetric plasma membrane localization of 

PIN2-GFP while showing red endosomal bodies (see arrows) within the cell (Figure 18).  

At 25ºC wildtype is equivalent to 18ºC, but scd1-1 at 25ºC showed PIN2-GFP 

accumulation in endomembrane bodies alongside of the red FM4-64 endosomal bodies 

(see arrows) (Figure 18).  
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Figure 17: PIN2 transcript abundance is similar in WT and scd1-1 at 18ºC and 25ºC 

Seedlings were grown for 7 days for Col(g) and scd1-1 at 18ºC and 25ºC.  Root tissue 

was collected from each genotype and temperature condition.  PIN2 transcript abundance 

was measured using qRT-PCR.   
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Figure 18: scd1-1 shows both PIN2::GFP endomembrane bodies and FM4-64 

endosomal bodies at 25ºC 

PIN2::GFP transgenic Col(g) and scd1-1 seedlings were grown at 25ºC for 7 days.  All 

images were captured by LSCM at 63x magnification. 10 images for each Col(g) and 

scd1-1 were captured. Scale bar = 20 µm. 



 50 

To determine if PIN2-GFP was accumulating within the red FM4-64 endosomal 

bodies, I used the ZEN 2010 software to measure the co-localization of PIN2-GFP and 

FM4-64 signals.  The ZEN 2010 software measured co-localization as reported by a  

Pearson’s coefficient and a fluorogram plotting the GFP and FM4-64 pixel intensity on 

the x and y-axes, respectively. Using the plasma membrane as a control, PIN2::GFP and 

FM4-64 co-localized to the plasma membrane as shown in Figure 19a and with a 

Pearson’s coefficient approximately equal to 1 (Table 1).  scd1-1 showed both PIN2-GFP 

endomembrane bodies alongside red FM4-64 endosomal bodies and co-localization  

analysis showed that PIN2::GFP fluorescence and FM4-64 fluorescence do not localize 

to the same endomembranes.  Figure 19b shows the red pixels (endosomes) localized 

within quadrant 2, which specifies pixels expressing only FM4-64 signal.  Figure 19c 

shows the green pixels (PIN2::GFP) localized within quadrant 1, which specifies pixels 

expressing only PIN2::GFP signal.  In addition, FM4-64 and PIN2::GFP in scd1-1 at 

25ºC show significant differences in Pearson’s coefficients with a value less than 1 in 

each respective channel, indicating that these signals do no co-localize (p<0.05) (Table 

1).  These data conclude that PIN2::GFP endomembrane bodies seen in scd1-1 at 25ºC do 

not co-localize with FM4-64 stained endosomal bodies. This question will be explored in 

more detail with early and late endosomal fluorescent protein marker lines. 
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Figure 19: PIN2::GFP endomembrane bodies in scd1-1 at 25ºC do not co-localize 
 
with FM4-64 endosomal bodies 
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Seedlings were grown for 7 days for scd1-1.  Images were captured under identical 

confocal settings.  Images were analyzed using ZEN software. (A) Co-localization 

fluorogram of the plasma membrane. (B) Co-localization fluorogram of FM4-64 

endosomal bodies. (C) Co-localization fluorogram of PIN2::GFP endomembrane bodies. 

10 images were captured for analysis. 
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Table I: PIN2::GFP does not accumulate in endosomes in scd1-1 at 25ºC 

 

The Pearson’s coefficients for PIN2-GFP fluorescent signal and FM4-64 fluorescent 

signal are reported for the plasma membrane, the FM4-64 endosomal bodies, and 

PIN2::GFP endomembrane bodies.  The average and SE of 30 replicates from 6 seedlings 

for plasma membrane, FM4-64 endosomal bodies, and PIN2::GFP endomembrane bodies 

are reported.  A coefficient of 1 demonstrates co-localization.  

a Indicates a significant increase in pixel intensity measured in PIN2::GFP channel 

compared to the FM4-64 channel p<0.05. 

b Indicates a significant increase in pixel intensity measured in the FM4-64 channel 

compared to the FM4-64 channel p<0.05.  

