ABSTRACT
KAJLA, JYOTI DALAL. ROSY1, a Novel Rgulator of Tropic and Strese&ponses in
Arabidopsis thaliana(Under tle direction of Dr. Heik&ederoffand Dr. Steven Clouge
Plants are sessile organisms, which constantly modulate their growthirtacliheging
environmentGravity 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 y@riented wih respect to the vector of gravity, the roots
are able to sense the change of their orientation towards the vector of gravity;dinedtre
their growth towards the new direction by bending towards the direction of gravity. This
bending is brought about) part, by modulation of gene expression. In roots, gravitropic re
orientation induces specific changes in gene expresSina of the earliest transcriptional
responses to gravity stimulation is the -nggulation of ROSY1 (InteractoR Of
SYnaptotagminl) RNA. The expression oROSY1ImRNA is upregulated 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. TR@SYIMRNA expression is also up

regulated irresponse 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 roofbe research presented in this

dissertationis focused on three major objectives to answer the following questions:

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

regulation of theROSY transcript?



To characterize the signal transduction elements required faptregulation of thdROSY1
MRNA in Arabiopsisroots apices, we used transgefsrabidopsislines with altered gravity
induced phospholipid signaling. The results of this research show that the gravity and light
induced expression dROSY1ImRNA 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?

Arabidopsisinsertion mutants defecevin ROSY1 have a significant difference in the
gravitropic and phototropic bending. Roots of ROSY1 knockout plants bend faster on
gravitropic reorientation than WToots, indicating that ROSY1 is a negative regulator of
these tropic responses. This phepet is partially brought about by changes in auxin
transport rates. These results as well as the cellular and subcellular localization of the
ROSY1 protein imrArabidopsisare described and discussed in Chapter 3 of this thesis.

3) What is the physiological iction of ROSY1 imArabidopsisroots?

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 %o 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 fuision
synaptotagmin 1(SYT1). A mdabolic 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 imptant for plant stress signaling, defense and survival. Taken together,
these results suggest that ROSY1 is involved in the regulation of wesitieking in
Arabidopsis root apices. These experiments are described and discussed in Chapter 4 of this

thesis.

In summation, wéave identified a novel protein ROSY1Amabidopsisthat plays a key role in
mediating plant gravitropic, phototropic and stress responses, possibly via specific sterol binding

and interaction with thArabidopsismembrane trafficikag 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 anpldt 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 neigaty 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 mdwaats t
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 10mArabidopsi$ , after which they

also grow in the direction of gravifiiss et al., 2002)

All plant organs grow at a specific angle with respect to the gravity vector, called Gravitropic
Set point Angle, or GSADigby 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 haywhere between 0 and 180°. Primary root GSA is 0°, but that of lateral



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 startiltled plastids
(amyloplasts) called statoliti{glaberlandt, 1900; Nemec, 190@f 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 contra€l) (DIcroscopy to monitor
gravity-directed statolith sedimentation. a) Three tiers of four cells each at the root cap, labeled S1, S2



and S3, are called columella cells. These cells contain amyloplasts (AM) called statoliths. b) An
enlarged columella celhswing 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:j)Gravitropic reorientation of the root by 90as shown in c) is followed

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

of root reorientation (d); within 591 seconds (~10 minutes), statoliths are complete;t reoriented to the
direction of gavity (j). Image reproduceddm Leitz et al. (2009) (Leitet al., 2009).

As seen in Figure 1.1, the statoliths physi
and they are widelsyenaocept ed nast hfegrraevatt yc ol
endodermal cells of the negatively gravitropic influorescence §tdrimann and Pickard,

1965; Pickard and Thimann, 1966; Kiss and Hertel, 1989; Fukaki et al. 1883;ét 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 Figur@ ditt et al.,

2009) and this mechanical force is somehow converted to a biochemical signal that is
transduced from #h colunella 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 &waity gr
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 posergation, the

root tip grows towards the direction of gravity again.

