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ABSTRACT 
 

The hormone indole-3-acetic acid (IAA) is transported unidirectionally in plant 

cells via asymmetrically localized carrier proteins.  This polarity is believed to be 

established and maintained by vesicular delivery and endosomal cycling of these proteins. 

The SCD1 (stomatal cytokinesis defective) protein has a domain structure that suggests it 

may function in Rab dependent protein trafficking.  We examined IAA transport, IAA 

efflux protein localization, and dependent physiological processes in the temperature 

sensitive scd1-1 mutant and asked if this protein functions in targeting auxin transport 

proteins to the appropriate membranes.  Roots of scd1-1 exhibit wild-type root 

development at the permissive temperature, but at the nonpermissive temper are shorter 

than wild-type and form almost no lateral roots, but root development is reversible by 

IAA treatment.  Acropetal IAA transport is also substantially lower in scd1-1 than wild-

type at the nonpermissive temperature.  Experiments in which seedlings are shifted from 

permissive to nonpermissive temperature have also helped to define the windows in 

which lateral root initiation is regulated by SCD1 activity.  When scd1-1 is grown at the 

nonpermissive temperature,PIN2::GFP exhibits altered localization and accumulates in 

endomembrane structures.  These experiments support the hypothesis that SCD1 is 

required for auxin transport protein localization and lateral root development. 
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INTRODUCTION 
 

 
 Auxin is an essential plant hormone that has important functions in regulating 

plant growth and development; including regulation of stem elongation; root growth; 

vascular tissue differentiation, and differential growth responses to environmental stimuli, 

such as phototropism and gravitropism, and maintenance of overall plant polarity (Muday 

and DeLong, 2001; Muday et al., 2003; Muday and Rahman, 2007).  Auxin is required 

for both lateral root initiation (Casimiro et al., 2001) and elongation (Reed et al., 1998) 

and the levels of auxin are modulated by auxin synthesis and transport.  This study 

focuses on testing the role of one specific protein in targeting auxin transport proteins and 

the subsequent effects on auxin transport dependent physiological processes; especially 

root development. 

 

Auxin transport and transport proteins 

 Auxin, of which indole-3-acetic acid (IAA), is the most naturally abundant 

molecule, moves unidirectionally from the apex to the base in shoots; however, IAA 

polar transport is more complex in roots, and occurs in two different polarities, acropetal 

and basipetal.  In basipetal IAA transport, IAA moves from the root apex toward the base 

through the outer layer of cells, and is required for gravitropism and root elongation 

(Rashotte et al., 2000; Muday and DeLong, 2001).  In acropetal polar transport, IAA 

movement is from the shoot toward the root apex, through the central cylinder (Tsurumi 

and Ohwaki, 1978), and has been shown to be required for lateral root elongation (Reed 

et al., 1998; Bhalerao et al., 2002). 

1 



 The cell-to-cell polar transport of auxin is mediated by asymmetric localization of 

auxin influx and efflux carrier complexes that define tissue specific polar auxin 

movements (Leyser, 2006).  The proteins that mediate basipetal IAA transport include the 

influx carrier AUX1 (Auxin Insensitive 1) and LAX1 (Like AUX1) (Marchant et al., 

1999; Parry et al., 2001; Swarup et al., 2004; Yang et al., 2006; Carrier et al., 2008), and 

the efflux carriers PIN2 (Pinformed 2) (Chen et al., 1998; Müller et al., 1998; Rashotte et 

al., 2000), and ABCB4/PGP4/MDR4 (ATP Binding Cassette Transporter Class B4/P-

Glycoprotein 4/Multi-Drug Resistant 4) (Geisler et al., 2005; Terasaka et al., 2005; Lewis 

et al., 2007).  The efflux carriers, PIN1 and MDR1/PGP19/ABCB19 (ATP Binding 

Cassette Transporter Class B19), have been implicated in mediating acropetal IAA 

transport, and AUX1 may also function in this pathway (Rashotte et al., 2001; Benkova 

et al., 2003; Blakeslee et al., 2005; Lewis et al., 2007; Negi et al., 2008; Wu et al., 2007).  

The PIN gene family is named for the pin shaped inflorescence found in the pin1 mutant, 

which also results in reduced basipetal auxin transport in the inflorescence (Okada et al., 

1991) and reduced acropetal IAA transport in the root (Daniel Lewis, personal 

communication).  However, the pin2 mutant (which is allelic to the agravitropic root1 or 

agr1 mutant) has reduced basipetal IAA transport in the root and is agravitropic (Chen et 

al., 1998; Rashotte et al., 2000).  AUX1, LAX1, and ABCB19 proteins show uniform 

distribution in the plasma membrane; while the asymmetric localization of auxin efflux 

carriers of the PIN protein family is one of the determinants of the polarity of auxin 

transport (Wu et al., 2007).  The membrane asymmetry of these proteins has been 

demonstrated using both antibodies and PIN::GFP fusions (Leyser, 2006). 
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Auxin transport is essential for proper lateral root development.  IAA efflux 

inhibitors block lateral root formation prior to the initial division events and alter normal 

PIN localization during root development (Casimiro et al., 2001; Benkova et al., 2003).  

The triple mutants pin2,3,7, which participate in acropetal IAA transport, show impaired 

lateral root inhibition, and over-expression of PIN1 slows and disorders primordia 

formation (Benkova et al., 2003; Laskowski et al., 2008). Over-expression of the PIN1 

gene also perturbs the normal auxin-induced gene expression gradient at the tip of the 

lateral root primordia, which can be detected by the auxin inducible reporter, DR5-GUS 

(β-glucuronidase) (Benkova et al., 2003).  Similarly, IAA influx inhibitors also block 

lateral root formation (Negi et al., 2008), and the aux1 mutant shows reduced lateral root 

formation (Marchant et al., 1999). 

 

Regulation of auxin transport 

Appropriate localization of IAA efflux proteins likely occurs by directed vesicular 

delivery of proteins to the membrane surface and subsequent cycling between the plasma 

membrane and endosomes (Feraru and Friml, 2008).  Treatment with Brefeldin A (BFA), 

a drug that interferes with vesicular transport, leads to the accumulation of PIN1 or PIN2 

in compartments with endosomal characteristics that can be distinguished from ER and 

Golgi (Geldner et al., 2001; Paciorek et al., 2005; Geldner et al., 2003; Grebe et al., 2003).  

BFA inhibits ARF (ADP Ribosylation Factor) proteins by binding to an ARF-GEF (ADP 

Ribosylation Factor Guanine Exchange Factor) complex and blocking the exchange of 

GDP for GTP needed for activation of an ARF (Peyroche et al., 1999; Robineau et al., 

2000; Nielsen et al., 2008).  ARF proteins function as molecular switches to regulate 
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vesicular traffic (Vernoud et al., 2003) by functioning in the recruitment of vesicle coats 

necessary for vesicle budding and cargo selection, and determination of cellular location 

(Donaldson and Jackson, 2000; Nebenführ et al., 2002; Muday et al., 2003).   