 

 
 
 
 
 
 
 
 

Region of 
Interest 

Plasma Membrane FM4-64 Body PIN2::GFP Body 

 Pearson’s Coefficient 

Fluorescent 
Signal 

PIN2::GFP FM4-64 PIN2::GFP FM4-64 PIN2::GFP FM4-64 
 

Average 0.98 
 

0.99 
 

0.16 
 

1.00b 

 
1.00a 

 
0.12 

  
SE 0.01 

 
0.003 
 

0.03 
 

0.003 
 

0.003 
 

0.02 
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DISCUSSION 
 
 The primary focus of this research was to test the hypothesis that the SCD1 

protein has a role in the cellular mechanisms required for the targeting of auxin transport 

proteins to the plasma membrane.  SCD1 is the only DENN domain encoding gene in 

Arabidopsis thaliana genome (Falbel et al., 2003).  DENN domains, found in other 

eukaryotes, have been shown to be RAB-GEFs that function in protein trafficking 

(Yoshimora et al., 2010; Levivier et al., 2001; Marat and McPherson, 2010).  DENN 

domains are comprised of the sub domains u-DENN, DENN, and d-DENN, which are 

believed to contribute to the functional folding of the protein to form a hydrophobic 

amino acid pore providing the enzymatic activity needed for RAB-GEF activity 

(Yoshimora et al., 2010).  Therefore, a mutant in the SCD1 gene would provide a model 

to test the role of SCD1 protein, a putative RAB-GEF, in the localization of auxin 

transport proteins in Arabidopsis. 

 The scd1-1 (stomatal cytokinesis defective) mutant was identified based on a 

screen for altered stomata, due to the incomplete formation of stomata ventral cell walls 

resulting in a binucleate guard cell (Falbel et al., 2003).  The striking and experimentally 

informative characteristic of this mutant is the temperature sensitive phenotype.  At the 

permissive temperature, 16-18ºC, scd1-1 shows wildtype growth; in contrast, at the non-

permissive temperature, 22-25ºC, scd1-1 shows dwarfed primary root growth and no 

lateral root formation (Falbel et al., 2003; Mattox, 2009).  scd1-1 has reduced rootward 

auxin transport needed for proper lateral root formation and the accumulation of auxin 

transport proteins in endomembranes (Mattox, 2009), which suggests the potential role of 

the SCD1 protein in vesicle trafficking.  To determine the role of  the SCD1 protein, I 
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examined the temperature sensitive phenotype using molecular and physiological assays 

of auxin transport dependent processes. These were combined with laser scanning 

confocal microscopy examination of the localization of auxin transport protein 

fluorescent protein fusions to test if SCD1 was required for the localization of auxin 

transport proteins, with a focus on the PIN2 protein that mediates basipetal IAA transport 

and root gravitropic responses. 

 Two assays were employed to demonstrate the effect of the scd1-1 mutation on 

shootward auxin transport.  Using a radioactive 3H-IAA tracer assay in scd1-1, shootward 

auxin transport levels are similar to wildtype at 18ºC.  However, scd1-1 auxin transport is 

significantly reduced at 25ºC when compared with wildtype seedlings. More importantly, 

after a temperature switch from the permissive to the non-permissive temperature, scd1-1 

seedlings showed reduced 3H-IAA transport that could be detected in scd1-1 within 8 

hours after transition to the non-permissive temperature.  

 To visualize the movement of auxin in the scd1-1 mutant, I used an indirect assay 

in which scd1-1 and wildtype seedlings were transformed with the auxin responsive 

pDR5-GFP reporter.  This construct allows for the indirect detection of auxin transport as 

movement of auxin leads to the localized activation of the auxin-responsive DR5 

promoter, which induces the expression of GFP.  Therefore, I measured the change in 

length of the zone of GFP fluorescence resulting from the exogenous application of IAA 

to the root tips of scd11-1 and wildtype seedlings over a period of 4 hours. At the 

permissive temperature, scd1-1 and wildtype showed a gradual increase in the length of 

the zone of GFP fluorescence from the root tip beginning 1 hour after IAA application.  

After 4 hours, wildtype and scd1-1 showed a similar increase in the distance of GFP 
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fluorescence as well as a rate of auxin transport of 23 and 22 µm/hr, respectively. In 

contrast, scd1-1 showed a significant decrease in the zone of fluorescence at 25ºC 

compared with wildtype.  The quantification of the distance as a function of time showed 

that the GFP fluorescence zone increased at a rate of 5.4 µm/hr.  This rate of movement 

of the GFP signal in this assay is slower than the previously measured rate of 3H-IAA 

transport of 15 mm/hr in stems (Goldsmith, 1977) or 8-10 mm/hr in Arabidopsis roots 

(Rashotte et al.,  2003).  This is not surprising, though, as IAA must induce transcription, 

translation, and GFP fluorophore assembly.  At 25ºC, the LSCM micrographs showed an 

accumulation of GFP fluorescence in the root tip of scd1-1 after IAA was applied for 4 

hours, indicating auxin is not being transported away from the site of application.  These 

data support the hypothesis that the SCD1 protein is needed for maximum auxin 

transport.   