Lateral roots of ArabidopsigKiss et al., 2002)tea (Yamashita et al., 199/7kunflower
(Stoker and Moore, 1984nd castor oil plariRicinugMoore and Pasieniuk, 1984)so have

columella cells, though fewer thamimpary root tips. These cells house amyloplasts too,



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 wellsuch as in bean lateral rogansom and Moore, 1985)

Cytoplasmic streaming in internodes of the alga Chara is gravitriypiodlced but is not
statolithdependen (Staves et al., 199%nd 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 withduced starcliSack, 1997)pr 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 rdending(Blancaflor et al., 1998)Lasermediated
ablation of root cap cells causes loss of gravity perception by fosigjeki and Fedoroff,
1999) The roots of starcheficient Arabidopsismutants, such apgm1 have starcHess
plastids in the columella cells, and display reduced gravitropic bending regf@asgar and
Pickard, 1989; Kiss et al., 1989Dn the other hand, the roots of excess steocttaining
Arabidopsis sexlmutants display a hypgravitropic response (increased gravitropic

bending)(Vitha et al., 2007)

The sedimentation of amyloplasts towards the vector of gravity is not entirely due to their
higherparticle density; the cellular actin cytoskeleton may have an important role to play for

gravity-directed statolith sedimentation. This was demonstrated vAtiabidopsis



sgramutants, which have reduced interaction betweeactth and amyloplasts. The
amyloplasts in hypocotyl endodermis of these plants show increased juhigirggaltatory
movements, but do not sediment in response to gr@Miakamura et al., 2011fausing a
redued gravitropic response. The mutation is rescued by addition of aefialylaerizing

drug Latrunculin B (Lat B), or genetically g1 mutation, which causes fragmentation of
actin filaments(Nakamura et al., 2011Research using Lat B oftrabidopsisroots and
hypocotyls indicates that actin filaments somehow impede gravitropic response, and
therefore, may have some role in gravitropic signa{iBigncaflor et al., 2003; Hou et al.,

2003; Hou et al., 2004)

The gravityinduced reorientation of amyloplasts in the root tip is a mechanical response,
which has to be translated into biochemical signal(s) in thenedla cells that are yet
uncharacterizeqPeer 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 compasefor gravitropic signal transduction,

including InsR, C&*, 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 vaus mutant studies and biochemical data, it has been

demonstrated that the grawityduced differential cell elongation in the root is caused



because of a gradient in the distribution of auxin. This gradient is formed due to polar auxin

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

Polar auxin transport

The asymmetric auxin distribution in plant tissues is brought about by adsimm@exin
transport, callegbolar auxin transpoiiMuday and DelLong, 2001¥5enerated in response to
tropic stimuli and developmental cugplar auxin transport forms an important link between
environmental signals and the plant form. Asymmetric awsiridution is responsible for
asymmetrical cellular elongation and organ bending during tropic responses such as

gravitropism(Swarup et al., 2005)

Auxin is transported long distareé&rom the site of synthesis (young leaf primordial and
meristematic tissuggo 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 celb-cell plasma membrarmediated active transpofZazimalova 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 transpois also utilized by transporting 1AA 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

patticular root cells (Swarup et al., 2005).



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., 201Byt IAA is a weak acid,

which dissociates into 1A2and H in solution.

At 20°C, the pKa (acid dissociation constant) of IAA is-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 freggrmeate through the plasma
membrane, the negative charge on 1Akevents 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 IAAa form tha 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 1AA trapSrivastava, 2002; Zazimalova et al., 20ID)e influx and
efflux of IAA utilize carrier mediated active transport, as shown in Figure 1.2 reproduced

from Friml, 2010 (Frinh 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 undissociatethA molecules tha can entercells by passie diffusion, or by carriemediated
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 memhdaresjuaes

auxin efflux carriePIN 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 knogo far to function in auxin influx, namely

AUXIN RESISTANT1 (AUX1) (Marchant et al., 1999)and the related LIKE AUX1



(LAX1, LAX2 and LAX3) (Young et al., 1999; Parry et aR001) AUX1/LAX proteins

belong to the structurally conserved family of AAAP (amino acid and auxin permease)
proteins(Young et al., 1999)hat function as proton symporters to bridgA " into the cell
against a concentration gradigfidgartecheaChirino et al., 2010) Of these, AUX1 was
identified and cloned firstBennett et al., 1996)The protein 1485 amino acids long, with
eleven transmembrane spanning dom&Bwarup et al., 2004) The Arabidopsisgenome
encodes four AUX1 proteins, localized in plasma membdrand Golgi apparatus, and
expressed in the epidermal cells of the root apices, the lateral root caps, the columella cells
and the protophloem cel(Swarup et al., 24), andthe lateral root primordia as well as in

the shoot apical meristem®larchant et al., 2002)\WWhen AUX1 is absent, cells show
significantly reduced auxin sgke, in keeping with the function of AUX1 as an auxin influx
carrier(Rouse et al., 1998 onsequentlyaux1 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 leavg®larchant et al., 2002)Accordingly, aux1l mutants

have a reduced number of lateral root primofdarchant et al., 2002pnltered phyllotactic
paterning (Bainbridge et al., 2008and an agravitropic phenotype in both roots and
hypocotyls(Marchant et al., 1999Reduced auxin uptake also has serious consequences on
embryo development and organogeneaistl mutants show altered development of leaf
primordia in embryonic shoot@Varchant et al., 2002and altered cell number, size and

patterning in embryonic roof§)garteche&Chirino et al., 2010)



