
 

 

ABSTRACT 

 

KAJLA, JYOTI DALAL. ROSY1, a Novel Regulator of Tropic and Stress Responses in 

Arabidopsis thaliana. (Under the direction of Dr. Heike Sederoff and Dr. Steven Clouse.) 

 

 

 Plants are sessile organisms, which constantly modulate their growth to their changing 

environment. Gravity is a constant directional force that elicits a directional growth response 

in plant organs, called gravitropism. Plant primary roots are positively gravitropic: they grow 

towards the direction of gravity. If re-oriented with respect to the vector of gravity, the roots 

are able to sense the change of their orientation towards the vector of gravity, and re-direct 

their growth towards the new direction by bending towards the direction of gravity. This 

bending is brought about, in part, by modulation of gene expression. In roots, gravitropic re-

orientation induces specific changes in gene expression. One of the earliest transcriptional 

responses to gravity stimulation is the up-regulation of ROSY1 (InteractoR Of 

SYnaptotagmin1) mRNA. The expression of ROSY1 mRNA is up-regulated within one 

minute of gravity stimulus, but the expression is transient and recedes to basal levels within 

five to ten minutes of continous gravity stimulus. The ROSY1 mRNA expression is also up-

regulated in response to light stimulation in a fast and transient manner.  

The hypothesis of this dissertation research is that ROSY1 plays a key role in gravitropic and 

phototropic responses in Arabidopsis primary roots. The research presented in this 

dissertation, is focused on three major objectives to answer the following questions: 

1) Which signal transduction factors are required for gravitropic and phototropic up-

regulation of the ROSY1 transcript?  



 

 

To characterize the signal transduction elements required for the up-regulation of the ROSY1 

mRNA in Arabiopsis roots apices, we used transgenic Arabidopsis lines with altered gravity-

induced phospholipid signaling. The results of this research show that the gravity and light-

induced expression of ROSY1 mRNA is strictly dependent on Phospholipase C (PLC)-

mediated signaling. This work is published in Plant Cell and Environment (2010) and 

summarized in Chapter 2 of this thesis. 

2) Is ROSY1 required or essential for root tropic responses? 

Arabidopsis insertion mutants defective in ROSY1 have a significant difference in the 

gravitropic and phototropic bending. Roots of ROSY1 knockout plants bend faster on 

gravitropic reorientation than WT roots, indicating that ROSY1 is a negative regulator of 

these tropic responses. This phenotype is partially brought about by changes in auxin 

transport rates. These results as well as the cellular and subcellular localization of the 

ROSY1 protein in Arabidopsis are described and discussed in Chapter 3 of this thesis. 

3) What is the physiological function of ROSY1 in Arabidopsis roots?  

Computational analysis identified a conserved lipid binding domain in the ROSY1 protein 

sequence, and a likely localization on endomembrane systems. We therefore characterized 

the lipid binding activity of ROSY1 in vitro and its interaction with other proteins. The 

results showed that ROSY1 binds specifically to stigmasterol and phosphatidylethanolamine 

in vitro. ROSY1 also interacts with a protein known for its function in vesicle fusion ï 

synaptotagmin 1 (SYT1). A metabolic profile of the membrane composition of ROSY1 

knockout plants showed significant changes in the sterol and phospholipid composition of the 

mutants. Membrane composition affects physiological characteristics of plants beyond 



 

 

tropisms: it is also important for plant stress signaling, defense and survival. Taken together, 

these results suggest that ROSY1 is involved in the regulation of vesicle-trafficking in 

Arabidopsis root apices. These experiments are described and discussed in Chapter 4 of this 

thesis.   

In summation, we have identified a novel protein ROSY1 in Arabidopsis that plays a key role in 

mediating plant gravitropic, phototropic and stress responses, possibly via specific sterol binding 

and interaction with the Arabidopsis membrane trafficking protein SYT1.  
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Chapter 1. Literature review 

GRAVITROPISM 

Overview 

The direction and force of gravity is one of the very few constant physical parameters that 

remains unchanged throughout the life of a plant. It is the first tropic stimulus that a 

germinating seed perceives, and the entire initial plant structure is set with reference to 

gravity. In general, roots are positively gravitropic and grow towards the direction of gravity, 

whereas shoots are negatively gravitropic and grow away from the direction of gravity. In the 

root system, the primary root is positively gravitropic and always grows towards the direction 

of gravity (Darwin, 1868). The lateral roots are initially plagiogravitropic, which means that 

they grow at a fixed angle to gravity even though they do not face towards gravity, but this 

changes as they grow longer (for e.g. longer than 10mm in Arabidopsis) , after which they 

also grow in the direction of gravity (Kiss et al., 2002).  

All plant organs grow at a specific angle with respect to the gravity vector, called Gravitropic 

Set point Angle, or GSA (Digby and Firn, 1995). The GSA for most roots is 0° and for 

shoots 180°, but it can change depending upon the type of plant and the environmental 

conditions. For example, the GSA for corn shoots is 180° but that for some vines, climbers 

and grasses can be anywhere between 0 and 180°. Primary root GSA is 0°, but that of lateral 
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roots can be variable. Gravitropic responses are plant movements aiming to restore a 

displaced GSA, whatever that GSA may be (Digby and Firn, 1995). 

Gravity perception 

In plant roots, the site of gravity signal perception is the root tip, specifically, the columella 

cells at the root tip (Darwin, 1868). The columella cells contain starch-filled plastids 

(amyloplasts) called statoliths (Haberlandt, 1900; Nemec, 1900), as seen in Figure 1.1 (Leitz 

et al., 2009).  

 

Figure 1.1 Gravity -induced sedimentation of root cap statoliths. 

Root cap cells were imaged using differential interference contrast (DIC) microscopy to monitor 

gravity-directed statolith sedimentation. a) Three tiers of four cells each at the root cap, labeled S1, S2 
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and S3, are called columella cells. These cells contain amyloplasts (AM) called statoliths. b) An 

enlarged columella cell showing statoliths sedimented towards the direction of gravity (g), denoted by 

the black arrow.The cortical endoplasmic reticulum (ER), the cell wall (CW) and the nucleus (N) of 

the cell are also labeled. c-j) Gravitropic reorientation of the root by 90° , as shown in c) is followed 

by re-orientation of statoliths to the direction of gravity. Statoliths start re-orienting within 60 seconds 

of root re-orientation (d); within 591 seconds (~10 minutes), statoliths are complete;t reoriented to the 

direction of gravity (j). Image reproduced from Leitz et al. (2009) (Leitz et al., 2009). 

 

As seen in Figure 1.1, the statoliths physically ñfall downò towards the direction of gravity, 

and they are widely accepted as ñgravity-sensorsò  in the root columella cells and the 

endodermal cells of the negatively gravitropic influorescence stem (Thimann and Pickard, 

1965; Pickard and Thimann, 1966; Kiss and Hertel, 1989; Fukaki et al. 1998; Leitz et al., 

2009).  

If the direction of root orientation with respect to gravity changes, statoliths at the root tip 

reorient towards the direction of gravity within minutes, as seen in Figure 1.1 (Leitz et al., 

2009) and this mechanical force is somehow converted to a biochemical signal that is 

transduced from the columella cells to the elongation zone of the root. The elongation zone 

then initiates asymmetric cell elongation. The cells on the side of the root away from gravity 

elongate more than the cells on the other side, and this unequal cell elongation causes a 

curvature towards the direction of gravity, so that, in a very short time post re-orientation, the 

root tip grows towards the direction of gravity again.  

Lateral roots of Arabidopsis (Kiss et al., 2002), tea (Yamashita et al., 1997), sunflower 

(Stoker and Moore, 1984) and castor oil plant Ricinus(Moore and Pasieniuk, 1984) also have 

columella cells, though fewer than primary root tips. These cells house amyloplasts too, 
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which explains the gravitropic properties of lateral roots. Statoliths, are not the only factors 

involved in gravitropic perception, as gravitropic response is seen in systems lacking 

statoliths as well, such as in bean lateral roots (Ransom and Moore, 1985).  

Cytoplasmic streaming in internodes of the alga Chara is gravitropically induced but is not 

statolith-dependent (Staves et al., 1995) and suggests that the entire protoplast may also 

function as gravity sensor in some organisms. It has also been shown that cellular organelles 

such as plastids in mutants with reduced starch (Sack, 1997) or vacuoles and liposomes in 

fungi (Grolig et al., 2006) can sediment in response to gravitropic stimulus and cause a 

gravitropic response.  

The sedimentation of amyloplasts is the first root response to gravitropic reorientation, and it 

is considered to be important for the root bending (Blancaflor et al., 1998). Laser-mediated 

ablation of root cap cells causes loss of gravity perception by roots (Tsugeki and Fedoroff, 

1999). The roots of starch-deficient Arabidopsis mutants, such as pgm-1 have starch-less 

plastids in the columella cells, and display reduced gravitropic bending response (Caspar and 

Pickard, 1989; Kiss et al., 1989). On the other hand, the roots of excess starch-containing 

Arabidopsis sex1 mutants display a hyper-gravitropic response (increased gravitropic 

bending) (Vitha et al., 2007).  

The sedimentation of amyloplasts towards the vector of gravity is not entirely due to their 

higher particle density; the cellular actin cytoskeleton may have an important role to play for 

gravity-directed statolith sedimentation. This was demonstrated with Arabidopsis 
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sgr9mutants, which have reduced interaction between F-actin and amyloplasts. The 

amyloplasts in hypocotyl endodermis of these plants show increased jumping-like saltatory 

movements, but do not sediment in response to gravity (Nakamura et al., 2011), causing a 

reduced gravitropic response. The mutation is rescued by addition of actin de-polymerizing 

drug Latrunculin B (Lat B), or genetically by fiz1 mutation, which causes fragmentation of 

actin filaments (Nakamura et al., 2011). Research using Lat B on Arabidopsis roots and 

hypocotyls indicates that actin filaments somehow impede gravitropic response, and 

therefore, may have some role in gravitropic signaling (Blancaflor et al., 2003; Hou et al., 

2003; Hou et al., 2004).  

The gravity-induced re-orientation of amyloplasts in the root tip is a mechanical response, 

which has to be translated into biochemical signal(s) in the columella cells that are yet 

uncharacterized (Peer et al., 2011). These mobile signals reach the root elongation zone, 

where differential cell elongation enables gravitropic bending. Over a century of research on 

gravitropism has identified some key components for gravitropic signal transduction, 

including InsP3, Ca
2+

, and the phytohormone auxin. 