The GNOM(GN)/EMB30 gene encodes an ARF-GEF that is involved in the 

process of endosomal cycling from the plasma membrane. GNOM is the target of BFA 

action, and specifically functions in the movement of proteins (including PIN1) from the 

endosome to the plasma membrane (Geldner et al., 2001; Geldner et al., 2003; Richter et 

al., 2007).  The gn/emb30 mutants have altered localization of PIN1(Geldner et al., 2003; 

Geldner et al., 2004), and the  gn/emb30 mutants have pleiotropic defects, such as failure 

to establish polar auxin transport and coordinated cell polarity in embryo axis formation, 

that have been linked to the mislocalization of PIN1 (Steinmann et al., 1999).  A BFA-

resistant GNOM ARF-GEF was engineered by substituting amino acids in the consensus 

sequence predicted to be the binding site for BFA; rendering the site unable to bind to 

BFA.  This BFA resistant construct was introduced into the gnom mutant in order to 

complement the mutant phenotype, but also render the plants insensitive to BFA (Geldner 

et al., 2003). 

Since ARF-GEFs play an active role in targeting of PIN proteins to the 

appropriate membrane, a logical hypothesis is that ARF-GTPase activating proteins 

(ARF-GAPs) would also affect vesicular targeting of PIN proteins.  ARF-GAPs are 

negative regulators that activate latent GTPase activity of ARF, which then hydrolyzes 

GTP to GDP; inactivating the ARF.  ARF-GAPs also regulate vesicle formation and 

sorting of cargo molecules in multiple steps of vesicular traffic including endocytosis in 

yeast and mammalian cells (D'Souza-Schorey et al., 1995; Yahara et al., 2001).  The 
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SCARFACE (SFC) gene was shown to encode an ARF-GAP (Sieburth et al., 2006), and 

the sfc1 mutant exhibits altered PIN1::GFP localization in response to BFA treatment 

(Sieburth et al., 2006).  Double mutants between sfc1 and weak gnom alleles result in a 

novel partially suppressed phenotype, which suggests that gnom and sfc1 may function in 

the same pathway (Sieburth et al., 2006).   

Studies of mutations or treatments that reduce ARF-GEF and ARF-GAP activity 

indicate that these proteins function in targeting auxin transport proteins and dependent 

physiological processes (Geldner et al., 2003; Sieburth et al., 2006).  Weak gnom alleles 

produce defects in lateral root formation; moreover, whole-mount preparations 

demonstrated that this defect was caused by a failure to initiate lateral root primordia 

(Geldner et al., 2004).  Experiments with sfc mutants have demonstrated that they 

produce fewer lateral roots than control plants (Sieburth et al., 2006).  Treatments with 

BFA also reduce lateral root formation by disrupting proper primordia development 

(Geldner et al., 2001; Geldner et al., 2004; Sieburth et al., 2006).  These results are all 

consistent with a direct dependence of lateral root formation on proper targeting of polar 

auxin transport proteins.  

A number of interesting molecular mechanisms that control the asymmetric 

localization of auxin transport proteins have been identified.  There are a large number of 

ARF, ARF-like (ARL), ARF-GAPs, and ARF-GEFs in the Arabidopsis genome 

(Vernoud et al., 2003) which provide the possibility of highly regulated vesicle 

trafficking.  Recently, other proteins have been discovered that have functions in PIN 

protein endocytosis and localization of specific PIN proteins such as Sorting Nexin1 
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(SNX1) (Jaillais et al., 2006), vacuolar protein sorting 29 (VPS29) (Jaillais et al., 2007), 

and clathrin (Dhonukshe et al., 2007).  

 

Rabs as regulators of auxin transport 

Additional proteins that participate in the targeting of proteins to appropriate 

membrane compartments include the Rab-GTPase family (Ypt family in yeasts); 

specifically, Rab GTPases are key regulators of vesicular transport.  The Rab and ARF 

GTPases are members of two related sub-families that function in regulating processes 

such as the formation of vesicles, and vesicle docking on target membranes (Zerial and 

McBride, 2001; Gillingham and Munro, 2007; Nielsen et al., 2008; Woollard and Moore, 

2008).  Whole genome sequencing revealed that the Arabidopsis genome encodes 57 Rab 

GTPases, which can be classified into eight subgroups in accordance with the similarity 

to mammalian Rab GTPases (Ueda et al., 2004).  The Arabidopsis genome also contains 

54 genes encoding soluble N-ethylmaleimide-sensitive fusion attachment protein 

receptors (SNAREs) (Sanderfoot et al., 2000) which have a central role in specifying and 

catalyzing the fusion of vesicles to, and removal from, the plasma membrane, as well as 

other endomembrane compartments (Bassham and Blatt, 2008). 

Rab proteins are particularly interesting because of the mechanisms by which they 

facilitate the docking of transport vesicles, as shown in Figure 1 (Chavrier and Goud, 

1999).  In the donor compartment (endoplasmic reticulum or endosome), a GEF 

recognizes a specific Rab protein which causes an exchange of GDP to GTP (Nuoffer and 

Balch, 1994).  This exchange causes a conformational change of the Rab protein so that it 

can bind to the membrane of a newly formed transport vesicle, which in plant cells that  
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Figure 1: Model of functional cycle of Rab proteins 

Rab proteins facilitate the docking of transport vesicles.  Rab proteins are incorporated 

into a transport vesicle, either during or after its formation.  The attachment process of 

Rab GDP complexes involves several proteins including GEF (Guanine Exchange 

Factor), which assists in the exchange of GDP for GTP.  Rab GTP interacts with Rab 

effector proteins to target the vesicle to the appropriate sites on the acceptor membrane 

(Chavrier and Goud, 1999). 

(Reprinted with permission from Current Opinion in Cell Biology) 
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transport auxin, may contain PIN, or other bound transport proteins.  The Rab protein-

transport vesicle complex is also bound with a vesicle-membrane SNARE (v-SNARE) 

(Novick and Zerial, 1997).  Both Rab-GTP and v-SNARE stay bound to the transport 

vesicle after it pinches off the donor membrane and then the Rab-GTP is bound to the 

Rab effector protein, which is docked on the target compartment (plasma membrane) 

(Novick and Zerial, 1997; Chavrier and Goud, 1999).  At this point, the v-SNARE is 

paired with a target membrane SNARE (t-SNARE) which initiates membrane fusion of 

the transport vesicle to the target membrane (Novick and Zerial, 1997).  After the vesicle 

has fused to the target membrane, GTP hydrolysis occurs, which releases the Rab-GDP  

from being bound to the Rab effector protein (Novick and Zerial, 1997; Chavrier and 

Goud, 1999).  The Rab-GDP can be reused in a new round of vesicular transport since it 

is stabilized by a GDP dissociation inhibitor (GDI) which prevents the Rab from 

releasing its bound GDP until it has interacted with another GEF in the donor membrane 

(Chavrier and Goud, 1999). 