AAAP proteins LAX 1, 2 and 3 are paralogs of AUX1 with auxin influx functions. LAX3
has the maximm sequence similarity with AUX(@Parry et al., 2001)in heterologas yeast
system, AUX1 has a very high auxin import actiiang and Murphy, 20091 AX3 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, 2008€ng mutant studies,
LAX3 has been demonstrated to also be ingdlin lateral root emergen¢8warup et al.,
2008) and leaf primorch formation(Bainbridge et al., 2008)ust like AUX1. AUX1 and

LAX3 together are also a link between auxin and ethylene interaction, and are involved in
apical hoolkformation in etiolated\rabidopsisseedlinggVandenbussche et al., 2010nder
nitrogen deficiency, in addition toehAUX1/LAX proteins, the nitrate transporter NRT1.1 is

involved in auxin uptake and lateral root induct{&mnouk et al., 201Q)

Auxin efflux carriers

Auxin efflux is mainly carried out by PIN proteins, a family of carrier proteins wifii 9
transmembrane helices, named after the PINFORMED inflorescences shown by genetic
mutants of the earliest discened PIN protein, PIN{Okada et al., 1991PIN proteins are
conserved throughout multicellular plants, ranging from Streptophyta to mosses to modern
angiospermgDe Smet etl., 2011) PIN orthologs are notably absent from unicellular algae

(De Smet et al., 2011)
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The Arabidopsisgenome encodes eight PIN proteins, named FNdut of which PIN6 and

PIN8 are not yet fully characteriz€lrecek et al., 2009)PIN proteinshave 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 fromctieto 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 ¢ansrecycling from plasma membrane to endosomal
compartments by a transcytosiiee 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 mérane. This brefeldid 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 deuats 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 tisgGedweiler 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 youngArabidopsis seedlings, PIN1 is localized to xylem

parenchyma and surrounding cortical céNsh et al., 2003)
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PIN2 is expressed in the root tips; at the tips PIN2 is expressed in the lateralpothteca
epidermis and the cortex. Within the cells, PIN2 is localized to the basal and anticlinal side
plasma membran@uller et al., 1998; Boonsirichai et al., 200BIN3 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 columellg~cetiset al.,

2002) PIN4 is expressed in the root quiesasgmter and surrounding cells, alodalizes on

all sides of the cellgriml 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 ¢€llisnl 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 RPR&l et al., 2003)
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PIN2:GFP PIN7:GFP

Root cap

Cortex
Endodermis
Stele
Columella
Qulescent center

PIN1:GFP PIN4:GFP

Figure 1.3 Expression localization of PIN protein inArabidopsisroot tip .

a)PIN2GFP expesses 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)PINIGFP expresses in the root vasculature cells, laslia the basal plasma membrane

of the cells. c) PIN-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. dJ@HR4Zexpresses in the
central root meristemand 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 ltig.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 laterallynd up the lateral root cap by the concerted action of PIN3, PIN2 and
PIN7.Image reproduced from Fewaand Friml, 2008 (Feraru and Frirdi008).
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Short PINs include PIN5, 6 and 8. They have a much reduced central hydrophilic loop, and
these proteins do naoeside in plasma membranes or transport auxin out of the cell, but
actually localize to cellular endomembranes, where they possibly function in homeostatic
auxin compartmentalizatiofPeer et al., 2011)n Arabidopsisseedlings, PIN5 is expressed
strondy in the guard cells. vasculature of cotyledons and the elongating parts of the
hypocotyls, as well as weakly in the root tip and root pericidiavec et al., 2009PIN5 is
ectopically expressed at a weak basal level even in maturesJesagms and flowers. Within

the cells, PIN5 is localized to the endoplasmic reticulum (@Ravec et al., 2009)PIN8
expresses in root hai&anguly et al., 2010and mature pollen grain®istefano 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 localizaf@anguly et al., 2010)Auxin upregulates
expression of PINproteins, with an exception of PIN5, which is devegulated by auxin