The accumulation of auxin in root tissues is known to inhibit cell elongation 

(reviewed by Muday and Rahman, 2007), therefore I asked if the lateral auxin 

accumulation in scd1-1 root tips would be accompanied by altered root gravitropic 

response, a process dependent upon functional shootward auxin transport (Rashotte et al., 

2000).  Low temporal resolution quantification of root curvature illustrated an 

unexpected, albeit small magnitude, gravitropic defect in scd1-1 at 18ºC.  scd1-1 was 

expected to show similar gravitropic response as wildtype at 18ºC.  The permissive 

temperature for scd1-1 ranges between 16ºC -18ºC suggesting that for this particular 

phenotype, scd1-1 may require a lower temperature in order to show a wildtype 

gravitropic response (Falbel et al., 2003).  Consistent with this hypothesis, scd1-1 x 
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PIN1::GFP forms some endomembrane bodies at 18ºC, but not at 16ºC (Amir Rezayat, 

personal communication).  

To provide insight into the gravitropic response of scd1-1 at the non-permissive 

temperature, high temporal resolution analysis of gravitropism was performed by 

capturing images of roots re-orientated relative to the gravity vector every 2 minutes for 8 

hours.  A significant decrease in the gravitropic curvature of roots in scd1-1 compared 

with wildtype at 25ºC was detected.  In addition, the gravitropic response was measured 

in scd1-1 after plants were shifted from the permissive to the non-permissive 

temperature. After 8 hours at 25ºC, scd1-1 showed a significant decrease in root 

curvature.  The timing for the detection of an agravitropic phenotype is consistent with 

the data showing altered IAA transport after 8 hours at the non-permissive temperature.   

 I asked if lateral auxin transport that drives differential growth during 

gravitropism was also altered in scd1-1.  I examined the lateral distribution of auxin 

induced gene expression signal at the root tip in pDR5-GFP transgenic plants.  The 

Cholodny-Went hypothesis suggests differential growth in root tissues, as a result of 

asymmetrical accumulation of auxin, is a driving factor in the gravitropic response 

(reviewed by Muday and Rahman, 2007).  Therefore, pDR5-GFP fluorescence should 

show an asymmetric pattern of auxin induced gene expression after plants are re-

orientated relative to the gravity vector in plants that are able to response to gravity.  

scd1-1 and wildtype have similar asymmetric auxin induced gene expression patterns 

after re-orientation at 18ºC.  In contrast, scd1-1 at 25ºC did not show an asymmetric 

pattern of auxin induced gene expression until 8 hours after gravity stimulation, and the 

magnitude of the expression is noticeably less than wildtype after 4 hours, suggesting 
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auxin was not being laterally transported to drive the differential growth.  To verify that 

the scd1-1 gravitropic phenotype was not due to an effect on gravity perception, I 

examined the distribution of statoliths in the root tip in scd1-1 and Col(g).  I detected a 

reduction in the number of columella cells containing statoliths in scd1-1 at 25ºC, but 

equivalent number of cells at 18ºC. This difference was maintained in scd1-1 transitioned 

from 18ºC to 25ºC for 24 hours.  Because an 8 hour shift is adequate to impair both auxin 

transport and gravitropism, this suggests that the reduction in number of statolith 

containing columella cells does not drive the gravity phenotype. These data support the 

hypothesis that a functional SCD1 protein is needed to maintain both polar and lateral 

auxin transport and the physiological processes dependent upon appropriate auxin 

distribution. 

 scd1-1 has reduced shootward auxin transport, gravitropic response, and auxin 

asymmetry that defines gravity response. Therefore, I asked if there was a change in the 

plasma membrane localization of PIN2, an auxin transport protein that mediates 

shootward auxin transport and is required for root gravitropism (Chen et al., 1998). I used 

scd1-1 and wildtype seedlings crossed with the PIN2::GFP transgene to examine the role 

of SCD1 in the plasma membrane localization of PIN2.  At the permissive temperature, 

scd1-1 and wildtype show similar asymmetric plasma membrane localization in the root 

epidermal tissue spanning from the root tip through the elongation zone.  At the non-

permissive temperature, scd1-1 shows PIN2::GFP fluorescence limited to the epidermal 