There has been some recent evidence that Rab proteins function in auxin 

dependent processes.  The Rab5 GEF mutant, vps9a-1, loses all GEF activity and 

development aborts in embryos.  The leaky mutant, vps9a-2, has defects in primary root 

elongation (Goh et al., 2007).  Mutations in the Rab gene, ARA2 (RABA1a), cause 

seedlings to produce more lateral roots when exposed to a low concentration of auxin; 

however, overexpression of this gene causes seedlings to produce fewer lateral roots 

when exposed to a low concentration of auxin (Koh et al., 2009). The linkage between 

these mutant phenotypes and auxin transport have not been fully developed. 
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SCD1 – a potential Rab interacting protein 

The presence of 57 Rabs encoded in the Arabidopsis genome suggest a 

mutagenesis approach is to identify Rabs that function specifically in auxin transport will 

be complex.  In contrast, the unique characteristics of stomatal cytokinesis defective 1 

(SCD1) and the phenotype of scd1-1 mutants make it a useful tool for identifying Rab 

dependent auxin efflux protein targeting.  There have been a variety of genes that have 

been functionally linked to trafficking in the biosynthetic pathway of Arabidopsis (Rojo 

and Denecke, 2008).  SCD1 encodes a protein with N-terminal DENN domains and 8 C-

terminal WD-40 repeats.  DENN domains are found in Rab-effector proteins and Rab-

GEFs (Levivier et al., 2001).  SCD1 is expressed in all Arabidopsis tissues and is a single 

copy gene that is conserved across all sequenced plant genomes; however, the direct 

activity of SCD1 has not yet been demonstrated (Bednarek and Falbel, 2002; Falbel et al., 

2003). 

 

Research Goals 

The focus of this thesis is to explore the role of the SCD1 protein in targeting of 

PIN proteins and resulting effects on auxin transport root dependent physiological 

processes.  The scd1-1 mutant phenotype is consistent with a role of SCD1 in 

determining cellular polarity.  scd1 mutants were identified due to disruptions in the 

formation of the cell plate during guard mother cell cytokinesis, as well as exhibiting a 

defect in polarized cell expansion including root elongation (Falbel et al., 2003).  scd1-1 

is a recessive temperature sensitive mutation that exhibits missing or partial ventral cell 

9 



walls and cell wall stubs in stomata (Falbel et al., 2003).  scd1-2 is a complete loss-of-

function allele that exhibits more severe phenotypes (Falbel et al., 2003).   

The following experiments were designed to provide insight into the molecular 

mechanisms that allow cells to asymmetrically localize auxin transport proteins using the 

scd1-1 mutant as a genetic tool.  The hypothesis tested was that the SCD1 protein has an 

important function in specifying the localization of auxin efflux proteins to the 

appropriate membranes in order to mediate polar auxin transport and lateral root growth.  

By utilizing the temperature sensitivity of the scd1-1 mutant, these experiments should 

provide further insight into the cross-talk between the pathway in which SCD1 functions 

and other targeting pathways, as well as the function of Rab signaling in regulation of 

auxin transport. 
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METHODS 
 

Seedling growth conditions 

 Seeds were sterilized by 2 different methods.  One method incubated the seeds in 

sterilized water for 20 minutes at room temperature.  The seeds were then soaked in 10% 

Triton X-100 for 5 minutes and then soaked in 95% ethanol for 5 minutes.  The seeds 

were then washed 5 times in sterile water.  The second method sterilized seeds in bulk 

after harvesting.  All steps were performed under the hood.  The seeds were washed in 

SDS for 5 minutes and then placed on autoclaved filter paper.  The seeds and filter paper 

were covered with 95% ethanol, and the alcohol evaporated in the sterile hood.  Seeds 

were then collected in sterile tubes or directly plated on sterile agar media. 

Seeds were placed on sterile culture media with 0.8% (w/v) Type M agar (A-4800, 

Sigma), 1X MS nutrients (macro and micro salts: MSP0501, Caisson Labs, Inc.), 

vitamins (1 µg/mL-1 thiamine, 1µg/mL-1 pyridoxine HCl, and 0.5 µg/mL-1 nicotinic acid), 

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

autoclaving.  The seeds on agar were then placed in the dark at 4°C for 48 hours and then 

moved to the permissive temperature, which ranged from 16°-18°C, but will be referred 

to as 18°C, or the nonpermissive temperature, which ranged from 23°-25°C, but will be 

referred to as 25°C.  The plates were then placed in racks vertically under light banks at 

an intensity of approximately 100µmol m-2s-1 for at least 5 days at the specified 

temperature. 

Col(g) and scd1-1 seeds were used for most of the experiments.  The original 

scd1-1 stock came from Tanya Falbel at the University of Wisconsin as well as the 
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original scd1-1 crossed with PIN1::GFP (Benkova et al., 2003; Heisler et al., 2005) or 

PIN2::GFP (Xu and Scheres, 2005).   Both transgenic scd1-1 x PIN lines were 

heterozygous, and a series of self-crosses and corresponding GFP and scd1-1 phenotypic 

screens accompanied each generation until a homozygous stock was reached for scd1-1 x 

PIN1::GFP.  However, recently, it was discovered that the homozygous line had lost the 

GFP signal, and so further studies using this line were postponed.  Multiple scd1-1 x 

PIN2::GFP seeds were screened for GFP and scd1-1 phenotypes, and homozygous lines 

were used for this research. 

 

Characterization of scd1-1 root length and lateral root development 

 Seedlings of similar size were placed on fresh sterile agar plates on the 5th day 

after growth at continual 18°C or 25°C.  Marks were made on the bottom of the plates 

every day to indicate the location of the primary root tip.  The distance between the 

marks was measured to indicate the amount of growth per day.  Lateral roots initiation 

events corresponding to stages VI and VII of primordia (Malamy and Benfey, 1997) and 

emerged lateral roots (defined as any root that broke through the epidermis of the primary 

root) were quantified by using a dissecting microscope.  The density of lateral roots was 

determined by dividing the number of lateral roots by the length of the primary root in cm.   

The formation of lateral roots was also examined in plants that were moved 

between temperature conditions.  Col(g) and scd1-1 seedlings were grown at 18°C or 

25°C continuously or transferred from 18°C to 25°C at 2, 4, or 6 days after being placed 

at the appropriate initial temperature.  A parallel experiment was performed where 

seedlings were grown at 25°C continuously or transferred from 25°C to 18°C at 2, 4, or 6 
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days after being placed at the appropriate initial temperature.  On day 10, all seedlings 

were cleared using a previously described method which utilized a 4% formaldehyde 

solution replaced the following day with a 30% glycerol and 2% DMSO solution 

(Dubrovsky et al., 2009).  The number of lateral root initiation events (at all stages from 

I-VII) and the number of emerged lateral roots were quantified on day 10 by Differential 

Interference Contrast (DIC) microscopy using the Zeiss AxioObserver inverted 

microscope Plan Apochromatic 40x objective. 

 

Treatment of seedlings with IAA to enhance lateral root formation 

 Seedlings were treated with IAA in 2 ways.  The first was a global application.  

Col(g) and scd1-1 seedlings were grown on sterile agar plates at 25°C for 5 days.  On the 

5th day, the seedlings were transferred to agar plates containing 0, 1, or 10 µM IAA and 

remained at 25°C.  Lateral root initiation events and emerged lateral roots were quantified, 

as well as primary root length, using a dissecting microscope every 24 hours for 9 days.   