(Krecek et al., 2009)

Other than the PINs, auxin efflux is also carried out by ABCB/P&B/¢dproteins ABCB

1, 4 and 19 (irArabiodpsi3 (Peer et al., 2011 hese 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; agiwatanakun et al., 20Q9%nd ABCB4 directs

shootward auxin transport at the root (§antelia et al., 2005; Terasaka et al., 20pB)ys a

14



role in light/sucrose dependent root groilerasaka et al., 200%)nd root hair elongation

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

With the help of the above memtied carrier proteins, auxin travels directidyahind
increases in a polar or ngolar manner ircertain tissues. v much auxin is internalized

by auxin influx carriers or exported by efflux carriers depends on the regulation of these
proteins at the trescriptional, 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 tbheley
mechanism in regulating the polarity of PIN proteins on cellular membranes, and thereby, the
direction ofauxin transport. Discovery @road spectrum kinase inhibitors such as K25a and
staurosporine inhibit auxin efflux but not influx, gave a clue thatieffelated carriers may

be prone to activation by phosphorylation, which was later confirmed. It is now known that
three members of AGC family of seritiereonine kinases ( PID, WAG1 and WAG2)
reversibly phosphorylate PIN proteins at a conserved serindueesvithin the central
hydrophilic loop in PIN proteinfLee and Cho, 2006; Dhonsife et al., 2010)}ack of PID

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

apical delivery of PIN proteins on plasma membr@tieine-Vehn et al., 2009)

The protein Phosphatase 2 A (PP2A) also hashaortant role in maintaining PIN polarity.
The rcnl 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 iapl delivery of PIN proteins, just like PID ovexpressing
plants, which leads to the currently accepted model that PID and PP2A are antagonists in

regulating PIN proteins phosphorylativlichniewicz et al., 2007)

It was previously believed that plasma membrane bound PIN proteins, are static in the
membrangPaciorekand 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 compartmerfideine-Vehn et al., 2008; Klein®ehn and

Friml, 2008) Notably, this recycling is not just limited to efflux carrier PINs. The mauxi
influx carrier AUX1 is also shown to recycle between plasma membrane and endocytic
compartments, even though by a different internalization mechafieme-Vehn et al.,

2006) This internalization of AUX1 and PIN proteins and their redelivery is an
evolutionarily conserved mechanigfikleine-Vehn and Friml, 2008)and t 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 meaiam 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)nternalized vesicle is coated with clath(lDhonukshe et al., 2007)

and the process is BFA sensitiiideine-Vehn et al., 2008)BFA, or Brefeldin A, is a fungal

16



toxin that #dAsplitso t-hhecisGstdrnge getahsqhbed imthelER, i n
whereas thérans cisternae fuse to form a compartrhealled a BFA compartmeriSurpin

and Raikhel, 2004)
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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 andefiular vesiclesThe PIN proteins, as

well as the AUX1 proteins are internalized by stetgpendent endocytosis. PIN proteins get
internalized in clathrircoated vesicles. New carrier proteins are synthesized and processed through
ER andtrans Golgi network. The depositn of veciles with carrier proteins on the apical plasma
membrane requires ARGEF 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 &ir 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 coimpasitthe membrane
microdomains may be necessary to regulate PIN protein delivershemmembrane. Image is
reproducedrom Petrasek and Friml, 2009 (Petrasek and Friml, 2009).
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The recycling, or redelivery on the basal plasma membrane requires ARF GEM GNO
(Geldner et al.,, 2003)as seen in Figure 1.4, and its gibke antagonist ARF GAPs
SCF/VAN3(Sieburth et al., 2006and is less BFA sensiti&leine-Vehn et al., 2008)The
redelivery on apical membrane depends on PID1, WAG1 and WAG2 kinases. The currently
accepted model postulates that the competitive riegyaf PINs basally by GNOM and
apically by PID, WAG1 and WAG2 is what actually causes polarization of PIN proteins
(Dhonukshe etlg 2010) Auxin itself also regulates recycling of PIN proteins. Putative
auxin receptor AUXIN BINDING PROTEIN1 (ABP1) has been shown to be important to
mediate auxirdependent inhibition of endocytosis of clathcimated vesiclegRobert et al.,

2010)

Auxin androot 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 invores 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° wigeceso the

vector of gravity. The role of auxin in this differential elongation may be summarized into
two phase$ first the formation of an auxin gradient at the gravistimulated root tip followed
by auxin induced inhibition of cellular elongation anchsequent curvature. These phases