THE ROLE OF AUXIN IN GRAVITROPIC RESPONSES 

The first and perhaps the most important gravity signaling component discussed here is the 

phytohormone auxin. Using various mutant studies and biochemical data, it has been 

demonstrated that the gravity-induced differential cell elongation in the root is caused 
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because of a gradient in the distribution of auxin. This gradient is formed due to polar auxin 

transport. Polar auxin transport and its effects of gravitropism will be discussed below.  

Polar auxin transport 

The asymmetric auxin distribution in plant tissues is brought about by asymmetric auxin 

transport, called polar auxin transport (Muday and DeLong, 2001). Generated in response to 

tropic stimuli and developmental cues, polar auxin transport forms an important link between 

environmental signals and the plant form. Asymmetric auxin distribution is responsible for 

asymmetrical cellular elongation and organ bending during tropic responses such as 

gravitropism (Swarup et al., 2005).  

Auxin is transported long distances from the site of synthesis (young leaf primordial and 

meristematic tissues) to sink tissues such as lateral root induction sites by mass transportvia 

the phloem (Goldsmith et al., 1977; Marchant et al., 2002). Auxin is also transported through 

small distances via cell-to-cell plasma membrane-mediated active transport (Zazimalova et 

al., 2010). Auxin formed in leaf primordium cells is transported by short distance cell to cell 

transport through various cell files until it reaches phloem sieve elements (Goldsmith et al., 

1977). Cell to cell transport is also utilized by transporting IAA through cambial cells from 

shoot to root. Phloem transports auxin by bulk flow until it reaches the central cells of the 

primary root, from where auxin again travels by short distance cell to cell transport to reach 

particular root cells (Swarup et al., 2005).  
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IAA molecules are freely permeable through the plasma membrane, which means that they 

can enter the cell through the plasma membrane in a concentration dependent manner 

(lipophilic diffusion) (Srivastava, 2002; Zazimalova et al., 2010). But IAA is a weak acid, 

which dissociates into IAA
-
 and H

+
 in solution.  

At 20°C, the pKa (acid dissociation constant) of IAA is 4.7-4.8. Apoplastic pH is about 5.5 

which is close to IAA pKa. At this pH, most of the IAA will be found in dissociated form 

(Figure 1.2). While the undissociated IAA still can freely permeate through the plasma 

membrane, the negative charge on IAA
-
 prevents its uptake. Therefore, diffusion cannot by 

itself explain auxin uptake. Within the cell the pH is about 7, which shifts the equilibrium 

towards the dissociated form IAA
-
, a form that again cannot diffuse out of the plasma 

membrane even if the concentration of IAA in the cell is higher than in the apoplast. This 

makes cells effective IAA traps (Srivastava, 2002; Zazimalova et al., 2010). The influx and 

efflux of IAA utilize carrier mediated active transport, as shown in Figure 1.2 reproduced 

from Friml, 2010 (Friml, 2010). 
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Figure 1.2 A model of intercellular auxin transport. 

The image depicts that at the apoplastic pH 5.5, most of the IAA available is the undissociated form. 

The undissociated IAA molecules then can enter cells by passive diffusion, or by carrier-mediated 

transport via AUX1/LAX auxin influx carriers. Within the cells, at the pH 7.0, most of the IAA exists 

as the undissociated form. This form cannot readily permeate the plasma membrane, and requires 

auxin efflux carrier PIN proteins and the ABCB proteins for auxin efflux. PIN proteins regulate auxin 

efflux into the apoplast, or into intercellular organelles, as depicted in the image (reproduced from 

Friml, 2010). 

Auxin influx carriers 

Four plasma membrane proteins are known so far to function in auxin influx, namely  

AUXIN RESISTANT1 (AUX1) (Marchant et al., 1999), and the related LIKE AUX1 
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(LAX1, LAX2 and LAX3) (Young et al., 1999; Parry et al., 2001). AUX1/LAX proteins 

belong to the structurally conserved family of AAAP (amino acid and auxin permease) 

proteins (Young et al., 1999) that function as proton symporters to bring IAA
-
 into the cell 

against a concentration gradient (Ugartechea-Chirino et al., 2010). Of these, AUX1 was 

identified and cloned first (Bennett et al., 1996). The protein is 485 amino acids long, with 

eleven transmembrane spanning domains (Swarup et al., 2004).  The Arabidopsis genome 

encodes four AUX1 proteins, localized in plasma membrane and Golgi apparatus, and 

expressed in the epidermal cells of the root apices, the lateral root caps, the columella cells 

and the protophloem cells (Swarup et al., 2004), and the lateral root primordia as well as in 

the shoot apical meristems (Marchant et al., 2002). When AUX1 is absent, cells show 

significantly reduced auxin uptake, in keeping with the function of AUX1 as an auxin influx 

carrier (Rouse et al., 1998). Consequently, aux1 mutants are characterized by having reduced 

IAA levels in leaves (auxin sources) and roots (auxin sinks), and there is reduced loading of 

IAA into the phloem in young leaves (Marchant et al., 2002). Accordingly, aux1 mutants 

have a reduced number of lateral root primordia (Marchant et al., 2002), altered phyllotactic 

patterning (Bainbridge et al., 2008) and an agravitropic phenotype in both roots and 

hypocotyls (Marchant et al., 1999). Reduced auxin uptake also has serious consequences on 

embryo development and organogenesis; aux1 mutants show altered development of leaf 

primordia in embryonic shoots (Marchant et al., 2002) and altered cell number, size and 

patterning in embryonic roots (Ugartechea-Chirino et al., 2010). 
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AAAP proteins LAX 1, 2 and 3 are paralogs of AUX1 with auxin influx functions. LAX3 

has the maximum sequence similarity with AUX1 (Parry et al., 2001). In heterologous yeast 

system, AUX1 has a very high auxin import activity (Yang and Murphy, 2009). LAX3 has 

similarly high auxin import activity while LAX1 and 2 have lower auxin import activity 

(Yang et al., 2006; Swarup et al., 2008; Yang and Murphy, 2009). Using mutant studies, 

LAX3 has been demonstrated to also be involved in lateral root emergence (Swarup et al., 

2008) and leaf primordia formation (Bainbridge et al., 2008), just like AUX1. AUX1 and 

LAX3 together are also a link between auxin and ethylene interaction, and are involved in 

apical hook formation in etiolated Arabidopsis seedlings (Vandenbussche et al., 2010). Under 

nitrogen deficiency, in addition to the AUX1/LAX proteins, the nitrate transporter NRT1.1 is 

involved in auxin uptake and lateral root induction (Krouk et al., 2010). 

Auxin efflux carriers 

Auxin efflux is mainly carried out by PIN proteins, a family of carrier proteins with 9-11 

transmembrane helices, named after the PINFORMED inflorescences shown by genetic 

mutants of the earliest discovered PIN protein, PIN1 (Okada et al., 1991). PIN proteins are 

conserved throughout multicellular plants, ranging from Streptophyta to mosses to modern 

angiosperms (De Smet et al., 2011). PIN orthologs are notably absent from unicellular algae 

(De Smet et al., 2011).  
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The Arabidopsis genome encodes eight PIN proteins, named PIN1-8, out of which PIN6 and 

PIN8 are not yet fully characterized (Krecek et al., 2009). PIN proteins have hydrophobic N 

and C terminal transmembrane domains separated by a central hydrophilic loop, which can 

be of variable lengths. Long PINs (PIN1, 2, 3, 4 and 7) contain a lengthy loop, localize to the 

plasma membrane and directly transport auxin from the cell to apoplast or adjoining cell. 

Further, these PINs enable polar auxin transport, which gives directionality to biological 

processes such as embryogenesis, organogenesis and tropisms. While localized to the plasma 

membranes, the long PINs undergo constant recycling from plasma membrane to endosomal 

compartments by a transcytosis-like mechanism. PIN protein containing vesicles pinch off 

from plasma membrane and travel to vacuole, while newly synthesized PIN protein vesicles 

later fuse into the plasma membrane. This brefeldin-A dependent internalization of PIN 

proteins is dependent on environmental cues, such as light. Long PINs are deposited very 

specifically to certain faces of the cell, in specific organs and carry out specialized functions 

(Peer et al., 2004; Krecek et al., 2009).  

PIN1 is expressed both in roots and aerial parts of the plant. The protein is expressed in all 

cells of the young embryo, but later its expression restricts to basal plasma membranes of 

precambial tissues, and then to vascular tissues (Galweiler et al., 1998; Steinmann et al., 

1999). The polarity of PIN1 distribution within the cell is important in controlling the 

direction of auxin efflux. In young Arabidopsis seedlings, PIN1 is localized to xylem 

parenchyma and surrounding cortical cells (Noh et al., 2003).  
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PIN2 is expressed in the root tips; at the tips PIN2 is expressed in the lateral root cap, the 

epidermis and the cortex. Within the cells, PIN2 is localized to the basal and anticlinal side 

plasma membrane (Muller et al., 1998; Boonsirichai et al., 2003). PIN3 is expressed in shoot 

endodermal and root columella cells. Within the cells, PIN3 is localized to lateral side plasma 

membranes of shoot endodermal cells, and to all sides in the columella cells (Friml et al., 

2002). PIN4 is expressed in the root quiescent center and surrounding cells, and localizes on 

all sides of the cells (Friml et al., 2002). PIN7 at first localizes to the basal cell membranes of 

the embryo and then in root tip columella cells, in provascular cells in the root meristem and 

vascular cells in root elongation zone vascular cells (Friml et al., 2003). Within cells, PIN7 is 

localized to the apical membrane of the embryonic basal cell, in lateral and basal membranes 

in vascular cells and on all faces of columella cells, just like PIN3 (Friml et al., 2003).  
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Figure 1.3 Expression localization of PIN protein in Arabidopsis root tip . 

a)PIN2-GFP expresses in the cortical, epidermal and the lateral root cap cells, localizes to the basal 

plasma membrane in the cortical cells and apical plasma membrane in the epidermal and lateral root 

cap cells.b)PIN1-GFP expresses in the root vasculature cells, localizes to the basal plasma membrane 

of the cells. c) PIN7-GFP expresses in the vascular and columella cells, localizes to the basal plasma 

membrane in the columella cells and is apolar in the vascular cells. d) PIN4-GFP expresses in the 

central root meristems and the quiescent center cells, localizes to the basal plasma membrane in the 

central root meristems cells and has a lower polarity in the quiescent center cells. e) Polar expression 

of the PIN proteins results in the polar auxin transport at the root tip. The direction of net auxin 

transport, as affected by the PIN proteins is depicted by red arrows. Auxin is first transported 

rootward by the action of PIN1, PIN7, PIN3, PIN2 and PIN4. Once auxin reaches the columella cells, 

auxin is transported laterally and up the lateral root cap by the concerted action of PIN3, PIN2 and 

PIN7.Image reproduced from Feraru and Friml, 2008 (Feraru and Friml, 2008). 
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Short PINs include PIN5, 6 and 8. They have a much reduced central hydrophilic loop, and 

these proteins do not reside in plasma membranes or transport auxin out of the cell, but 

actually localize to cellular endomembranes, where they possibly function in homeostatic 

auxin compartmentalization (Peer et al., 2011). In Arabidopsis seedlings, PIN5 is expressed 

strongly in the guard cells. vasculature of cotyledons and the elongating parts of the 

hypocotyls, as well as weakly in the root tip and root pericycle (Mravec et al., 2009). PIN5 is 

ectopically expressed at a weak basal level even in mature leaves, stems and flowers. Within 

the cells, PIN5 is localized to the endoplasmic reticulum (ER) (Mravec et al., 2009). PIN8 

expresses in root hairs (Ganguly et al., 2010) and mature pollen grains (Distefano et al., 

2009). Within the cells, PIN8 is localized on both the ER and the plasma membrane 

(Ganguly et al., 2010). PIN8 expresses on cell plates during cytokinesis as well, which 

underscores its plasma membrane localization (Ganguly et al., 2010). Auxin upregulates 

expression of PIN proteins, with an exception of PIN5, which is down-regulated by auxin 

(Krecek et al., 2009). 