 The second IAA treatment was a local application.  Col(g) and scd1-1 were grown 

at 25°C for 5 days.  On day 5, the seedlings were transferred to fresh plates at 25°C, and 

were divided into 2 groups.  One group contained intact seedlings, while the other group 

was excised at the root shoot junction and the shoot discarded.  The shoot excised and 

intact seedlings had an agar droplet containing 0, 10, or 25 µM of IAA placed at the cut 

site or at the root shoot junction, respectively.  Both groups remained at 25°C through 10 

days of growth, and the primary root length as well as lateral root initiation events and 

emerged lateral roots were quantified using a dissecting microscope every 24 hours. 
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Acropetal IAA transport assay 

 Pulse-chase acropetal IAA transport assays were performed following a detailed 

protocol (Lewis and Muday, 2009).  Col(g) seedlings were assayed at 9 days and 6 days 

at 18°C and 25° C, respectively.  scd1-1 seedlings were assayed at 10 days for both 18°C 

and 25°C to more closely match the length of scd1-1 and Col(g).  Seedlings were placed 

on fresh agar plates, and a 1µM droplet of tritiated IAA was placed at the root shoot 

junction and incubated at 18°C or 25°C for 10 minutes.  After the 10 minute incubation, 

the seedlings were transferred to a new agar plate, and agar containing a “chase” of 

unlabelled 1µM IAA replaced the agar droplet containing tritiated IAA.  After an 

additional transport period of 50 minutes, 2mm sections were excised beginning at the 

base of the droplet towards the root tip.  Three to six segments were recovered from all 

plants, and each segment was counted separately and measured by scintillation counting, 

for 2 minutes per segment, using a Beckman LS6500 liquid scintillation counter.  

 

PIN1::GFP and PIN2::GFP Localization 

 Wildtype or scd1-1 seedlings containing PIN1::GFP or PIN2::GFP were grown 

for 5-7 days at a constant 18°C or 25°C until they were imaged.  All images were taken 

with a 63x water objective with or without a 2x optical zoom.  For FM4-64 staining, 

seedlings were incubated in 5µM stain solution containing 1X MS liquid media for 20 

minutes and then washed in 1X MS solution.  PIN1::GFP seedlings were then 

immediately mounted in 1X MS and visualized.  PIN2::GFP seedlings were mounted in 

deionized water and visualized.  The GFP fluorescence was visualized using a Zeiss 710 

laser scanning confocal microscope (LSCM) using the argon laser for excitation at 488 
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nm.  PIN1::GFP and PIN2::GFP images were imaged using constant laser, identical gain 

and digital offset settings with a pinhole of 2.9 airy units except for the 10x images which 

were taken with a pinhole of 1.5 airy units. 

 

Endomembrane Markers 

Table I shows the various marker lines that were screened using the Zeiss 710 

LSCM.  All seedlings were grown for 5-7 days at a constant 25°C until they were imaged.  

All lines were imaged at 2 different tissue layers: epidermis and central cylinder.  The 

root tip, transition zone, elongation zone, primordia and root shoot junction were all 

imaged in this fashion in order to determine if any of the marker lines would be useful for 

future studies in which they would be crossed into scd1-1.  All images were taken with 

63x water objective with or without 2x optical zoom.   
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Table I: Imaged organelle markers 

Plants Organelle Paper 
NAG1-EGFP Golgi Dixit and Cyr, 2002; Grebe et 

al., 2003 
G-yk (CS16255) Golgi Nelson et al., 2007 
SYP61-CFP 
SYP61-CFP GFP-
dTIP 

TGN/endosomes Sanderfoot et al., 2001 

sec12-YFP ER Hanton et al., 2007 
ER-yk (CS16252) ER Nelson et al., 2007 
SYP22-YFP Prevacuolar 

compartments/endosomes 
Robert et al., 2008 

Rha1-EYFP Endosome Preuss et al., 2004 
29-1 Plasma membrane GFP Wu et al., 2007 
ADL1A-GFP Cell Plate Kang et al., 2003; Dhonukshe 

et al., 2006 
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RESULTS 
 
 

Root growth in the scd1-1 mutant is temperature sensitive 

 Col(g) and scd1-1 seedlings were grown at 18°C or 25°C under continuous light 

for 12 days.  For each condition and genotype, root length and number of lateral roots 

was determined for 20 seedlings between days 5 and 13 and images were captured at day 

12, as shown in Figure 2.  The images indicate that when grown at 25°C, the overall 

growth and development of scd1-1 was severely stunted, compared to wildtype.  scd1-1 

seedlings had reduced root and shoot development, including smaller cotyledons and true 

leaves, as well as a yellow tint to these organs when compared to wild type at 25°C. In 

particular primary root length and the number of lateral roots are significantly reduced in 

scd1-1 at this temperature with p<0.0001 at day 6 and day 12 (Figure 2B and C).  In 

contrast, when grown at 18°C, both scd1-1 and wildtype had similar growth and 

development and there are no significant differences in root length or number of lateral 

roots, as judged by Student’s T-test, p>0.05 (Figure 2B and C).  

 

Col(g) and scd1-1 have similar auxin transport rates at 18°C 

 In order to determine if the reduced root phenotype in scd1-1 was linked to altered 

auxin transport, auxin transport was measured in Col(g) and scd1-1 seedlings grown at 

18°C for 9 and 10 days, respectively, under continuous light (Figure 3A), or grown at 

25°C for 6 and 10 days, respectively (Figure 3B).  For each condition and genotype, the 

amount of 3H-IAA was measured in a pulse chase assay by quantifying progressive 2mm  
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Figure 2: Root growth in the scd1-1 mutant is temperature sensitive 
 
(A) Image of Col(g) and scd1-1 roots at 12 days after sowing grown under continuous 

light at 18°C and 25°C.  Size bar = 1cm.  (B)  Primary root length was measured daily for 

Col(g) and scd1-1 seedlings maintained at 25° C or 18°C.  The average and standard 

error are reported for 20 seedlings. (C)  Lateral root initiation events as well as emerged 

lateral roots were quantified daily for Col(g) and scd1-1 seedlings maintained at 25°C or 

18°C.  The average and standard error are reported for 20 seedlings. 

a Indicates significant difference in scd1-1 relative to Col(g) at indicated time point 

determined by Student’s T-test p<0.0001. 

b Indicates significant difference at 18°C relative to 25°C at the 2 temperatures at 

indicated time point determined by Student’s T-test p<0.0001.
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Figure 3: scd1-1 has reduced auxin transport at the nonpermissive temperature, but 

not at the permissive temperature 

(A) Seedlings were grown for 9 and 10 days for Col(g) and scd1-1, respectively.  3H-IAA 

transport was measured in a pulse chase assay.  Transported auxin was quantified in 

progressive segments downstream of the site of application in 2mm sections.  The 

averages and SE of 25 and 19 Col(g) and scd1-1 respectively, are reported above.  (B) 

Seedlings were grown at 25°C for 6 and 10 days for Col(g) and scd1-1, respectively to 

better match seedling length.  3H-IAA transport was measured in a pulse chase assay.  

Transported auxin was quantified in progressive segments downstream of the site of 

application in 2mm sections.  (C) The sum totals of the amount of IAA per segment 
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where quantified using the above experimental data for both permissive and 

nonpermissive temperatures.  

The averages and SE of 42 and 35 seedlings for Col(g) and scd1-1, respectively, are 

reported above.  