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

Gravity-induced asymmetrical cell elongation is caused by asymmetric accumulation of
auxin. Using radidabeled auxinYoung et al., 19909r the auxin inducible promoter DR5
linked with reportersGFP and GUS(Rashotte et al., 2001; Boonsirichai et al., 2003;
Ottenschlager et al2003; Wisniewska et al., 2006howed 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 Arabidopsisseedlings, auxin travels from the shoots rootwaadphloem 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 gradteis caused by concerted action of auxin transporters
AUX1, PIN3, PIN2 and ABCB4 also known as MDR4 or PE@P4ml, 2010; Peer et al.,

2011) AUX1 is an important auxin influx carrier, for which null mutants and conditional
mutants have reduced auxin transport axtdlet an agravitropic phenotyg®archant et al.,

1999; Swarup et al., 2004By 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 lateoalcap. 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 reot

Two transmembrane-domain proteins ALTERED GRAVITY1 (ARG1) and ARG LIKE1l
(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 @dérrison

and Mason, 2008a); Harrison and Masson, 20(0®)). 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
mechanims 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.
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Figure 15Gravity -inducedasymmetric auxin distribution.

a) Arabidopsisroot expressing thBR5:GFPconstruct. ThddR5 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 cd$. b) Upon gravitropic reorientation, auxin accumulates on the lower side of the root
within an hour of gravity stimulus. ¢) PIN proteins are responsible for the giadiiges auxin
redistribution. Auxin is transported to the columella cells by PINacfplrrow), PIN2 (red arrows)

and PIN4 (blue arrows). There is a high auxin concentration at the columella cells (light blue
pool).When the root is rerientated to the vector of gravity (indicated by solid blue arrow), PIN3 in
the columella cells (indicatl 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 fron2Bithknd Kleine

Vehn and

Friml, 2008(KleineVehn 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 shownilipestbl2
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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 ro@fbas 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 beritical for correct gravitropic responséSwarup et al., 2005; Rahman et

al., 2010)

MDR4/PGP4/ABCB4 is a multidrug resistancegigcoprotein, a member of ABC (f&xTP

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 phenotypewis et al., 207).

Recently, it has been shown that flavonoids are responsible for enabling polar PIN shifts
during gravitropic respong&antelia et al., 2008PIN protein localization is dependent on
kinases PID1, WAG1 and WAGZ2, perhaps acting redundgithonukshe et al., 2010)
Gravitropic curvature is mildly reduced in mutgntl roots (Sukumar et al., 2009put

triple mutantgidlwaglwagZhow highly agravitropic phenotypé3honukshe et al., 2010)

22



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 thisapter, 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/AREs, homeodomain transcription factor
WOX5 AP2 transcriptia factorsPLETHORAJenesPLT1 and PLT2 that maintain root tip

stem cell nichéDing and Friml, 201Q)someClass 11l HD-ZIP geneATHB8 (Donner et al.,

2010) and KANADI transcription factorgllegems et al., 2010)Some examples of auxin
induced genes are tli&INs, cell wall modifying enzymes xyloglucan enichnsglycosylase

and endel, 4-betaglucanasdCatala et al., 1997, 2000; Catala et al., 20BBVOLUTA a

gene responsible fanterfascicular fibers and secondary xyld@hong and Ye, 200&nd

PHAVOLUTA necessary for adaxtabaxial axis organizatiofilegems et al., 2010)

Auxin differentially upregulates the expressioniofvardly rectifying K'-channels inZea
mayscoleoptiles(Philippar et al., 1999hich can affect turgor, phospholipase PLA2 which
directs phospholipid signaling and cell gth (Lee et al., 2003)and the enzyme invertase

that cleaves sucrogeVu € 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
TAAl and TAR1 are ethylene insensitivevg(2, wei7 mutants)(Stepanovaet al., 2005;
Stepanova et al., 20Q8)t the same time, ethylene -uggulates 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 turrragulates ethylene as well to inhibit

cellular elongation.