tissues of the root tip. To verify that the difference in GFP fluorescence was due to post-

transcriptional effects, I demonstrated that PIN2 transcript abundance was at wildtype 

levels in scd1-1.   
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 The accumulation of PIN2::GFP in endomembranes in scd1-1 at 25ºC is one of 

the most important features of this research, as these results suggest the SCD1 protein 

plays a role in the cellular mechanisms required for targeting auxin transport proteins to 

the plasma membrane. To examine the defect in auxin transport protein localization in 

scd1-1, I performed co-localization analysis to determine in which endomembrane 

PIN2::GFP was accumulating.   scd1-1 and wildtype seedlings containing PIN2::GFP 

were stained with FM4-64, a dye that stains the plasma membrane and is endocytosed 

thereby accumulating in endosomes.  Co-localization analysis showed that the 

PIN2::GFP endomembrane bodies did not co-localize with red FM4-64 endosomal bodies 

with a Pearson’s coefficient of 0.1195 when more than 60 endomembranes are examined 

in 6 seedlings.  The co-localization of these signals would have been consistent with 

previous experiments that suggest a role for RAB proteins in endosomal targeting (Koh et 

al., 2009; Marat and McPherson, 2010).  However, these results suggest a role of RAB 

mediated targeting through a different organelle.  The next series of experiments will be 

to test if PIN2::GFP endomembrane bodies exhibit ER, Golgi, or TGN character by 

examining organelle marker lines, with fluorescent proteins that fluoresce in distinct 

cellular compartments, that have been crossed into scd1-1 seedlings containing 

PIN2::GFP. 

I examined additional auxin transport proteins in scd1-1 to determine if the 

expected localization pattern of these proteins were affected by the loss of a functional 

SCD1 protein.  Similar to PIN2::GFP in scd1-1, PIN1::GFP showed accumulation in 

endomembrane bodies at 25ºC in scd1-1, but not in wild type. PIN3::GFP showed 

reduced fluorescence intensity and fluorescence was evident in a smaller number of 
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columella cells in scd1-1 at 25ºC. This pattern resembles the reduced number of 

columella cells observed when statoliths are stained.  However, PIN3::GFP fluorescence 

was not found in endomembrane bodies like PIN2 or PIN1 even when control settings 

were adjusted to observe weak fluorescent signals.  In contrast, the auxin influx protein 

AUX1::YFP and the efflux protein MDR1::GFP showed similar localization in scd1-1 at 

25ºC as compared with the wildtype.  These results indicate the scd1-1 mutant may 

specifically function in the localization of PIN1 and PIN2, proteins that mediate polar 

auxin transport. 

This study examined the role of SCD1 in the regulation of auxin transport 

proteins.  The SCD1 protein contains a DENN domain, and SCD1 was predicted to 

function in the RAB cycle as an effector protein, as illustrated in Figure 2.  However, 

recent studies have provided strong evidence that proteins containing DENN domains 

have GEF activity.  A knockout in the DENN domain containing protein, connecdenn, 

showed the accumulation and enlargement of endosomes (Marat and McPherson, 2010; 

Allaire et al., 2010). These studies concluded connecdenn mediated targeting of proteins 

was occurring through endosomes by co-localization studies with connecdenn-GFP and 

FM4-64 (McPherson et al., 2006).  In contrast, my co-localization studies provide 

evidence that PIN2::GFP was not accumulating in FM4-64 stained endosomes.  These 

results suggest that SCD1 dependent targeting, presumably mediated by a RAB-GEF 

activity, may regulate targeting through other organelles. It is also possible that FM4-64 

is not staining all endosomes and that targeting through late stage endosomes is affected 

by this mutation.  This possibility can be tested by examination of PIN2-GFP localization 

relative to fluorescent protein marker lines with accumulation that is localized to early 



 61 

and late endosomes. If these results confirm that scd1-1 does not alter endosomal 

targeting, the next most logical hypothesis is that trans-golgi to endosomal targeting is 

altered, as this is also a clathrin dependent process (Hinners and Tooze, 2003).  

Because scd1-1 illustrated cellular endomembrane accumulation of proteins 

resembling connecdenn knockouts, I have proposed an updated model, which focuses on 

the SCD1 protein regulating protein localization as a mediator between the clathrin and 

RAB cycle (Figure 20).  At the permissive temperature, SCD1 protein binds CAP and 

recruits/activates a RAB protein allowing for the vesicle to bind to the RAB-effector 

protein and initiate vesicle fusion with the membrane (Figure 20A).  At the non-

permissive temperature, SCD1 is not able to activate the RAB protein thus preventing the 

vesicle from depositing PIN2 to the plasma membrane resulting in endomembrane 

accumulation of PIN2::GFP (Figure 20B).   