*Indicates significant difference between scd1-1 and Col(g) determined by Student’s T-

test p<0.05 (Fig. A, B) and p<0.0005 (Fig. C).
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segments downstream of the site of exogenous auxin application and a Student’s T-test 

was used to determine significant difference with p<0.05.  At 18°C, wildtype and scd1-1  

transported approximately the same amount of IAA in the acropetal direction with no 

significant differences between the genotypes at any segment (p>0.05) (Figure 3A,C).  At 

25°C, scd1-1 had a significant decrease in auxin transport in the segment that is 4 mm 

from the site of application (p<0.05). These roots are shorted than Col(g), therefore it was 

not possible to measure transport beyond this segment.  To provide a better sense of 

overall transport, the radioactivity in all the segments were summed for both 18°C and 

25°C, as shown in Figure 3C.   In total, there is an approximately two fold statistically 

significant reduction (p<0.005) in total transport at 25°C, but no significant differences at 

18°C (p>0.05).  

 

scd1-1 has wildtype lateral root density with 1µM global IAA treatment at 25°C 

 In order to determine if the absence of lateral roots in scd1-1 was due to the 

inability of roots to form or du to altered auxin availability, a global IAA treatment of 

roots was performed.  Col(g) and scd1-1 were grown at 25°C for 5 days before being 

transferred to fresh agar plates containing 0, 1 or 10 µM IAA and kept under yellow light.  

10 seedlings per treatment were measured for 4 additional days to quantify lateral root 

initiation events and root length.  Lateral root density was calculated by dividing the 

number of emerged lateral roots per cm primary root length (Figure 4).  In the absence of 

IAA, there are significantly fewer roots formed in scd1-1 (p<0.0005), while at 1µM IAA, 

the lateral root phenotype of scd1-1 is completely reversed with no significance detected 

between wildtype and scd1-1 (p>0.05).  At 10 µM, IAA also increases lateral root 
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Figure 4: scd1-1 has wildtype lateral root density with 1 µM global IAA treatment at 

25°C 

 
Seedlings were germinated at 25°C, and at 5 days after sowing, transferred to agar with 

the indicated IAA concentrations.  After 4 additional days of growth, the number of 

primordia (stage 5 and 6) and emerged lateral roots were quantified for Col(g) and scd1-1.  

The density of primordia and emerged lateral roots divided by length in cm is reported.  

The averages and standard error bars of 10 seedlings for Col(g) and scd1-1 per treatment 

are reported above.   

* Significant differences between genotypes as determined by Student’s T-test are 

indicated with p<0.0005. 
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formation in scd1-1, but at this dose the number of lateral roots is not as great as in the 

control. Yet, the ability of global IAA treatment to induce lateral root formation in scd1-1 

to equivalent levels to wildtype at any IAA dose, is consistent with the mutant having the 

capacity to form lateral roots and with auxin availability limiting this process.   

 

Shoot excision in scd1-1 and wildtype elicited growth and lateral root phenotypes 

 The previous experiment shows that scd1-1 can form lateral roots when auxin is 

applied.  A second experiment asks if the root phenotype in scd1-1 is affected by shoot 

excision and whether the reduced root formation can be reversed by auxin application at 

the root-shoot junction and subsequent acropetal IAA transport.  Col(g) and scd1-1 

seedlings were grown at 25°C for 5 days under continuous light.  On day 5, 8-11 

seedlings, per treatment and genotype, were transferred to fresh agar plates under yellow 

light for 5 more days.  Seedlings were treated with 0, 10, or 25 µM IAA agar droplets 

applied at the cut site or the root shoot junction, for intact or shoot excised Col(g) and 

scd1-1 seedlings, resectively.  The number of lateral root initiation events as well as 

emerged lateral roots, and primary root length for intact and excised roots treated with 

three IAA concentrations is reported in Table II.  Removing shoot derived auxin, 

statistically significantly reduced root formation in wildtype (p<0.05) so that few lateral 

roots formed, resulting in a phenotype similar to the scd1-1 mutant. In contrast, in scd1-1, 

shoot excision had no significant effect on root formation in the absence of IAA (p>0.05). 

Exogenous auxin supplied at the root shoot junction significantly increased root 

density at 10 and 25 µM in intact Col(g) and at 25 µM in excised Col(g) (p<0.05) relative 

to untreated controls.  Yet, at all IAA doses, the density of lateral roots was reduced in  
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Table II: Removal of shoot derived auxin has no effect on lateral root formation in 

scd1-1 compared to the profound effect in wildtype 

    
Col(g) 

Excised     
scd1-1 
Excised   

IAA 
Conc. 

# of 
Lateral 
Roots Growth 

Density 
(#/cm) 

# of 
Lateral 
Roots Growth Density 

0µM 0±0 1.1±0.1 0±0c 0.2±0.2 0.9±0.1 0.2±0.2 

10µM 0±0 0.6±0.1 0±0c 0.8±0.3 0.3±0 2.3±0.8 

25µM 1.0±0 0.3±0 2.9±0.4b,c 1.8±0.3 0.3±0 5±0.7a,b,c 

    
Col(g) 
Intact     

scd1-1 
Intact   

IAA 
Conc. 

# of 
Lateral 
Roots Growth Density 

# of 
Lateral 
Roots Growth Density 

0µM 8.6±0.5 3.3±0.3 3.5±0.6 0.4±0.2 0.9±0 0.4±0.3 a 

10µM 17.3±1.1 3.3±0 5.3±0.8b 1.0±0 0.5±0 2.1±0.2a,b

25µM 11.8±1.7 2.6±0.2 4.9±0.7b 2.5±0.5 0.5±0 4.5±0.9b 
 
The number of lateral root initiation events as well as emerged lateral roots, and primary 

root length at day 10 are reported (earlier days data not shown).  The averages and SE of 

8-11 seedlings for Col(g) and scd1-1 per treatment are reported above.   

a indicates significant differences in density between genotypes within the same treatment 

group and IAA concentration determined by Student’s T-test p<0.01.   

b indicates significant differences in density within genotype and treatment group 

between 0µM and indicated IAA concentration determined by Student’s T-test with 

p<0.05.   

c indicates significant differences in density within genotype between shoot excised and 

intact and same IAA concentration determined by Student’s T-test with p<0.05.
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the excised relative to intact Col(g) controls.  In contrast in scd1-1, both doses of IAA 

significantly enhanced root formation in the intact and excised seedlings (p<0.05), but the  

relative density of lateral roots was extremely similar in the intact and excised at each 

IAA dose.  The differences between intact and excised scd1-1 are not significant in the 

absence of IAA (p>0.05), while the slight differences in density are marginally 

significant at 10 and 25 µM IAA. These results are consistent with shoot derived auxin 

being needed for lateral root formation in wild-type, but with no role of the shoot in 

regulating root formation in scd1-1, consistent with impaired acropetal IAA transport in 

this mutant. 

We also asked if root elongation in scd1-1 and Col(g) is regulated by differences 

in shoot derived auxin transport. Ten Col(g) and scd1-1 seedlings were grown at 25°C for 

5 days under continuous light before being transferred to fresh plates under yellow light.  