Other than the PINs, auxin efflux is also carried out by ABCB/PGP P-glycoproteins ABCB 

1, 4 and 19 (in Arabiodpsis) (Peer et al., 2011). These proteins help in active auxin efflux and 

transport through long distances in plants. ABCB1/19 regulate auxin flux out of apical tissues 

rootward (Bandyopadhyay et al., 2007; Titapiwatanakun et al., 2009), and ABCB4 directs 

shootward auxin transport at the root tip (Santelia et al., 2005; Terasaka et al., 2005), plays a 
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role in light/sucrose dependent root growth (Terasaka et al., 2005) and root hair elongation 

(Santelia et al., 2005; Cho et al., 2007). 

With the help of the above mentioned carrier proteins, auxin travels directionally and 

increases in a polar or non-polar manner in certain tissues. How much auxin is internalized 

by auxin influx carriers or exported by efflux carriers depends on the regulation of these 

proteins at the transcriptional, translational and protein level. While auxin is known to 

regulate gene expression of its own carriers, protein stability of carrier proteins is also an 

important check point in auxin biology. PIN protein phosphorylation seems to be the key 

mechanism in regulating the polarity of PIN proteins on cellular membranes, and thereby, the 

direction of auxin transport. Discovery of broad spectrum kinase inhibitors such as K25a and 

staurosporine inhibit auxin efflux but not influx, gave a clue that efflux related carriers may 

be prone to activation by phosphorylation, which was later confirmed. It is now known that 

three members of AGC family of serine-threonine kinases ( PID, WAG1 and WAG2) 

reversibly phosphorylate PIN proteins at a conserved serine residue within the central 

hydrophilic loop in PIN proteins (Lee and Cho, 2006; Dhonukshe et al., 2010). Lack of PID 

in functional mutants leads to basal delivery of PIN proteins, and overexpression leads to 

apical delivery of PIN proteins on plasma membrane (Kleine-Vehn et al., 2009).  

The protein Phosphatase 2 A (PP2A) also has an important role in maintaining PIN polarity. 

The rcn1 knockout mutants (defective in PP2A expression), or WT plants treated with 

cantharidin (that inhibits PP2A), both show an increased basipetal auxin transport. PP2A loss 
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of function mutants display an apical delivery of PIN proteins, just like PID over-expressing 

plants, which leads to the currently accepted model that PID and PP2A are antagonists in 

regulating PIN proteins phosphorylation (Michniewicz et al., 2007).  

It was previously believed that plasma membrane bound PIN proteins, are static in the 

membrane (Paciorek and Friml, 2006), but as mentioned previously in the text, it has now 

been shown that the long PIN proteins constantly cycle between plasma membrane and some 

not very well known endocytic compartments (Kleine-Vehn et al., 2008; Kleine-Vehn and 

Friml, 2008). Notably, this recycling is not just limited to efflux carrier PINs. The auxin 

influx carrier AUX1 is also shown to recycle between plasma membrane and endocytic 

compartments, even though by a different internalization mechanism (Kleine-Vehn et al., 

2006). This internalization of AUX1 and PIN proteins and their redelivery is an 

evolutionarily conserved mechanism (Kleine-Vehn and Friml, 2008), and it is an important 

mechanism to regulate their polarization on the plasma membrane. Further, proteins required 

in this cycling process add another level of regulation to PIN proteins distribution and 

perhaps stability in the cell.  

Some aspects of the mechanism of PIN internalization and recycling are known, as 

summarized in Figure 1.4 (reproduced from Petrasek and Friml et al., 2009). The 

internalization begins with endosome formation aided by protein ARF GEF BEN1/MIN7 

(Tanaka et al., 2009), internalized vesicle is coated with clathrin (Dhonukshe et al., 2007) 

and the process is BFA sensitive (Kleine-Vehn et al., 2008). BFA, or Brefeldin A, is a fungal 
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toxin that ñsplitsò the Golgi apparatus in plant cells- the cis cisternae get absorbed in the ER, 

whereas the trans cisternae fuse to form a compartment called a BFA compartment (Surpin 

and Raikhel, 2004).  

 

Figure 1.4Sub-cellular trafficking of auxin efflux and influx carriers.  

The auxin carrier proteins are localized on the apical or basal plasma membrane (PM), and are 

constantly recycled between the plasma membrane and sub-cellular vesicles. The PIN proteins, as 

well as the AUX1 proteins are internalized by sterol-dependent endocytosis. PIN proteins get 

internalized in clathrin-coated vesicles. New carrier proteins are synthesized and processed through 

ER and trans Golgi network. The deposition of veciles with carrier proteins on the apical plasma 

membrane requires ARF-GEF activity.  PIN protein delivery on basal plasma membrane requires 

ARF-GEF GNOM activity. PIN proteins may be targeted to the apical or basal plasma membrane 

depending on their phosphorylation state. The protein PID phosphorylates PIN proteins, which leads 

to the apical membrane delivery of PIN proteins. The protein PP2A dephopshorylates PIN proteins, 

which leads to basal membrane delivery of PIN proteins. The sterol composition of the membrane 

microdomains may be necessary to regulate PIN protein delivery on the membrane. Image is 

reproduced from Petrasek and Friml, 2009 (Petrasek and Friml, 2009). 
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The recycling, or redelivery on the basal plasma membrane requires ARF GEF GNOM 

(Geldner et al., 2003), as seen in Figure 1.4, and its possible antagonist ARF GAPs 

SCF/VAN3 (Sieburth et al., 2006), and is less BFA sensitive (Kleine-Vehn et al., 2008). The 

redelivery on apical membrane depends on PID1, WAG1 and WAG2 kinases. The currently 

accepted model postulates that the competitive recycling of PINs basally by GNOM and 

apically by PID, WAG1 and WAG2 is what actually causes polarization of PIN proteins 

(Dhonukshe et al., 2010). Auxin itself also regulates recycling of PIN proteins. Putative 

auxin receptor AUXIN BINDING PROTEIN1 (ABP1) has been shown to be important to 

mediate auxin-dependent inhibition of endocytosis of clathrin-coated vesicles (Robert et al., 

2010).  

Auxin and root gravitropism 

Gravitropism is defined as directed growth of plant organs with respect to the direction of 

gravity, manifested as curvature of the organ concerned if its GSA is disturbed.  Formation of 

curvature involves asymmetric cell elongation on the two sides of the organ. In the case of 

roots, cells in the elongation zone of the side away from gravity elongate faster than the side 

facing towards the vector of gravity, thereby orienting the root tip at 0° with respect to the 

vector of gravity. The role of auxin in this differential elongation may be summarized into 

two phases ï first the formation of an auxin gradient at the gravistimulated root tip followed 

by auxin induced inhibition of cellular elongation and consequent curvature. These phases 

are discussed in more depth below: 
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Gravity -induced formation of auxin gradient at the root tip 

Gravity-induced asymmetrical cell elongation is caused by asymmetric accumulation of 

auxin.  Using radio-labeled auxin (Young et al., 1990) or the auxin inducible promoter DR5 

linked with reporters GFP and GUS (Rashotte et al., 2001; Boonsirichai et al., 2003; 

Ottenschlager et al., 2003; Wisniewska et al., 2006) showed that upon gravistimulation of a 

horizontally oriented root, auxin accumulates at the side facing gravity in the root tip up to 

the elongation zone.  

In Arabidopsis seedlings, auxin travels from the shoots rootward via phloem in an acropetal 

transport. At the root tip, as the auxin reaches columella cells, it is redirected shootwards in a 

basipetal transport mode. This changes in basipetal transport causes an auxin distribution 

gradient. The auxin distribution gradient  is caused by concerted action of auxin transporters 

AUX1, PIN3, PIN2 and ABCB4 also known as MDR4 or PGP4 (Friml, 2010; Peer et al., 

2011). AUX1 is an important auxin influx carrier, for which null mutants and conditional 

mutants have reduced auxin transport and exhibit an agravitropic phenotype (Marchant et al., 

1999; Swarup et al., 2004). By action of AUX1 and PIN1, auxin moves through the 

vasculature to the columella cells. Then PIN3, which is expressed in columella cells, is 

responsible for lateral flux of auxin into the epidermis and the lateral root cap. As a result of 

gravitropic reorientation, PIN3 localizes to the lower side of the root within less than 2 

minutes and its polarization changes so that it transports more auxin towards the lower side 
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of the root (Friml et al., 2002), as seen in Figure 1.5. PIN3 loss of function mutants, as 

expected, have agravitropic roots.  

Two transmembrane J-domain proteins ALTERED GRAVITY1 (ARG1) and ARG LIKE1 

(ARL1), have been shown to be important for PIN3 accumulation at the lower side of 

columella cells and lateral auxin redistribution, possibly by interaction with actin (Harrison 

and Masson, 2008 (a); Harrison and Masson, 2008 (b)). Like PIN3 mutants, ARG1 and 

ARL1 mutants also show agravitropic root tips. Hypocotyls of PIN3, ARG1 and ARL1 loss 

of function mutants are also less response to gravity, but the hypocotyl gravitropic 

mechanisms are not yet fully understood. Once in the lateral root cap, AUX1 and PIN2 

transport the auxin through cortical cells at the root tips to the epidermis and lateral root cap 

in the root elongation zone.  