Shoot gavitropism

Shoot are negatively gravitropic, but the mechanism of hypocotyl gravitropism is not clear.
In shoots, the endodermis is the site of perception for gratiityulation becausetarch

filled amyloplasts are located in the endoderighskaki et al., 1998)Mutants lacking
SCARECROW and SHORTROQOT ascription factors lack endodermis, and are
agravitropic. In starch deficient mutants, such as phosphoglucomutase npgtant
gravitropism was reduce(Caspar and Pickard, 1989; Kiss and Sack, 1990; Saether and
Iversen, 1991; Kiss et.all997; Weise and Kiss, 1999; Tanimoto et al., 2@08) in mutants

with higher amount of starch like theex1mutant, hypocotyl negative gravitropism was
increasedVitha et al., 2007)It is known that auxin accumulates laterally in gravistimulated
hypocotyls in the side of the hypocotyl away from gsa\Friml et al., 2002) But
interestingly, high auxin promotes cell elotiga in hypocotyl tissue rather than inhibiting it.
Therefore, shoots do bend, just in the direction opposite to gravity. PIN3 does not show

lateral redistribution as a response to shoot grastiynulation.
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Role of membrane composition in gravitropispenses.

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 steralshair role in gravitropism will

be reviewed in this section.

Membrane lipid composition

Plant membranes can be divided into seven categdhigshiem, 1992) plasma membrane,
tonoplast or the vacuolar membranenan and outer plastid membranes, thylakoid
membranes, mitochondrial membranes, highly folded ER membrane system, stomatal guard
cell membranes and miscellaneous membranes consisting of membranesdsugrauclei,

lysosomes angderoxisomes.

While most nembranes including plasma membrane, ER membrane, tonoplast and thylakoid
membrane are single bilayers, chloroplast and mitochondrial organelles have two
membranes. Oleosomes in seeds with high triglyceratefatty acids are surrounded by half

unit membanes, 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 (s8) forms bonds with usually hydrophilic grou3hlrogge androwse,

1995) When sr3 is esterified with a phosphate group it forms phosphatidic acid (PA),

parent compound to all phospholipids. Phospholipids are named according to the moiety
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binding PQ’, such as phosphatidylethanolamine (PE) which is formed whesppate is

followed by ethanol, which is then followed by an amino group, as seen in Figure 1.6.
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Figure 1.6 Structure of major lipids in plant membranes.

The structures of major glycolipids and phospholipids present in plambranes 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 electreutral, such as phosphatidylcholine (PC) and PE or may be
anionic such as PA, phosphatidylserine (PS), phosphatidylglycerol (PG) and

phosphatidylinositides (PI). When-8nbinds carbohydrate, generally glucose or galactose, it
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forms galactolipidgOhlrogge and Browse, 1995When sk3 binds sulfur, sulpholipids are
generated. When the backbone is not glycerol but sphingosine, with its first two carbons
binding groups, sphingolipids are formg®hlrogge and Browse, 1995)'he enzyme
phospholipase D (PLD) layolyzes 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, Pl is perhaps the most functionally important phospholipid, as the inositol group can be
phosorylated to phosphoinositide phosphate (PtinsP) at different positions by different
phosphoinositide kinases (PIK). Phosphorylation at positkthldy PI3K generates Ptins3P,

at position D4 by Pl4K generates Ptins4P, at positiod Dy PI5K generates PB5P, and
sequential phosphorylation by PI14P5K or PI5P4K generates Pting(458H) (Gonzales et

al., 2005) PIHs hydrolyzed by phospholipase C (PLC) to yield Ins(1,4,%)/RsR;) and

diacyl glycerol (DAG) (Pfaffmann et al., 1987). InsRduces C# release in the cells, and

C&" further serves as an important secondary messenger.

Different membranes vary in specific lipids and protein compos(tiiirogge and Browse,

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

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 glamieas an adaption to cold
exposurgLeshem, 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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plasmamembrane, but completely lacks galactolipids and sulpholifidshem, 1992)In

the bilayers itself, the two leaflets differ drastically in the protein composition and share
partial to absolute asymmetry in theirgsipholipids(Leshem, 1992)For example, 63 to
75% of PC is present in the outer monolayer of most membranes. In guard &lish@a

in contact with the inner bilayers leads to stomatal closure. In plasma membfdeaves

and fruits, C& when present in the interstitial space between the two leaflets retards
senescence, but when it enters or crosses the inner leaflet, it promotes ser{essbece,

1992; Schleiff et al. @01)

Phospholipids in membranes serve many critical biological roles as secondary messengers in
signal transduction and regulatory molecules for plant stress signaling and adaptation.
Arabidopsismutants deficient in PC biosynthesis induce cell death reduction of cell
growth phenotypically manifested by small roots and short epidermal(¢ekserink and

Munnik, 2005)