All shoots were excised and replaced with an agar droplet that contained either 0, 10, or 

25 µM IAA.  Primary root growth was measured for 5 more days, and a graph of length 

over time is shown in Figure 5.  Col(g) and scd1-1 grew at similar rates within each 

treatment group; with only one small, but significant difference on day 10 between Col(g) 

and scd1-1 treated with 25 µM IAA (p<0.005).  Both scd1-1 and Col(g) show significant 

root growth inhibition by auxin application to the root shoot junction (p<0.0001 and 0.05, 

respectively). 

 

Lateral root development requires SCD1 function in the first 4 days 

 We utilized the temperature sensitive phenotype of scd1-1 to understand when 

SCD1 is needed during the early stages of lateral root development.  Col(g) and scd1-1  
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Figure 5: Wildtype and scd1-1 elongate equivalently after shoot excision 
 
Seedlings were grown at the nonpermissive temperature for 5 days.  On day 5, the 

seedlings were transferred to fresh plates at the nonpermissive temperature, and the 

seedlings were excised at the root shoot junction with the shoot discarded.  Agar droplets 

containing the indicated IAA concentration were applied at the site of excision, and the 

primary root length was measured through day 10.  The averages and SE of 10 seedlings 

for Col(g) and scd1-1 per treatment are report above.   

a Indicates significant difference between genotypes for day 10 determined by Student’s 

T-test with p<0.005.   

b Indicates significant differences within Col(g) at 0µM versus indicated concentration 

for day 10 determined by Student’s T-test with p<0.05.   

c Indicates significant differences within scd1-1 at 0µM versus indicated concentration 

for day 10 determined by Student’s T-test with p<0.0001. 
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seedlings were grown at constant 18°C or transferred from 18°C to 25°C at 2, 4, or 6 days 

after being placed at the initial temperature.  On day 10, all seedlings, 10 per treatment,  

were cleared and lateral root initiation events as well as the number of emerged lateral 

roots were quantified.  Normalizing data to the percentage of Col(g) was also shown to 

better illustrate the differences at each temperature treatment, and the red boxes signify 

when SCD1 function is needed for normal lateral root development (Figure 6).  There 

was a significant difference (p<0.05) between the number of lateral root initiation events 

between 18°C and 25°C for both Col(g) and scd1-1, with increased root formation for 

Col(g) at the higher temperature and decreased root formation for scd1-1.  When the 

seedlings were kept at 18°C for 2 days and then transferred to 25°C, fewer roots are 

formed in scd1-1 (p<0.05).  In contrast, 4 or more days at 18°C is sufficient to induce 

lateral root formation in scd1-1.  This could signify that the period in which functional 

SCD1 protein is needed is during the first 4-6 days after sowing.   

  Alternatively, Col(g) and scd1-1 seedlings were grown at 25°C or transferred 

from 25°C to 18°C at 2, 4, or 6 days, after being placed at the initial temperature. There 

was a significant difference (p<0.0005) between scd1-1 seedlings maintained at 25°C and 

seedlings switched from 25°C to 18°C at days 2, and 4. The combination of the results 

from these two experiments indicate that there is a developmental window between 2 and 

6 days after sowing in which SCD1 function is required for root formation. 

 

scd1-1 exhibits reduced PIN1::GFP expression and altered membrane localization 

 In order to determine if SCD1 mediates the localization of the auxin efflux 

carriers, the localization of GFP fusion proteins to efflux carriers was examined.  As  
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Figure 6: Lateral root development requires SCD1 function in the first 4 days 
 
(A) Seedlings were grown at 18°C continuously or transferred from 18°C to 25°C at 2, 4, 

or 6 days after sowing.  (C) The parallel experiment was performed where seedlings were 

grown at 25°C continuously or transferred from 25°C to 18°C at 2, 4, or 6 days after 

sowing.  (B,D) On day 10, all seedlings were cleared and the number of initiation events 

as well as the number of emerged lateral roots were quantified.   Averages and standard 

error are reported for 10 seedlings per treatment.  Red boxes indicate treatment when 

SCD1 function is sufficient for root formation.   

a Indicates significant differences within genotype between 18°C control and indicated 

treatment determined by Student’s T-test with p<0.05.   
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b Indicates significant differences within genotype between 25°C and indicated treatment 

determined by Student’s T-test with p<0.0005.
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PIN1 is implicated in regulation of acropetal IAA transport, we examined PIN1::GFP in 

Col and after crossing into scd1-1.  These seedlings were grown at 25°C under  

continuous light for 7 days; at which point they were imaged using laser scanning 

confocal microscopy (LSCM).  The expression domain of PIN1-GFP in the mutant is 

reduced by ~3 fold in overall length, and localization frequently accumulated on the side 

membranes (see arrows) in scd1-1 (Figure 7).  The wildtype shows a clear “ladder” 

pattern of PIN1::GFP accumulation on the polar membranes whereas the mutant displays 

PIN1::GFP accumulation on all membranes and within the cell.  PIN1::GFP occasionally 

accumulated in endomembranes of some samples (see arrows) in scd1-1 (Figure 8).  

These accumulations were not seen in the wildtype.  The provided PIN1::GFP images in 

the scd1-1 line are somewhat preliminary; however, imaging this line in additional 

samples and other tissues, was not possible due to the loss of GFP in the line, and the 

need to backcross previous stocks that had been pre-screened prior to additional analyses.  

When the original GFP and scd1-1 screens were performed, a homozygous line was 

thought to have been established; however, after re-analyzing the predicted homozygous 

line, it appears as though the GFP was still segregating. 

 

FM4-64 and PIN1::GFP exhibit same colocalization patterns in scd1-1 at 25°C 

 In order to understand the character of the GFP positive endomembrane bodies in 

scd1-1 containing PIN1-GFP, the dye FM4-64 was used. This dye stains the plasma 

membrane and stays fluorescent as the membrane is endocytosed. Wildtype seeds 

containing PIN1::GFP and scd1-1 containing PIN1::GFP seedlings were grown at 25°C 

for 5 days and then imaged using LSCM after FM4-64 staining.  Figure 9 shows the  
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  DIC+GFP  GFP   GFP  GFP zoom 
 
Figure 7: scd1-1 exhibits reduced PIN1::GFP expression and altered membrane 

localization 

Seedlings were grown at 25°C for 7 days.  Images were captured under identical confocal 

settings.  All images were taken with 63x water magnification except for the zoom.  