21 

 

 

Figure 1.5Gravity -induced asymmetric auxin distribution.  

a) Arabidopsis root expressing the DR5:GFP construct. The DR5 promoter is activated by auxin, and 

the green color of the in the root indicates regions of local auxin concentration in the vasculature and 

the columella cells. b) Upon gravitropic reorientation, auxin accumulates on the lower side of the root 

within an hour of gravity stimulus. c) PIN proteins are responsible for the gravity-induces auxin 

redistribution. Auxin is transported to the columella cells by PIN1 (black arrow), PIN2 (red arrows) 

and PIN4 (blue arrows). There is a high auxin concentration at the columella cells (light blue 

pool).When the root is re-orientated to the vector of gravity (indicated by solid blue arrow), PIN3 in 

the columella cells (indicated by brown arrow) transports more auxin to the lower part of the root. 

Lesser auxin in the upper part of the root leads to PIN2 degradation in the upper part of the root, 

causing a steeper gradient in auxin distribution. Images are reproduced from Friml, 2010 and Kleine-

Vehn and 

 Friml, 2008(Kleine-Vehn and Friml, 2008; Friml, 2010) 

 

The role of PIN2 during gravitropism is key, as it is responsible for asymmetrical transport of 

auxin between the upper and the lower root flanks. Auxin has been shown to stabilize PIN2 
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and prevent its degradation in the lower side of the root, whereas PIN2 undergoes 

degradation in the upper side of the root, thereby polarizing auxin flow through the lower 

side of the reoriented root (Abas et al., 2006). Cell files seem to be really important in auxin 

transport during gravity response: lateral root cap, epidermis and cortical localization of 

PIN2 seems to be critical for correct gravitropic responses (Swarup et al., 2005; Rahman et 

al., 2010).  

MDR4/PGP4/ABCB4 is a multidrug resistance P-glycoprotein, a member of ABC (for ATP 

binding cassette) superfamily of integral membrane transporters. Strongly expressed in root 

cap and epidermal cells, PGP4 also enables auxin efflux in basipetal auxin transport 

(Terasaka et al., 2005). Null mutants for PGP4 show reduced basipetal auxin transport, and 

exhibit an enhanced gravitropic phenotype (Lewis et al., 2007).  

Recently, it has been shown that flavonoids are responsible for enabling polar PIN shifts 

during gravitropic response (Santelia et al., 2008). PIN protein localization is dependent on 

kinases PID1, WAG1 and WAG2, perhaps acting redundantly (Dhonukshe et al., 2010). 

Gravitropic curvature is mildly reduced in mutant pid1 roots (Sukumar et al., 2009), but 

triple mutants pid1wag1wag2 show highly agravitropic phenotypes (Dhonukshe et al., 2010). 
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Generation of auxin induced curvature  

 

The exact mechanism of how auxin inhibits cellular elongation in roots is not yet completely 

known. As discussed earlier in this chapter, it is well known that auxin regulates gene 

expression. A score of genes, including some transcription factors, are regulated by auxin. 

Examples of auxin induced transcription factors are ARFs, homeodomain transcription factor 

WOX5, AP2 transcription factors PLETHORAgenes PLT1 and PLT2 that maintain root tip 

stem cell niche (Ding and Friml, 2010), someClass III HD-ZIP gene ATHB8 (Donner et al., 

2010) and KANADI transcription factors (Ilegems et al., 2010). Some examples of auxin 

induced genes are the PINs, cell wall modifying enzymes xyloglucan endotransglycosylase 

and endo-1, 4-beta-glucanase (Catala et al., 1997, 2000; Catala et al., 2001), REVOLUTA, a 

gene responsible for interfascicular fibers and secondary xylem (Zhong and Ye, 2001)and 

PHAVOLUTA, necessary for adaxial-abaxial axis organization (Ilegems et al., 2010). 

Auxin differentially upregulates the expression of inwardly rectifying K
+
-channels in Zea 

mays coleoptiles (Philippar et al., 1999) which can affect turgor, phospholipase PLA2 which 

directs phospholipid signaling and cell growth (Lee et al., 2003), and the enzyme invertase 

that cleaves sucrose (Wu et al., 1993). Because of pieces of evidence such as those described 

above, it is understood that auxin aids long term cellular elongation by regulating gene 

expression, even though the exact genes involved in this elongation process are not yet 

documented.  
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Another piece of this puzzle is the hormone ethylene. Mutants in auxin biosynthesis enzyme 

TAA1 and TAR1 are ethylene insensitive (wei2, wei7 mutants) (Stepanova et al., 2005; 

Stepanova et al., 2008). At the same time, ethylene up-regulates auxin biosynthesis in roots, 

and thereby inhibits root cell elongation. It remains to be determined if auxin accumulation 

by transport and not localized biosynthesis in turn up-regulates ethylene as well to inhibit 

cellular elongation. 

Shoot gravitropism 

Shoot are negatively gravitropic, but the mechanism of hypocotyl gravitropism is not clear. 

In shoots, the endodermis is the site of perception for gravity-stimulation because starch 

filled amyloplasts are located in the endodermis (Fukaki et al., 1998). Mutants lacking 

SCARECROW and SHORTROOT transcription factors lack endodermis, and are 

agravitropic. In starch deficient mutants, such as phosphoglucomutase mutant pgm, 

gravitropism was reduced (Caspar and Pickard, 1989; Kiss and Sack, 1990; Saether and 

Iversen, 1991; Kiss et al., 1997; Weise and Kiss, 1999; Tanimoto et al., 2008) and in mutants 

with higher amount of starch like the sex1 mutant, hypocotyl negative gravitropism was 

increased (Vitha et al., 2007). It is known that auxin accumulates laterally in gravistimulated 

hypocotyls in the side of the hypocotyl away from gravity (Friml et al., 2002). But 

interestingly, high auxin promotes cell elongation in hypocotyl tissue rather than inhibiting it. 

Therefore, shoots do bend, just in the direction opposite to gravity. PIN3 does not show 

lateral re-distribution as a response to shoot gravity-stimulation.  
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Role of membrane composition in gravitropic responses. 

The cellular membrane composition as well as vesicle trafficking have recently been shown 

to be important to maintain auxin transport, and have a role in plant abiotic and biotic stress 

responses. The distribution of membrane lipids and sterols, and their role in gravitropism will 

be reviewed in this section. 

Membrane lipid composition 

Plant membranes can be divided into seven categories (Leshem, 1992) - plasma membrane, 

tonoplast or the vacuolar membrane, inner and outer plastid membranes, thylakoid 

membranes, mitochondrial membranes, highly folded ER membrane system, stomatal guard 

cell membranes and miscellaneous membranes consisting of membranes surrounding nuclei, 

lysosomes and peroxisomes.   

While most membranes including plasma membrane, ER membrane, tonoplast and thylakoid 

membrane are single bilayers, chloroplast and mitochondrial organelles have two 

membranes. Oleosomes in seeds with high triglyceride-rich fatty acids are surrounded by half 

unit membranes, not bilayers at all. Membranes are composed of lipids, sterols and proteins. 

Lipids are made of a glycerol backbone, where the first two carbons bind to fatty acids and 

the third carbon (sn-3) forms bonds with usually hydrophilic groups (Ohlrogge and Browse, 

1995). When sn-3 is esterified with a phosphate group it forms phosphatidic acid (PA), 

parent compound to all phospholipids. Phospholipids are named according to the moiety 



26 

 

binding PO4
-
, such as phosphatidylethanolamine (PE) which is formed when phosphate is 

followed by ethanol, which is then followed by an amino group, as seen in Figure 1.6.  

 

Figure 1.6 Structure of major lipids in plant membranes. 

The structures of major glycolipids and phospholipids present in plant membranes are presented here. 

Structures of the lipids are arranged in approximately in decreasing order of their abundance in plant 

leaf samples. Image is reproduced from Ohlrogge and Browse (1995) (Ohlrogge and Browse, 1995) 

Phospholipids may be electroneutral, such as phosphatidylcholine (PC) and PE or may be 

anionic such as PA, phosphatidylserine (PS), phosphatidylglycerol (PG) and 

phosphatidylinositides (PI). When sn-3 binds carbohydrate, generally glucose or galactose, it 
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forms galactolipids (Ohlrogge and Browse, 1995). When sn-3 binds sulfur, sulpholipids are 

generated. When the backbone is not glycerol but sphingosine, with its first two carbons 

binding groups, sphingolipids are formed (Ohlrogge and Browse, 1995). The enzyme 

phospholipase D (PLD) hydrolyzes phospholipids back to PA (Munnik et al. 1995). PA is an 

important signaling molecule as well, as will be discussed later in this section. Other than 

PA, PI is perhaps the most functionally important phospholipid, as the inositol group can be 

phosphorylated to phosphoinositide phosphate (PtInsP) at different positions by different 

phosphoinositide kinases (PIK). Phosphorylation at position D-3 by PI3K generates PtIns3P, 

at position D-4 by PI4K generates PtIns4P, at position D-5 by PI5K generates PtIns5P, and 

sequential phosphorylation by PI4P5K or PI5P4K generates PtIns(4,5)P2 (PIP2) (Gonzales et 

al., 2005)  PIP2is hydrolyzed by phospholipase C (PLC) to yield Ins(1,4,5)P3 (InsP3) and 

diacyl glycerol (DAG) (Pfaffmann et al., 1987). InsP3 induces Ca
2+

 release in the cells, and 

Ca
2+

 further serves as an important secondary messenger.  

Different membranes vary in specific lipids and protein composition (Ohlrogge and Browse, 

1995). For example, the plasma membrane is rich in phospholipids. Chloroplast membranes 

on the other hand, have low phospholipids, no PE, and a majority of the membrane is made 

of the glycerolipids (galactolipids and sulpholipids) (Schleiff et al. 2001).  Furthermore, the 

fatty acyl species vary in the chloroplast membranes of the same plant as an adaption to cold 

exposure (Leshem, 1992). Double bonds at carbon 6 are replaced by double bonds at carbon 

5 in frost acclimated conifers. The mitochondrial membrane has phospholipids comparable to 
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plasma membrane, but completely lacks galactolipids and sulpholipids (Leshem, 1992). In 

the bilayers itself, the two leaflets differ drastically in the protein composition and share 

partial to absolute asymmetry in their phospholipids (Leshem, 1992). For example, 63 to 

75% of PC is present in the outer monolayer of most membranes. In guard cells, Ca
2+

 when 

in contact with the inner bilayers leads to stomatal closure. In plasma membranes of leaves 

and fruits, Ca
2+

 when present in the interstitial space between the two leaflets retards 

senescence, but when it enters or crosses the inner leaflet, it promotes senescence (Leshem, 

1992; Schleiff et al. 2001).  