Deficiency of hsR leads to smaller roots, and overexpression or external application of
InsP; leads to enhanced root growth. Iasévels can be reduced in plants to levels lower
than 5% of wild type by expressing human type | Inositol1;#iphosphate ptase (InsP
5ptase) gene in plants, or pharmacologically by application of PLC inhibitor U{B&22ra

et al.,, 1999; Perera et al., 2001; Perera et al., 2006; SMiordragon et al., 2010)
Reducing InsP levels in the plant leads to significant stress tolee. In transgenié.

thaliana reduced Insplevels resulted in drought tolerance and changes in ABA metabolism
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(Perera et al., 2008 ransgenic tomato plants, with Inslevels lower than 30% of wild
type plants, were more drougtaierant, had higher vegetative biomass, and had increased

lycopene and hexose concentrations in fridtsodakovskaya et al., 2010)

In fact, on transcript profiling ofoot, leaf and fruit tissues in tomafiihodakovskaya et al.,
2010) and roots apices iA. thalianaSalinasMondragon et al., 201(Chapter 2], it was
seen that the mRNA profiles were changed in the absence af II&fme of these genes
have roles in el wall growth, tropic signaling and photomorphogenesis. It has been
proposed that Insftself, or the C&' released by it downstream, or even any other protein(s)
activated or repressed downstream is/are capable of regulating transcriptional aabvation
repression of certain gendSalinasMondragon et al.,, 2010)Chapter 2], and bythis

mechanism InsPregulates plant growth and development.

PA plays a role in root growth, lateral root formation and root hair formégfiesterink and
Munnik, 2005) Long range PA responses include actin polymerizati@e et al., 2003)

auxin distribution(Lanteri et al., 2008)abscisic acidnduced inhibition of growth as well as
vesicle trafficking(Testerink ad Munnik, 2005; Li and Xue, 2007Because PA regulates

actin microfilament polymerization as well as vesicle transport, PA deficiency is very
pronounced in pollen tube growfhlonteiro et al., 2005)Seedlings deficient iRLD 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 exposindA. thalianaseedlings to NaCl and KCI (salt stress) and sorbitol (osmotic stress)

and cold gess, both Plrand IR levels were found to increase. Salt stress has been reported

to induce PIRinternalization by clathrin coated vesicleége 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. Whilé\. thalianas e ed |l i ngs defi ci ent in PLDU1
for freezing, mutants in PLDUOU have reduced
induce distinct gene expressifWwang, 2005) Loss of PLDU1 induces ¢
that code for osmolytes that help plants recover from freeeced injury(Rajashekar et al.,

2006) PLDUO mutants al so ,Ohwlerance@hangoen gl.| 3003r educ e
suggesting that PA may be important for plants to counter oxidative stress induced cell death.

Wounding also upregulates several PLD isofofWiang et al., 2000)

It has been reported that PLe2 and its pro
vesicular compartments back into the plasma membrane, which is very important considering

the central role of auxin on plant lifei and Xue, 2007)Lipids also confer functionality to

proteins ly association. As will be reviewed later in this Chapter, membrane trafficking
protein SYT1 cannot be activated in absence of HIRhe membrane, because the lipid

changes affect the conformation of SYTL1.
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Membrane sterol composition

Sterols are importannembrane 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. InA. thalianaseedlings, sitosterol is the most prevalent sterol (64%), followed by
campesterol (11%), stigmasterol (6%), brassicasterol (2%) amdefdyldolesterol (2%)

(Dyas L., 1993)

In most higher plants, the polar head group does not form conjugates, and sterols are thus
called free stero|sbut 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, -aocétydondenset 3-
hydroxymethyi3-glutaryl coenzyme A (HM&Co0A), 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 stefblartmann, 1998)Sterols are present

in the highest amount in plasma membrane, and in low amounts in other membranes like the
ER, tonoplast, mitoandrial 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 areapmediby an artificial membrane made up of a
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phospholipid and a sterol is less than the sum of both the comp¢Hefdass 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 shouldea8bon 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 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 rthains a
the surrounding lipids, in a phenomenon called membrane ordering, which governs the liquid
to crystalline phase transition temperature for the meml{@cteuler et al., 1991Fitosterol

and 24methylcholesterol side chains are planar and these sterols are the mositefficie
membrane ordering, reducing movement of surrounding lipids and in reducing water
permeability through the membra(i@ufourc, 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 chamakes 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 developrRtants mutated in HMG

CoA Reductase grow much smaller and weaker compared with wild type @antset 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 synthe¢@gadbel and Zeier, 2010%terols

have also been reported to be important for regulating function of certain pread,