Arrows indicated regions where GFP signal is more evident on the side membrane in 

scd1-1 than in wildtype.  The size bars are 20 or 5µm, as indicated.  n = 20. 
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Figure 8: PIN1::GFP accumulates in internal structures in scd1-1 
 

Seedlings were grown at 25°C for 7 days.  Images were captured under identical confocal 

settings. All images were taken with 63x water magnification.  Arrows indicate 

endomembrane accumulations in scd1-1 that are not evident in Col(g).  The size bars are 

20µm.  n = 20
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Figure 9: FM4-64 and PIN1::GFP exhibit altered patterns in scd1-1 at 25°C 
 
Seedlings were grown at 25°C for 5 days and then imaged using laser scanning confocal 

microscopy.  The left column shows wild type and the right column shows the 

temperature sensitive mutant scd1-1.  This image contains PIN1::GFP images as well as 

FM4-64 stained samples with the last 2 rows showing colocalization within the 

endoplasmic bodies, see arrows.  There is a greater abundance of FM4-64 stained 

endosomes in wildtype.  Size bar = 20 µm.  n = 25 
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visualization of the PIN1::GFP and FM4-64 fluorescence patterns.  In scd1-1, the FM4-

64 image illustrates the disordered organization of the cells of the root tip, as defined by  

the FM4-64 stained plasma membrane, compared to wildtype.  The PIN1::GFP signal is 

restricted to a smaller region in scd1-1 roots and is at a lower intensity with a less 

uniform membrane asymmertry.  In the higher magnification panel of scd1-1, there are  

endomembranes labeled with both PIN1::GFP and FM4-64 suggesting that some of the 

PIN2::GFP positive endomembrane bodies may be endosomes. 

 

PIN2::GFP accumulates in internal structures in scd1-1 in the elongation zone 

 Seedlings of Col and scd1-1 transformed with PIN2::GFP were grown at 18°C or 

25°C under continuous light until imaged using LSCM after 6 days of growth.  The left 

panels show wildtype GFP expression with and without DIC, and the right panels show 

scd1-1 GFP expression with and without DIC (Figure 10).  At 18°C, wildtype and mutant 

had the similar GFP expression domains and intensity at 10, 20, and 63x magnifications 

in n > 20 seedlings.  At this permissive temperature at 20x, PIN2::GFP expression is 

evident from the root tip up through the transition zone in both Col(g) and scd1-1.  At 

25°C, scd1-1 exhibits a reduced expression domain at all magnifications that indicates 

that PIN2::GFP expression is reduced in the elongation zone and further back from the 

root tip.   

When the root transition and elongation zones are examined at higher 

magnification, we observe PIN2::GFP accumulation within endomembrane bodies that 

can be observed with the 63x objective.  All images used constant laser, identical gain 

and digital offset settings with a pinhole of 2.9 airy units except for the 10x images which 
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Figure 10: PIN2::GFP accumulates in internal structures of scd1-1 in the elongation 

zone 

Seedlings were grown at 18°C or 25°C for 6 days and then imaged using laser 

scanning confocal microscopy.  The left 2 columns show wildtype without or with DIC 

overlay.  The right 2 columns show scd1-1 without or with DIC overlay.  Wildtype and 
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scd1-1 have similar GFP expression domains at 18°C compared to 25°C where there is 

altered membrane localization in the mutant. Seedlings were imaged using constant laser, 

identical gain and digital offset settings with a pinhole of 2.9 airy units except for the 10x 

images which were taken with a pinhole of 1.5 airy units.  Size bar for 10x = 100µm, 20x 

= 50µm, 63x = 20µm.  n = 20
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were taken with a pinhole of 1.5 airy units. The one exception is for the 63x images in 

which gain was increased from 700 to 900 to allow visualization of PIN2::GFP in scd1-1,  

when the signal is substantially reduced.  In addition to the endomembrane bodies, there 

is a reduced  GFP expression on the plasma membrane signifying the GFP tagged PIN 

proteins aren’t reaching the plasma membrane. 

In order to understand the tissue specificity of the defect of PIN2::GFP 

localization in scd1-1 mutants, we examined a previously published microarray data set 

of gene expression in root tissues (Birnbaum et al., 2003).  There are 3 developmental 

cell stages along the root tip.  Stage 1 contains the root cap and root tip; Stage 2 is the 

transition zone, and Stage 3 is the elongation zone.  SCD1 gene expression is highest in 

Stage 2 of each tissue type (Figure 11), which corresponds to the location of 

endomembrane bodies imaged in scd1-1 x PIN2::GFP. 

 

PIN2::GFP expression patterns  in the elongation zone in scd1-1 resemble Golgi markers 

 Four markers were used to look for labeling that has similarity to the 

endomembrane bodies seen in the elongation zone in scd1-1 x PIN2::GFP (Fig 12).  The 

visualization of EYFP-sec12, an ER marker, a line transformed with two markers: 

SYP61-CFP  and GFP-dTIP, a trans-Golgi network and endosomal marker, respectively, 

and EGFP-NAG1, a Golgi marker, were imaged at the nonpermissive temperature in the 

elongation zone.  As seen in Fig 12, the Golgi marker, EGFP-NAG1 appears to most 

closely resemble the endomembrane bodies visualized in scd1-1.   
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Figure 11: SCD1 is expressed in various tissue types in Arabidopsis 
 
Expression profiling SCD1 gene expression in various tissue types at 3 developmental 

stages.  Stage 1 contains the root cap and root tip; Stage 2 is the transition zone, and 

Stage 3 is the elongation zone.  SCD1 gene expression is highest in Stage 2 at all tissue 

types.  These expression patterns are from a previously published data set. 
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Figure 12: scd1-1 x PIN2::GFP at 25°C has similar expression patterns as ER and 

Golgi markers 

Seedlings were grown at 25°C for 6 days and then imaged using laser scanning confocal 

microscopy.  EYFP-sec12 is an ER marker, and EGFP-NAG1 is a Golgi marker.  The left 
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column shows the 2 marker lines and scd1-1 imaged at 63x.  The right column shows a 

2x zoom.  The Golgi marker, appears to have a similar expression pattern as scd1-1.  Size 

bar for 63x = 20µm, 63x with 2x zoom = 10µm.  n = 5. 
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DISCUSSION 
 

 The major goal of this work is to test the hypothesis that the SCD1 protein 

controls the polar localization of auxin transport proteins and dependent physiological 

processes, such as lateral root development.   SCD1 encodes a protein with 3-N-terminal 

DENN domains and 8 C-terminal WD-40 repeats (Falbel et al., 2003).  The DENN 

domain is found in humans, Drosophila, mice, rats, and C. elegans in proteins involved in 

trafficking, specifically Rab dependent pathways (Levivier et al., 2001). There are several 

proteins identified that share DENN domains with SCD1: Rab-effector protein and/or 

Rab-GEF (Guanine nucleotide exchange factor) (Levivier et al., 2001; Bednarek and 

Falbel, 2002; Falbel et al., 2003). Therefore, we chose to use this mutant to ask if the 

SCD1 protein may function in targeting of auxin transport proteins in Arabidopsis. 

 The character of the SCD1 protein suggest a function in vesicle targeting; 

although, the scd1-1 mutant was identified in a very different screen.  scd1-1 seedlings 

were isolated in a screen for altered stomata and have disruptions in the formation of the 

cell plate during guard mother cell cytokinesis.  The scd1-1 mutant exhibits a temperature 

sensitive phenotype (Falbel et al., 2003).  At the permissive temperature, 18°C, scd1-1 

seedlings show wildtype growth; however, at the nonpermissive temperature, 25°C, scd1-

1 seedlings have altered stomata cytokinesis, but are stunted in shoot growth and have 

shorter roots (Falbel et al., 2003).  We characterized the root phenotype of this mutant to 

understand whether SCD1 functions in this tissue.  These experiments tested the 

hypothesis that SCD1 controls auxin transport by directing the efflux carriers to the 

appropriate membranes in Arabidopsis roots.  This study takes a 3-prong approach to 
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testing this hypothesis by examining auxin transport, root development, and localization 

of PIN1 and PIN2 proteins that function as auxin efflux carriers. 