Phospholipids in membranes serve many critical biological roles as secondary messengers in 

signal transduction and regulatory molecules for plant stress signaling and adaptation. 

Arabidopsis mutants deficient in PC biosynthesis induce cell death and reduction of cell 

growth phenotypically manifested by small roots and short epidermal cells (Testerink and 

Munnik, 2005).  

Deficiency of InsP3 leads to smaller roots, and overexpression or external application of 

InsP3 leads to enhanced root growth. InsP3 levels can be reduced in plants to levels lower 

than 5% of wild type by expressing human type I Inositol1,4,5 -triphosphate 5-ptase (InsP-

5ptase) gene in plants, or pharmacologically by application of PLC inhibitor U73122 (Perera 

et al., 1999; Perera et al., 2001; Perera et al., 2006; Salinas-Mondragon et al., 2010). 

Reducing InsP3 levels in the plant leads to significant stress tolerance. In transgenic A. 

thaliana, reduced InsP3 levels resulted in drought tolerance and changes in ABA metabolism 
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(Perera et al., 2008). Transgenic tomato plants, with  InsP3 levels lower than 30% of wild 

type plants, were more drought tolerant, had higher vegetative biomass, and had increased 

lycopene and hexose concentrations in fruits (Khodakovskaya et al., 2010).  

In fact, on transcript profiling of root, leaf and fruit tissues in tomato (Khodakovskaya et al., 

2010) and roots apices in A. thaliana(Salinas-Mondragon et al., 2010) [Chapter 2], it was 

seen that the mRNA profiles were changed in the absence of InsP3.  Some of these genes 

have roles in cell wall growth, tropic signaling and photomorphogenesis. It has been 

proposed that InsP3 itself, or the Ca
2+

 released by it downstream, or even any other protein(s) 

activated or repressed downstream is/are capable of regulating transcriptional activation or 

repression of certain genes (Salinas-Mondragon et al., 2010) [Chapter 2], and by this 

mechanism InsP3 regulates plant growth and development. 

PA plays a role in root growth, lateral root formation and root hair formation (Testerink and 

Munnik, 2005). Long range PA responses include actin polymerization (Lee et al., 2003), 

auxin distribution (Lanteri et al., 2008), abscisic acid-induced inhibition of growth as well as 

vesicle trafficking (Testerink and Munnik, 2005; Li and Xue, 2007). Because PA regulates 

actin microfilament polymerization as well as vesicle transport, PA deficiency is very 

pronounced in pollen tube growth (Monteiro et al., 2005). Seedlings deficient in PLD do not 

produce sufficient amounts of PA and show reduced primary root elongation and absence of 

lateral root formation, whereas PLD overexpressing seedlings display branched and swollen 

root hairs (Ohashi et al., 2003).  
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Other than developmental roles, phospholipids have important roles during stress tolerance. 

On exposing A. thaliana seedlings to NaCl and KCl (salt stress) and sorbitol (osmotic stress) 

and cold stress, both PIP2 and IP3 levels were found to increase. Salt stress has been reported 

to induce PIP2 internalization by clathrin coated vesicles (Lee et al., 2009). All PLD isoforms 

have been shown to be required for salt and drought stress tolerance. Both PLC and PLD 

pathways are activated on freezing stress but different PLD isoforms have different roles in 

freezing tolerance. While A. thaliana seedlings deficient in PLDŬ1 have improved tolerance 

for freezing, mutants in PLDŭ have reduced freezing tolerance which may be because they 

induce distinct gene expression (Wang, 2005). Loss of PLDŬ1 induces expression of genes 

that code for osmolytes that help plants recover from freeze-induced injury (Rajashekar et al., 

2006). PLDŭ mutants also have strongly reduced H2O2 tolerance (Zhang et al., 2003), 

suggesting that PA may be important for plants to counter oxidative stress induced cell death. 

Wounding also upregulates several PLD isoforms (Wang et al., 2000).  

It has been reported that PLɕ2 and its product PA are necessary for cycling PIN2 from 

vesicular compartments back into the plasma membrane, which is very important considering 

the central role of auxin on plant life (Li and Xue, 2007). Lipids also confer functionality to 

proteins by association. As will be reviewed later in this Chapter, membrane trafficking 

protein SYT1 cannot be activated in absence of PIP2 in the membrane, because the lipid 

changes affect the conformation of SYT1. 
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Membrane sterol composition 

Sterols are important membrane components in both plant and animal membranes. Sterol 

basic structure is composed of a polar hydroxyl head group, a steroid skeleton and a variable 

aliphatic chain. Different sterols are formed owing to the differences in the structure of the 

aliphatic side chain and the number and position of double bonds in the tetracyclic steroid 

skeleton. In A. thaliana seedlings, sitosterol is the most prevalent sterol (64%), followed by 

campesterol (11%), stigmasterol (6%), brassicasterol (2%) and 24-methylcholesterol (2%) 

(Dyas L., 1993).  

In most higher plants, the polar head group does not form conjugates, and sterols are thus 

called free sterols, but this group can be esterified or acylated, forming steryl esters, steryl 

glucosides and when the sugar in steryl glucosides is further esterified, it forms acylated 

steryl glucosides (Hartmann, 1998). To start sterol biosynthesis, acetyl-coA condenses to 3-

hydroxymethyl-3-glutaryl coenzyme A (HMG-CoA), which is converted to mevalonic acid 

(MVA) by HMG-coA reductase. MVA is converted into squalene in a multistep process 

which is the precursor of all the different plant sterols (Hartmann, 1998). Sterols are present 

in the highest amount in plasma membrane, and in low amounts in other membranes like the 

ER, tonoplast, mitochondrial and chloroplast membranes, whereas they are completely 

absent from thylakoid membranes (Schleiff et al., 2001). 

Sterols have important structural roles in biological membranes, primarily as condensing 

agents. It has been reported that the area occupied by an artificial membrane made up of a 
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phospholipid and a sterol is less than the sum of both the components (Hofsass et al., 2003). 

For membrane function, typical sterols need to satisfy certain structural requirements 

(Grunwald, 1971). The hydroxyl group needs to be free and not conjugated, the tetracyclic 

structure needs to be planar, and the aliphatic side chain should be 8-10 carbon atoms long 

(Hartmann, 1998).  

The sterol hydroxyl group faces water interface between membranes or towards the 

cytoplasm or cell wall. The tetracyclic core and the side chain extend into the hydrophobic 

membrane. Needless to say, different sterols with their variable fatty acid chains localize 

differently in membranes. Integrating into the membrane and interacting with the lipids and 

proteins present there, chemically and spatially restricts the movement of the side chains and 

the surrounding lipids, in a phenomenon called membrane ordering, which governs the liquid 

to crystalline phase transition temperature for the membrane (Schuler et al., 1991). Sitosterol 

and 24-methylcholesterol side chains are planar and these sterols are the most efficient in 

membrane ordering, reducing movement of surrounding lipids and in reducing water 

permeability through the membrane (Dufourc, 2008). While the rest of the sterol structure is 

the same between sitosterol and stigmasterol, the presence of one trans oriented double bond 

in the stigmasterol side chain makes the chain staggered, reduces the ordering ability of 

stigmasterol in a membrane and also makes the membrane poorly impermeable to water 

(Schuler et al., 1991).  
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Plant cells absolutely require sterols for growth and development. Plants mutated in HMG-

CoA Reductase grow much smaller and weaker compared with wild type plants (Jang et al., 

2000). Experiments on celery cells prove that particular sterols may have some importance in 

cell growth and development, because selectively blocking stigmasterol biosynthesis arrested 

growth, even though other sterols were being synthesized (Griebel and Zeier, 2010). Sterols 

have also been reported to be important for regulating function of certain proteins (Goad, 

1990). In maize roots, low concentrations of stigmasterol and cholesterol stimulate proton 

pumping from plasma membrane bound H
+
-ATPases, whereas all other sterols including 

sitosterol inhibit H
+
-ATPases at all concentrations (Grandmougin-Ferjani et al., 1997). This 

is very interesting, because it means that the exact membrane lipid and sterol surrounding 

dictate if a protein will be active or not. At the same time proteins can change membrane 

composition, as new membrane lipids and sterols are incorporated in the membrane by 

vesicle fusion, while sterols are removed from the membrane by clathrin coated pits.  

In a typical membrane, lipids and proteins are constantly in motion and not statically bound 

in one place. Sometimes, a particular sterol lipid protein complex is more energetically stable 

bound to each other, so these float in the membrane together, as structures named lipid rafts, 

or membrane microdomains, focal points of a myriad of membrane related biological 

processes. It is said that most membrane proteins and lipids are constantly recycled, and a 

typical membrane renews itself in an hour or so. Plasma membrane from kidney cells in baby 

hamster renews itself every 30 minutes (Griffiths et al., 1989). Whether this is also true for 
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plants or not, the versatile nature of the membrane and its great biological importance make 

membrane dynamics an important field of study. 

Membrane composition and gravitropism 

Membrane composition has often been implicated in gravity response. It was shown in azuki 

bean (Vigna angularis) that in hypergravity conditions of 300g, membrane composition 

changes, and to a great extent sterols and to a much lesser extent phospholipid amounts 

increased in the membrane (Koizumia et al., 2007). Sterols were seen to provide membranes 

of azuki epicotyls resistance against gravity, and slowed the gravitropic growth. Gravitropic 

growth was much faster after treating seedlings with lovostatin, a sterol biosynthesis inhibitor 

(T. Koizumia, 2007). Other than their roles in structural membrane support during gravity, 

sterols have also been shown to be necessary for correct positioning of PIN proteins. 

Arabidopsis seedlings mutated in the sterol-biosynthesis enzyme CYCLOPROPYLSTEROL 

ISOMERASE1-1 (CPI1-1) have increased portion of cyclopropylsterols (sterol precursors), 

and almost no mature sterols, including stigmasterol, sitosterol and campesterol (Men et al., 

2008). This gross change in the membrane sterol composition affected the growth and 

development of the plant, and the mutant plants were very small and sterile. The cells in 

these mutant plants failed to localize PIN2 properly post cell division. PIN2 localization is 

key to directional auxin transport into the lateral root cap and epidermis during gravitropism. 