The auxin transport, gravitropism, and PIN2::GFP localization phenotypes of 

scd1-1 also suggest additional insight into the interconnections between these processes.  

In particular, the striking change in PIN2::GFP at the root tip of scd1-1 with both 

endomembrane accumulation and a reduced zone of expression, could either be the cause 

or the result of altered auxin transport.  PIN2 localization to the plasma membrane has 

been shown to be dependent on auxin levels in root tissues (Paciorek et al., 2005).  Roots 

treated with auxin have an increase in the levels of PIN2 at the plasma membrane 

(Paciorek et al., 2005).  When transgenic PIN2::GFP roots are treated with BFA, the GFP 

fluorescence is found in endomembranes, but after washout it returns to the plasma 

membrane.  Auxin blocks the effect of BFA and increases the effect of washout.  When 

roots are reoriented relative to gravity auxin increases on the lower side and the 
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abundance of  BFA bodies containing PIN2::GFP is reduced on the lower side of the root 

(Paciorek et al., 2005). These data suggest that high levels of auxin were able to enhance 

the plasma membrane targeting of PIN2 in the lower side of the root while depletion of 

auxin on the upper side impairs targeting.   The experiments in this study showed that the 

scd1-1 mutant had altered localization of PIN2::GFP with the accumulation of PIN2 in 

endomembrane bodies, and a reduction in auxin transport at 25ºC.  At 25ºC the SCD1 

protein cannot mediate targeting of PIN2 protein to the plasma membrane.  As a result, 

auxin cannot be transported up through the epidermal tissues, effectively decreasing 

auxin levels, which may also prevent PIN2 from being targeted to the plasma membrane.   

The normally positive feedback loop by which auxin enhances its own transport is clearly 

impaired in scd1-1 providing additional support to this model. 

 
The goal of this study was to ask if SCD1 protein is required for the appropriate 

membrane targeting of auxin transport proteins.  Previous studies have shown that protein 

localization can be altered by the loss of GEF activity in a DENN domain containing 

protein (Marat and McPherson, 2010).  Therefore, the temperature sensitive allele of 

scd1-1 suggests the DENN domain containing protein, SCD1, may function in targeting 

auxin transport proteins and enhancing dependent physiological processes.  The reduction 

in auxin transport, gravitropic response, asymmetric auxin induced gene expression and 

altered PIN2::GFP localization clearly defines the role of SCD1 in mediating the 

localization of PIN2 to the plasma membrane and dependent physiological responses.  

The goal of this study was not to identify the biochemical activity of the SCD1 protein, 

but the conserved DENN domain suggests that this protein could encode a RAB-GEF.  

The altered localization of PIN2::GFP and dependent physiology phenotypes is consistent 



 63 

with the putative role of this protein in RAB dependent targeting. Future experiments 

examining in which organelle PIN2::GFP accumulates will provide further insight into 

the mechanisms by which SCD1 protein regulates protein targeting. 
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Figure 20: Model of SCD1 protein as a RAB-GEF 
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(A) At 18ºC, the SCD1 protein may bind to the clathrin adaptor protein (CAP) and 

recruits the inactive RAB protein. The DENN domain of  SCD1 protein may activate the 

RAB protein, which is then able to associate with a RAB-effector protein located on the 

target membrane.  After the effector protein tethers the vesicle to the target membrane, 

the vesicle fuses with the membrane and deposits the auxin efflux carrier, PIN2.  This 

specific localization of PIN2 regulates the transport of auxin and the phsyiological 

processes dependent upon auxin transport.  (B) At 25ºC, the SCD1 protein binds to the 

CAP and recruits the RAB protein.  However, the DENN domain of SCD1 protein does 

not have GEF activity at the non-permissive temperature and cannot activate the RAB 

protein. As a result, the vesicle does not associate with the RAB-effector protein and is 

not able to fuse with the target membrane.  Thefore, PIN2 accumulates in endomembrane 

bodies and is not able to mediate maximum auxin transport. 

(Influenced by Figure 13-14A from Molecular Biology of the Cell, 4th Edition by Alberts, 

Johnson, Lewis, Raff, Roberts, and Walter.) 
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