 In scd1-1, auxin transport is reduced in both the acropetal and basipetal (Kevin 

Cooper, personal communication) directions relative to wildtype at the nonpermissive 

temperature, but not the permissive temperature.  Additionally, root elongation and lateral 

root development also exhibit an identical temperature dependence with substantial 

reduction in root elongation and lateral root initiation in scd1-1 at the nonpermissive 

temperature, while wildtype showed greater growth and lateral root formation at this 

temperature.  These results firmly support the hypothesis that the root phenotypes of 

scd1-1 are consistent with reduced auxin transport.  Not enough auxin is being 

transported from the shoot; therefore, there is no signal for lateral root development.  To 

test this model, exogenous IAA was supplied in 2 ways.  When seedlings were exposed 

to a global treatment of IAA in order to supply auxin to all tissues, 1µM IAA was 

sufficient to see similar lateral root densities between wildtype and scd1-1.   

A second treatment was utilized in which IAA was applied to the root-shoot 

junction in intact seedlings and seedlings from which the shoot is excised.  The lateral 

root phenotype is weakly reversed by localized IAA application in intact scd1-1 seedlings 

compared to wildtype, but only at the highest dose of IAA, 25µM.  When the shoot is 

excised, there are fewer roots formed in wildtype, but in scd1-1 seedlings, it is 

immediately noticeable that the removal of shoot derived auxin does not have any effect 

on lateral root growth.  In intact wildtype seedlings, there are significant increases in 

lateral root density with IAA application.  In contrast with scd1-1, it is only with the 

addition of locally applied 25 µM IAA that there is a slight statistical difference between 
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intact and excised seedlings.  These results are consistent with scd1-1 having a defect in 

which shoot derived auxin is not making it to the roots, and when exogenous IAA is 

applied to the base of roots root formation is partially restored.  In contrast, application of 

IAA to the entire seedling completely reverses the lateral root phenotype of scd1-1. 

 It is important to ask if the mechanisms behind the decreases in lateral root 

formation and acropetal IAA transport in scd1-1 is due to a role of SCD1 in the 

localization of PIN proteins, a class of polarly localized IAA transport proteins.  If SCD1 

does control this efflux localization process, then one would expect that the loss of 

function of this protein would result in efflux proteins accumulating within the cell at a 

specific organelle or endosome.  To address this question, scd1-1 seedlings containing 

PIN1::GFP or PIN2::GFP were observed at both the permissive and nonpermissive 

temperatures.   At the permissive temperature, scd1-1 with either PIN1 or PIN2::GFP are 

localized to the bottom or top plasma membranes, respectively.  At the nonpermissive 

temperature, there is a clear reduction in the expression domain of both PIN1::GFP and 

PIN2::GFP as well as altered membrane localization in scd1-1.  Additionally, at the 

nonpermissive temperature, PIN1::GFP accumulates on the sides of the plasma 

membrane as well as in endomembrane bodies at the root tip.  PIN2::GFP accumulates in 

endomembrane bodies, and very little expression is seen at the plasma membrane in the 

transition zone.   

The altered membrane localization is one of the most important features of this 

work, as these results are consistent with a defect in scd1-1 in targeting proteins to the 

plasma membrane.  We performed some preliminary experiments to begin to identify the 

endomembrane bodies that accumulate PIN1 and PIN2 in scd1-1.  There is evidence 
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supporting both hypotheses with different endomembrane localization of PIN1::GFP and 

PIN2::GFP fusions.  The scd1-1 x PIN1::GFP seedlings were stained with FM4-64, a dye 

that labels the plasma membrane and is endocytosed to endosomes, and the GFP positive 

endomembrane bodies and the FM4-64 seemed to be colocalized suggesting that the 

endomembrane bodies may be endosomes.  This result is consistent with other 

experiments that suggest a role for Rab proteins in endosomal targeting.  A GFP fusion to 

ARA2 (RABA1a) is localized to the endosomes, further suggesting a role of Rabs in 

vesicle trafficking and polar auxin transport (Koh et al., 2009).   

We have used a variety of endomembrane marker lines and looked for similarities 

in localization patterns in terms of size, structure, and localization of fluorescent 

endomembrane bodies with scd1-1 x PIN2::GFP.  The 2 lines with localization patterns 

that most closely resemble scd1-1 x PIN2::GFP contain ER and Golgi targeted fusion 

proteins.  The Golgi marker was expressed in endomembrane structures with the same 

shape and size and in the same tissue as the endomembrane bodies imaged in scd1-1 x 

PIN2::GFP.  Although the ER marker did not look quite as similar as the Golgi marker to 

the endomembrane bodies visualized with PIN2::GFP in scd1-1 at the nonpermissive 

temperature, it may still prove to be a useful tool in the future as defects in ER to Golgi 

targeting in scd1-1 may alter both organelle specific markers.  The next series of 

experiments will be to cross these 2 marker lines into scd1-1 and image the seedlings at 

both the nonpermissive and permissive temperature to help clarify the organelle in which 

PIN2::GFP proteins are localizing. A recent study has shown that 2 Rab proteins, Rab-A2 

and Rab-A3 GTPases, participate in the formation of a trans-Golgi compartment that 
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communicates with the plasma membrane and early endosomal system (Chow et al., 

2008), consistent with a Rabs that function in this targeting pathway, as well. 

 We also utilized the unique and powerful features of the temperature sensitive 

phenotype of scd1-1.  In addition to the ability to demonstrate mutant and wildtype 

phenotypes at 2 different temperatures, previous experiments showed that the 

temperature sensitive phenotype of scd1-1 is reversible in the shoot (Falbel et al., 2003).  

We wanted to apply the same idea to provide some insight into a critical time point when 

SCD1 is needed for lateral root development.  A temperature switch assay was performed 

resulting in the shift of seedlings from the permissive temperature to the nonpermissive 

temperature or vice versa over 10 days.  The data support the hypothesis that SCD1 is 

needed for lateral root development between day 2 and day 6.  A previous experiment 

suggested that there is specific regulation of auxin transport in this time window.  

Bhalerao et al., (2003) showed that a pulse of auxin moved from the shoot to the root at 3 

to 5 days, which correlated with the emergence of the first lateral root.  Our ability to 

reversibly alter auxin transport by turning off or on SCD1 function support the model of 

an auxin pulse that drive root formation that occurs within a precise developmental 

window. 

 In conclusion, the reduction of acropetal and basipetal auxin transport in scd1-1 

led to decreased primary and lateral root formation.  Lateral root development was 

weakly restored through the application of high exogenous IAA treatments, and a time 

point for when SCD1 is needed for lateral root formation was determined to be between 

day 2 and day 6.  PIN protein localization was also altered at the nonpermissive 

temperature, and accumulated in endomembrane bodies that could have characteriscs of  
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endosomes, for PIN1, or the Golgi, for PIN2.  These results are consistent with our 

hypothesis that normal PIN protein localization is regulated by SCD1 and this membrane 

localization of PIN proteins is then required for proper auxin transport and lateral root 

development in Arabidopsis.  
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