Consequently, cpi1-1 mutant roots were defective in gravitropism (Men et al., 2008). 
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Similarly, plants mutated in STEROL METHYLTRANSFERASE1 (SMT1) lack most major 

membrane sterols, show a dwarfed phenotype, and mis-localization of PIN1 and PIN3 

(Willemsen et al., 2003). The tropic responses of smt1-1 roots are random as compared with 

the straight bending response of wild type roots.  

The effect of phospholipids on gravitropic responses has also been investigated in some 

detail. It is known that within five minutes of gravitropic stimulation, InsP3 levels rise about 

3 times in the lower side of pulvini of maize and oats, where auxin accumulates post gravity 

stimulus (Perera et al., 2001). As mentioned before, InsP3 levels have been reported to be 

reduced to less than 5% of wild type by expressing human type I InsP 5-ptase in Arabidopsis, 

and by application of PLC inhibitor U73122 (Perera et al., 1999; Perera et al., 2001; Perera et 

al., 2006; Salinas-Mondragon et al., 2010). When InsP3 levels are reduced in the plant, InsP3 

gradient cannot form post gravity stimulus, and these plant show a reduced bending to 

gravity stimulus compared with wild type plants (Kimbrough et al., 2004; Kimbrough et al., 

2005; Salinas-Mondragon et al., 2005). This data was confirmed by an alternate approach, 

where Arabidopsis seedlings mutated in Ins5Ptase (which we assume leads to higher InsP3 

levels) causes increased bending to gravity, as compared with wild type seedlings (Wang et 

al., 2009).  

Gravity-stimulation induces gene expression (McClure and Guilfoyle, 1989; Kimbrough et 

al., 2004; Massa and Gilroy, 2003; Kimbrough et al., 2005; Salinas-Mondragon et al., 2005). 

It has been reported that gravistimulation of Arabidopsis root apices up-regulates a wide 
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variety of genes, including some transcription factors, membrane transporters, cell wall 

modifying enzymes, cell cycle related proteins and stress related proteins (Kimbrough et al., 

2004; Kimbrough et al., 2005). This analysis uncovered several unknown proteins, such as 

SAMT-like and ROSY1 which show fast and transient up-regulation in response to gravity; 

these proteins may also be important for plant tropic signal transduction, and general plant 

growth and development. This is indeed the case, as Arabidopsis seedlings mutated for 

SAMT-like (unpublished data) and ROSY1 (discussed in Chapter 2) display faster bending 

kinetics to gravity stimulus. Interestingly, some of the genes (including ROSY1) showing 

differential transcriptional response to gravity, showed similar differential expression in 

response to light stimulus (Salinas-Mondragon et al., 2005). 

But even though it was known that some gravity and light regulated genes are also regulated 

by different hormones such as auxins, cytokinins and brassinosteroids (Kimbrough et al., 

2005), the molecules downstream of gravity that influenced gene expression were not 

described. In the recent years, InsP3 has been identified as a key metabolite that can 

modulate-gravity induced gene expression (Salinas-Mondragon et al., 2010) (Chapter 2 ). We 

do not know why PLC generates more InsP3 post gravity stimulus, but it must be a very fast 

response, because InsP3 levels are seen raised within 30 seconds of gravity stimulation.  

Gravity-induced gene expression was compared between wild type plants and plants 

expressing human Type I InsP-5ptase causing very low InsP3 levels (Salinas-Mondragon et 

al., 2010). It was seen that expression of some gravity inducible genes was indeed 
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InsP3dependent; these genes were not up-regulated in response to light or gravity in 

transgenic plants (Salinas-Mondragon et al., 2010)(Chapter 2). One of these InsP3 dependent 

genes is ROSY1, as discussed in Chapter 2. 

Membrane trafficking and gravitropism 

Recently, membrane trafficking has received a lot of attention in the field of auxin biology, 

and consequently, in the field of gravitropism. The discovery that the long PINs 

(PIN1,2,3,4,7) recycle between the plasma membrane and endosomal compartments and that 

short PINs (PIN5,6,8) are actually localized to ER has brought protein machinery involved in 

vesicle fusion, endocytosis and exocytosis into focus in auxin biology. Membrane steroid 

binding protein MSBP1 was reported to increase cycling of PIN2-containing vesicles, 

thereby increasing gravitropism in both roots and shoots (Yang et al., 2008). In plants 

defective in the expression of PLDɕ2, PIN2 cycling by vesicles is reduced and consequently 

reduces gravitropism, whereasPLDɕ2 overexpression increases PIN2 vesicular cycling and 

enhances gravitropism (Li and Xue, 2007).  

Interestingly, neither MSBP nor PLDɕ2 change PIN2 localization, they only facilitate better 

cycling of these proteins. But what does cycling really mean? Cycling has two basic 

components. The first is removal from part of the plasma membrane, aided by special 

proteins into a clathrin coated pit, which is then incorporated into other compartments. This 

holds true for Arabidopsis PINs, as already documented earlier in this chapter. The second is 
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fusion of vesicles with PINs or any other proteins to fuse into the plasma membrane. This 

fusion process requires SNARE (soluble N-ethylmaleimide-sensitive fusion protein 

attachment protein receptor) complex. This complex consists of a set of proteins present on 

two separate membrane leaflets, whose proteins interact and in the process, bring the leaflets 

together and finally fuse the membranes, often in a Ca
2+

 dependent manner (Bassham and 

Blatt, 2008).  

This process of docking and fusion is very specific and occurs selectively, but is quite potent, 

as SNARE complexes can fuse two cells together if the complex proteins are on the outer 

membranes of two neighboring cells, and are able to physically come in contact with each 

other to interact (Rothman, 1994). In A. thaliana SNARE proteins SYP22, SYP5 and VTI11 

are present in gravity-perceiving endodermal cells of the shoot. SYP22 is involved in 

anterograde trafficking between plasma membrane and vacuole. Loss of SYP22, SYP5 or 

VTI11 leads to defects in vesicle trafficking, and pronounced reduction in shoot gravitropism 

(Kato et al., 2002; Stoelzle et al., 2003). In fact, even statolith sedimentation is said to be 

disrupted when SNARE functionality is compromised in some mutants (Saito et al., 2005). 

But with such a critical role for SNARE complexes in plant survival, protein isoforms have 

been observed to take on roles of mutated proteins in some cases (Surpin et al., 2003). The 

protein SYT1 in Arabidopsis interacts with the SNARE complex and mediates vesicle fusion 

and recycling. SYT1 is reviewed in detail later in this chapter. 
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PHOTOTROPISM 

Phototropism is defined as directed growth in response to directional light stimulus. Aerial 

plant parts such as the stem and leaves exhibit both tropic and nastic movements to take 

advantage of available light while optimizing water loss by evapo-transpiration. Interestingly, 

roots also exhibit phototropic movements, possibly helping the root system gauge its depth in 

soil by how much light passes through. Unlike statoliths in root gravity responses, no 

organelles are yet known to have a role in phototropic perception even though hypocotyl 

chloroplasts have been implicated to be important for phototropic bending (Jin et al., 2001). 

Sunlight, as it reaches the earth is a mixture of light rays of various wavelengths, ranging 

from high energy violet, indigo and blue wavelengths to the lower energy red light (Gilroy et 

al., 2008). Red light (R) to Far red Light (FR) ratio in sunlight is 1:2. As light rays filter 

through material substances, like tree canopies, collisions with other molecules causes high 

energy photons to lose energy and the rays that stream through have lower energy, and 

thereby longer wavelength. Under the canopies, the ratio of R:FR is 0.13. It is safe to assume 

that by the time photons represent FR, they have lost most of their energy and capacity to 

power photosynthesis. Under the soil surface, very little light passes through and the FR 

component still increases; under 5 mm the soil R:FR is 0.88. Plants perceive R:FR ratio and 

direct their growth accordingly (Gilroy et al., 2008).  
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Some seeds, especially small seeds such as lettuce require a certain R:FR ratio for 

germination. These seeds do not germinate if the FR component is too high. Pine trees in 

coniferous forests also have a minimum light requirement for germination (Atzet and 

Waring, 1970). This ensures that the seeds donôt germinate too deep in the soil or in places 

extremely shaded by overhead foliage (Batschauer, 1998). Other life processes that involve 

red light perception are floral induction and maintenance of circadian rhythms.  

Red light (R) and far red (FR) light are received by receptor pigment molecules called 

phytochromes. Arabidopsis encodes five phytochromes from phyA-E (Batschauer, 1998). 

Phytochromes exist in two spectral forms Pr and Pfr (Butler et al., 1959; Quail, 1997). Pr 

absorbs red light at 666 nm peak, upon which its structure changes into Pfr form. Pfr absorbs 

Far Red light at 730 nm peak, upon which, it changes to Pr. Pfr also reverts to Pr form in 

dark (Gilroy et al., 2008).  

High energy blue and UV light is perceived by cryptochromes 1 and 2 (CRY1 and CRY2), 

and phototropins 1 and 2 (PHOT1 and PHOT2), earlier called NON-PHOTOTROPIC 

HYPOCOTYL1 and 2 (NPH1 and 2) respectively (Briggs and Huala, 1999). The proteins 

PHOT1 and PHOT2 are autophosphorylating serine-threonine kinases with a single kinase 

domain, and two flavin mononucleotide (FMN) binding LOV (light, oxygen, voltage) 

domains (Cho et al., 2006). Both FMN and LOV domains are somehow activated by blue 

light, so that the kinase is activated which then phosphorylates PHOT proteins and other 

unknown proteins (Cho et al., 2006). Potential PHOT phosphorylation targets are ABCB and 
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PIN proteins, particularly ABCB19 and PIN3, both of which have been implicated in 

phototropism (Titapiwatanakun and Murphy, 2008). Light sensitivities of PHOT1 and 

PHOT2 vary, while PHOT1 is very sensitive to low light, PHOT2 is activated only by light 

intensities higher than 10 µmol m
-2

s
-1
(Harada et al., 2003). Originally plasma membrane 

localized, PHOT proteins can dissociate on blue light application (Briggs and Huala, 1999; 

Harada et al., 2003). 

 Because different proteins sense different wavelengths, plants are able to sense their light 

environment more precisely and take advantage of it. Exceptions are a few polypodaceous 

ferns and the green alga Mougeotia, which have one protein NEOCHROME that functions as 

both red light sensing phytochrome and blue light sensing phototropin, and takes advantage 

of any available light in the very shaded microhabitats of these plants (Kawai et al., 2003; 

Suetsugu et al., 2005). But in most land plants, blue and red light have different perception 

and signaling pathways as discussed above and different roles to play.  

Blue light, which has much higher energy than red light, is used to power photosynthesis and 

it has been observed that small amounts of blue light can remarkably increase photosynthesis 

(Hogewoning et al., 2010). Saturating blue light also does not inhibit photosynthesis 

(Hogewoning et al., 2010). Blue light is used to maintain transpiration rates as blue light 

mediates stomatal opening (Talbott et al., 2002). When white light is split into an action 

spectrum of various wavelength lights, blue light elicits the strongest phototropic responses 

known in plants (Wiesner, 1878). Red light on the other hand, powers photosynthesis to a 
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much lesser extent, and indeed inhibits photosynthesis under saturating conditions 

(Hogewoning et al., 2010). Red light-induced phototropism is also quite mild, and its role 

seems to be primarily in seed germination and floral induction. Known aspects of plant 

phototropism are discussed below. 

Red light phototropism 

Red light traditionally has not been known to induce a phototropic response, because the 

response is very weak (Millar et al., 2009). In etiolated A. thaliana seedlings, red light 

induces positive phototropism in roots (Kiss et al., 2003), a response lacking in mutants for 

PHYA and PHYB, suggesting that red light root phototropism is phytochrome-mediated. But 

red light-induced hypocotyl phototropism in the model plant Arabidopsis is hard to see in 

normal conditions, which may be because this response is weak, and is masked by the 

overriding gravitropic response. With this in mind, experiments were conducted on 

Arabidopsis under microgravity conditions in space flight experiments and it was seen that 

red light induces positive phototropism in hypocotyls as well (Millar et al., 2009). 

Phytochrome mediated red light phototropism has also been reported for maize mesocotyls 

(Iino and Schafer, 1984). Phytochrome-mediated FR phototropism in shoots is not yet fully 

characterized: while cucumber shoots exhibit positive phototropism to FR light (Ballare et 

al., 1992), Cuscuta planiflora shoots are negatively phototropic to FR.  
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Blue light phototropism 

Blue light induces strong positive phototropic response in hypocotyls even in a normal 1g 

gravity environment (Tsuchida-Mayama et al., 2010). Roots are negatively phototropic to 

white light and blue light, though the negative phototropism to blue light is a weak response, 

not easily discernible in wild type plants, but more pronounced in starchless mutants (Ruppel 

et al., 2001). Blue light negative phototropism in roots also increased in microgravity in 

plants grown in The International Space Station (Millar et al., 2009).  

Regulation of phototropism 

Phytochromes and cryptochromes are important for phototropic sensing, and therefore, 

phototropic curvature. Mutants phyAcry1cry2 and phyAphyBcry1cry2 hypocotyls show 

reduced curvature in directional blue light (Tsuchida-Mayama et al., 2010). PHY and CRY 

have been shown to aid phototropic bending by suppressing ABCB19, an auxin efflux 

carrier, and a negative regulator of phototropic bending (Nagashima et al., 2008). PHYA 

increases expression of PHYTROCHROME KINASE SUBSTRATE1 (PSK1) in blue light, 

which contributes towards a negative curvature in roots as a response to directional blue light 

stimulation. PKS1 mutants do not show phototropic bending, while the bending is 

exaggerated in PKS1 over-expressing plants (Boccalandro et al., 2008). In root phototropism, 

another protein of importance is ROOT PHOTOTROPISM 2 (RPT2), which modulates the 
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activity of blue light receptor PHOT1 (Inada et al., 2004). RPT2 is also regulated by PHY 

and CRY proteins (Tsuchida-Mayama et al., 2010).  

Asymmetrical cell elongation that causes phototropism involves asymmetrical auxin 

accumulation. As seen with an auxin inducible DR5:GUS construct, auxin accumulates on 

the shaded side of a hypocotyl exposed to directional white light (Friml et al., 2002). In 

hypocotyls, auxin accumulation increases cell elongation, and causes curvature in the 

direction of white light. Auxin induced transcription factors NPH3 and NPH4/ARF7 are 

reported to be involved in phototropism (Molas and Kiss, 2008). Some proteins that have 

been shown to aid asymmetric auxin distribution following directional illumination are PIN3 

(Friml et al., 2002), ABCB19 (Noh et al., 2001), PIN1 (Noh et al., 2003) and AUX1 (Stone 

et al., 2008). At the shoot apex, unilateral light already forms an auxin gradient, where PIN1 

and ABCB19 play an important role in transporting auxin rootwards; ABCB19 mutants mis-

localize PIN1 in the shoot apex and hinder fast rootward auxin transport, This causes a steep 

auxin gradient near the apex and results in hyper-phototropic hypocotyls (Noh et al., 2001). 

Lower in the hypocotyl, lateral relocation of auxin to the shaded side is also important for 

phototropic bending, as seedlings mutated in PIN3 exhibit reduced phototropism (Ding et al., 

2011). 

Another aspect of phototropism, as has been recently revealed, is the role of phospholipid 

signaling (Salinas-Mondragon et al., 2010) [Chapter 2]. In transgenic plants with reduced 

InsP3, there was a marked reduction in tropic responses, including phototropism to blue light. 
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The blue light perception gene CRY2 and the red light perception genes PHYB and PHYE 

were differentially expressed in InsP3 deficient plants compared with wild type plants. Many 

genes involved in photomorphogenesis were found differentially expressed. Therefore, InsP3 

mediated transcriptional regulation (directly or through downstream proteins/metabolites) 

also in part accounts for phototropic responses (Salinas-Mondragon et al., 2010) [Chapter 2]. 

In spite of some proteins recognized for phototropic signal transduction, the picture is yet far 

from clear. While PHY, CRY and phot holoprotein are accepted to be the light receptors, it is 

not known how these proteins affect auxin redistribution. It is hypothesized that PHOT 

proteins phosphorylate auxin efflux carriers, but this has not been experimentally 

investigated. Furthermore it is not known how the light gradient across the tissue is 

recognized by the plant at a molecular level. This is important because when plants face 

directional light, the darker side of the plant is also not completely dark compared with the 

illuminated side, it is just comparatively dark. It is interesting to note that the two PHOT 

proteins are activated by different fluence rates oflight. Whether all light receptor proteins 

have isoforms like PHOT proteins that turn on at different light fluence rates, or if the same 

proteins change spectral forms depending on the light intensity is not known. It is not known 

why auxin concentration, while inhibiting elongation in roots, promotes cellular elongation in 

shoots.  

Discovery of novel proteins involved in phototropic signal transduction by approaches like 

mutant analysis is rendered difficult by the fact that phototropism is a weak response 
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dominated by gravitropism, and there may not be an easily discernible phenotype even if the 

proteins are involved in the pathway. One way to solve this problem is to conduct mutant 

screening experiments in microgravity conditions at the International Space Station. 

Interaction between gravitropism and phototropism 

Mature plants have a primary shoot apex and a primary root apex which are vertically 

oriented in the direction of gravity. In even light, the shoot apex grows straight upwards, but 

in a light gradient, it exhibits phototropism by bypassing gravitropism and growing towards 

the light. Root tips grow straight down. But most of the plant biomass is actually created by 

the lateral organs. Branches with leaves are responsible for almost all of the photosynthesis 

and the elaborate lateral root system is responsible for almost all water and mineral uptake. 

These lateral organs do not have a 0° GSA, but a variable and versatile angle of growth 

which is in a dynamic equilibrium with many directional responses, such as gravity, light, 

touch, water, oxygen etc. Some components in these pathways interact. All of them involve 

auxin redistribution, though recently other hormones such as GA (Wolbang et al., 2007; Ross 

and Wolbang, 2008), brassinosteroids (Li et al., 2005; Vandenbussche et al., 2011), cytokinin 

and ethylene (Golan et al., 1996) are also being implicated in tropic responses. There is also 

evidence that tropic responses compete with each other. Red light, through phytochromes, 

has been reported by several authors to negate gravitropism in certain species (Liscum and 

Hangarter, 1993; Parks et al., 1996; Poppe et al., 1996; Hangarter, 1997).  
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While gravitropic perception may not be affected by red light, as statoliths sedimentation was 

seen to be unaffected by red light stimulation in moss protonemata (Kern and Sack, 1999), 

red light exposure promotes randomization of shoot growth direction. Previous red light 

exposure actually sensitizes hypocotyls to gravitropism (Britz and Galston, 1982). Further, 

red light exposure increases blue light-induced phototropism, perhaps by countering 

competing gravitropism (Liscum and Hangarter, 1993; Parks et al., 1996; Poppe et al., 1996; 

Hangarter, 1997). While the mechanisms of tropic interactions at molecular level are yet far 

from known, their knowledge is crucial for developing plants which can resume normal 

growth in extreme situations, like in shaded environments on earth, and in life support 

systems in space. 

SYNAPTOTAGMIN 

Arabidopsis Synaptotagmin 1, AtSYT1, belongs to the large Synaptotagmin family of 

proteins. The SYT family is evolutionarily very conserved, and 98 SYT genes have been 

identified from ten sequenced genomes of C. elegans, Anopheles, fruit fly, Danio, Ciona, 

Fugu, mouse, humans, rice and Arabidopsis(Craxton, 2004). The SYT proteins are 

transmembrane proteins first discovered because of their importance in causing synaptic 

vesicles to fuse with presynaptic membranes (Littleton and Bellen, 1995).  

All SYT proteins contain a short intervesicular sequence at the N-terminal region followed 

by transmembrane helices, a linker sequence, two cytoplasmic calcium binding C2 domains 
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(C2A and C2B) and a WHXL motif (Sutton et al., 1995) and finally a C-terminal region. The 

transmembrane helices are important for transmembrane anchoring of SYT family proteins 

while the C2 domains bind Ca
2+

. The WHXL motif is needed for plasma membrane 

association in vesicle docking process (Fukuda et al., 2000; O'Connor and Lee, 2002).  

SYT proteins are involved in both, vesicle exocytosis and endocytosis (Schwarz, 2004; Tang 

et al., 2006).With other key proteins, namely vesicle-associated soluble n-ethylmaleimide-

sensitive factor attachment protein receptor  (v-SNARE),  target membrane-localized (t-

SNARE), SNAP-25, syntaxin and synaptobrevin, SYT proteins carry out neuronal membrane 

fusion in animal systems (Broadie et al., 1994; Weber et al., 1998; Jahn and Scheller, 2006; 

Fox and Sanes, 2007; Brunger et al., 2009). The mechanism of vesicle fusion and the protein 

machinery involved is conserved through Drosophila(Littleton et al., 1993), C. 

elegans(Nonet et al., 1993), mouse (Geppert et al., 1994) and human (Gao et al., 2000). In 

the presence of Ca
2+

(Baram et al., 1999; Kuo et al., 2009), the C2 domains are configured to 

bind two membrane bilayers and bridge them together for fusion (Herrick et al., 2009). 

Neuronal firing happens in response to elevated cytosolic Ca
2+

, and Ca
2+

 sensitivity is 

actually provided by SYT proteins alone in the SNARE complex (Lynch et al., 2007), and 

they are therefore called Ca
2+

 sensors. It is important to remember, though, that not all 

predicted SYT proteins have Ca
2+

 sensing and vesicle trafficking functions.  

Mammals have 16 members in the SYT family, out of which eight are capable of binding 

Ca
2+

. In mammals, SYT 1, II, III, V, VI, VII, IX and X function as Ca
2+

 sensors and carry out 
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exocytosis or endocytosis or both (Xu et al., 2007). SYT1 binds with and óbendsô membrane 

leaflets and interacts with other members of the SNARE complex in a Ca
2+

 dependent 

manner to bring down the energetic cost of membrane fusion (Lynch et al., 2008) for 

membrane exocytosis and endocytosis. Recently, single vesicles have been analyzed to 

quantify the exact proportion and quantities of seven integral proteins of brain synaptic 

vesicles SYT1, SV2, the proton ATPase, Vglut1, synaptobrevin2, synaptophysin and 

synaptogyrin (Mutch et al., 2010).  

SYT1 is sorted into vesicles with high precision; the number of SYT1 molecules found per 

vesicle showed little variation. The Ca
2+

 dependency and modes of vesicle docking for 

SNARE-Synaptotagmin driven fusion has been studied at a single vesicle level (Christensen 

et al., 2010), and Ca
2+

 accelerated the vesicle docking more than two orders of magnitude, 

though not all docked vesicles ended up in membrane fusion. Vesicle docking and fusion is 

dependent not only on the presence of synaptic vesicle proteins, but also on the lipid 

composition of the plasma membrane (Kuo et al., 2011). SYT proteins bind 

phosphatidylinositol, 3,4,5-trisphosphate (PIP3) in the absence of Ca
2+

 and in presence of 

Ca
2+

 SYT binds phosphatidylinositol, 4,5-bisphosphate (PIP2). In presynaptic membranes, 

this PIP3 binding by Syt1 is actually necessary for Ca2+ binding and coupling of Ca2+ influx 

with vesicular fusion (Paddock et al., 2008). Decreased PIP2 levels at nerve endings causes 

impairment in vesicle trafficking and lethality in mice (Di Paolo et al., 2004). PIP2 increased 

SYT1 affinity to Ca2+ in  Rattus norvegicus(Radhakrishnan et al., 2009). When bilayers 
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made of phosphatidylcholine (PC) and phosphatidylserine (PS) were supplemented with 

PIP2, the C2A domain of Syt1 penetrated deeper in the membrane, altering the C2B domain 

orientation and pushing it towards the bilayer interface where it bridges bilayers (Kuo et al., 

2011).  

SYT protein isoforms are present in all plants tested to date, including the evolutionary 

ancient bryophyte Physconitrella, which actually has 19 predicted SYT coding genes in its 

haploid genome (Craxton, 2007). Arabidopsis thaliana encodes five AtSYT proteins named 

AtSYTA-E. AtSYT B-E proteins are predicted endomembrane proteins with unknown 

functions, but information is available about roles of protein AtSYTA, now called AtSYT1. 

Just like its mammalian isoforms, AtSYT1 has been shown to be an important vesicular 

recycling protein (Yamazaki et al., 2010). While all mammalian SYT proteins localize to 

endomembranes such as ER and vesicles but not plasma membrane, AtSYT1 localizes to the 

plasma membrane (Yamazaki et al., 2010). The protein is processed in the ER and Golgi, but 

specifically localizes to the plasma membrane (Yamazaki et al., 2010). Tandem C2 domains 

in AtSYT1 are required for localization of the protein to plasma membrane (Yamazaki et al., 

2010). The protein regulates plasma membrane-derived vesicle endocytosis in plants. In a 

study aiming to understand the role of AtSYT1 in virus endocytosis and trafficking within 

the plant, it was seen that AtSYT1 bound directly with viral movement proteins for Cabbage 

leaf curl virus (CaLCuV) and Tobacco mosaic virus (TMV). In plants lacking AtSYT1, cell 

to cell trafficking of viral movement proteins was inhibited (Lewis and Lazarowitz, 2010). 
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Therefore, AtSYT1 has a role in trafficking proteins within the plant which has important 

implications for plant growth, development and stress responses.  

Vesicular fusion also has an important role in maintaining and regaining plasma membrane 

integrity after biotic and abiotic stresses. Being sessile, plants need to develop mechanisms to 

tolerate stresses such as soil salinity, osmotic shock, freezing and thawing with fluctuating 

temperatures between day and night. Stresses such as these cause breakage in the plasma 

membrane, and just like in animal systems, the resealing process needs a specialized 

assembly of proteins accompanied with Ca
2+

 influx at the wound site (Schapire et al., 2009). 

In mammalian systems, SYT VII has a role in plasma membrane repair in the presence of 

Ca
2+

, post-mechanical tearing of the membrane (Reddy et al., 2001; McNeil and 

Kirchhausen, 2005). In plants AtSYT1 was the first identified component in the plasma 

membrane repair apparatus (Schapire et al., 2009). AtSYT1 helps in fusing vesicles back to 

the membrane to help reseal it after salt stress (Schapire et al., 2008) and freezing stress 

(Yamazaki et al., 2008). Insertional mutants and RNAi lines with knock-out or silenced 

AtSYT1 were more susceptible to stress damage compared with wild type plants.  
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Chapter 2. Copy of the published paper ñRole of inositol 1,4,5-triphosphate signaling in 

gravitropic and phototropic gene expressionò Plant Cell and Environment (2010) 

33, 2041-2055. 

MY CONTRIBUTION 

Generating and analyzing data for Figures 4 and 9. 

SIGNIFICANCE TO THE DISSERTATION 

Gravity and light stimulate InsP3 generation 

The earliest known biochemical response to gravity signal is the Phospholipase C (PLC)-

mediated spike in the levels of inositol 1,4,5-trisphosphate (InsP3) in gravity-sensing tissues 

(Record et al., 1999; Perera et al., 2001). The enzyme PLC hydrolyses the plasma membrane 

phospholipid phosphatidylinositol bisphosphate (PIP2) into diacylglycerol (DAG) and InsP3 

(Meijer and Munnik, 2003). Within 10 seconds of gravistimulation, there is a five-fold spike 

in InsP3 levels in the lower halves of both oat and maize pulvini (Perera et al., 1999; Perera et 

al., 2001).  InsP3 elicits the release of Ca
2+

 from cellular stores such as the ER and the 

vacuole (Alexandre and Lassalles, 1990), and Ca
2+

 in turn may serve as a secondary 

messenger for gravitropic signal transduction and amplification (Poovaiah and Reddy, 1993). 

PLC mediates generation of InsP3 in both phototropic (Harada et al., 2003) and gravitropic 

responses (Perera et al., 1999; Perera et al., 2001).  



75 

 

Chemical inhibition of PLC by aminosteroid U73122 blocks InsP3 accumulation and leads to 

reduced gravitropism in both roots and stems of Arabidopsis. Reduction in InsP3 levels has 

also been achieved by expressing human type I InsP 5-ptase in Arabidopsis, which 

specifically hydrolyses soluble inositol phosphates InsP3 and InsP4 (Majerus et al., 1999), 

reducing InsP3 levels in transgenic plants to less than 5% of that of wild type plants (Perera et 

al., 2006). Gravitropic bending is reduced in both roots and hypocotyls of transgenic 

Arabidopsis plants with low InsP3 levels (Perera et al., 2006). This demonstrates that 

gravitropic signal transduction has a PLC mediated InsP3 dependent component.  

Gravity and light up-regulated gene expression 

To identify novel genes playing a role in gravitropic signal transduction, microarray 

experiments were conducted by several groups, to identify genes specifically regulated by 

gravity stimulation (Moseyko et al., 2002; Kimbrough et al., 2004).  Gravity induces 

increases in transcript abundances of 65 genes in Arabidopsis root apices (Kimbrough et al., 

2004). These genes fall into many functional categories such as cell wall elongation, cell 

cycle maintenance, stress and defense signaling, even photomorphogenesis as well as novel 

genes for which functions arenôt yet established, such as ROSY1 (mentioned as At2g16005 

MD2-Related in the paper) (Kimbrough et al., 2005). Some of these genes, including ROSY1, 

are also transcriptionally up-regulated by phototropic stimulus (Salinas-Mondragon et al., 

2005).  
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Gravity and light-induced regulation of ROSY1 mRNA abundance is InsP3-dependent 

Gravity induces transcriptional up-regulation of ROSY1 mRNA within less than 2 minutes of 

gravity stimulus (Kimbrough et al., 2004). Light also induces transcriptional up-regulation of 

ROSY1 mRNA within less than two minutes (Salinas-Mondragon et al., 2005).  

In our publication ñRole of inositol 1,4,5-triphosphate signaling in gravitropic and 

phototropic gene expressionò included in this chapter, Salinas-Mondragon et al. have shown 

that the gravity and/or light-induced up-regulation of some genes is dependent on the levels 

of InsP3 in the plant. They compared expression of light and gravity-regulated genes between 

WT and transgenic plants having very low levels of InsP3.  We found that some genes tested, 

including ROSY1, had different expression levels in transgenic plants compared with WT 

plants. This data puts InsP3 and Ca
2+

 upstream of the transcriptional regulation of some light 

and/or gravity-induced genes, including ROSY1. 

Contributions of this publication specifically in context with ROSY1 and this dissertation are 

highlighted below: 

1. In transgenic plants with lower InsP3 levels, ROSY1 mRNA is not transcriptionally 

up-regulated in response to gravity (Figure 3) or light (Figure 6) stimulation. 

Therefore, InsP3 and Ca
2+

 are upstream of light and gravity-induced ROSY1 

transcriptional up-regulation. 

2. The levels of ROSY1mRNA in the roots of seedlings grown in red and far red light 

are different between wild type plants and transgenic plants with reduced InsP3 levels. 
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Therefore, InsP3 is upstream of ROSY1 transcriptional regulation in different light 

conditions in soil. 

COPY OF THE PUBLICATION 

Publication ñRole of inositol 1,4,5-triphosphate signalling in gravitropic and phototropic 

gene expressionò (Salinas-Mondragon et al., 2010). 
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