1990) In maize roots, low concentrations of stigmasterol and cholesterol stimulate proton
pumping from plasma membrane bound-ATPases, whereas all othsterols including
sitosterol inhibit H-ATPases at all concentratiofGrandmougirFerjani et al., 1997)This

is very interesting, because it medhat 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 sterolre 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 ach 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 recycéed, and
typical membrane renews its@if anhour or so. Plasma membrane from kidney cells in baby

hamster renews itself every 30 minu{€siffiths 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 beemplicated in gravity response. It was shown in azuki
bean Vigna angulari 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 membrafi€oizumia et al., 2007)Sterols were seep 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 durangtgr

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

Arabidopsisseedlings mutated in the stetlmbsynthesis enzym€YCLOPROPYLSTEROL
ISOMERASE11 (CPI1-1) have increased portion of cyclopropylsterols (sterol pezus),

and almost no matureesbls, including stigmasterolitgsterol and campester(iien et al.,

2008) This gross change in the membrane sterol composition affected the growth and
development of thelant, 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 grawitropi

Consequently,cpil-1 mutant roots were defective in gravitropisfilen et al., 2008)

34



Similarly, plants mutated in STEROL METHYLTRANSFERASE1 (SMT1) lack most major
membrane sterols, show a dwarfed phgpe, and midocalization of PIN1 and PIN3
(Willemsen et al., 2003)The tropic responses sitt1 roots are random as comparedhwi

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, fk&Rels rise about

3 times in the lwer side of pulvini of maize and oats, where auxin accumulates post gravity
stimulus (Perera et al., 2001As mentioned before, Inglevels have been reported to be
reduced to less than 5% of wild type by expressing human type | {p&3& inArabidopsis

and by application of PLC inhibitor U7312Rereraet al., 1999; Perera et al., 2001; Perera et
al., 2006; Salinadondragon et al., 2010yWhen InsR levels are reduced in the plant, lgsP
gradient cannot form post gravity stimulus, and these plant show a reduced bending to
gravity stimulus compared wvhtwild type plantdKimbrough et al., 2004; Kimbrough et al.,
2005; Salinagvondragon et al., 2005)This data was confirmed by an altete approach,
whereArabidopsisseedlings mutated in Ins5Ptase (which we assume leads to highgr InsP
levels) causes increased bending to gravity, as compared with wild type sefMargs et

al., 2009)

Gravity-stimulation induces gene expressidncClure and Guilfoyle, 1989; Kimbrough et
al., 2004; Massa and Gilroy, 2003; Kimbrough et al., 2005; Sa\Wtmaslragon et al., 2005)

It has been reported that gravistimulationAvBbidopsisroot apices wpegulates 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 premsough et al.,

2004; Kimbrough et al., 2005This analysis uncovered several unknown proteins, such as
SAMT-like and ROSY1 which show fast and transieptregulation 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 caseArabidopsisseedlings mutated for
SAMT-like (unpublished data) and ROSYdiscussed in Chapter 2) display faster bending
kinetics to gravity stimulus. Interestingly, some of the genes (incluR@&Y?) showing
differential transcriptional response to gravity, showed similar differential expression in

response to light stimuly$alinasMondragon et al., 2005)

But even though it was known that some gravity and light regulated genes are dsi@degu

by different hormones such asixins, cytokinins and brassinosteroi@mbrough et al.,
2005) the molecules downstream of gravity that influenced gene expression were not
described. In the recent years, lpdias been identified as a key metabolite that can
modulategravity induced gene expressi@@alinasMondragon et al., 201@Chapter 2 ). We

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

response, because Indévels are seen raised within 30 seconds ofigratimulation.

Gravity-induced gene expression was compared between wild type plants and plants
expressing human Type | In&ptase causing very low Ingkevels (SalinasMondragon et

al.,, 2010) It was seen that expression of some gravity inducible genes was indeed
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InsPdependent; these genes were notregulated in response to lig or gravity in
transgenic plantéSalinasMondragon et al., 201(0}Fhapter 2). Onef these InsPdependent

genes iROSYlas 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. Thecoi®ry 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 intcufoin auxin biology. Membrane steroid
binding protein MSBP1 was reported to increase cycling of Ridi#aining vesicles,
thereby increasing gravitropism in both roots and sh@étng et al., 2008)In plants
defective in the expression BLDg2, PIN2 g/cling by vesicles is reduced and consequently
reduces gravitropism, wher@d<Dg2 overexpression increases PIN2 vesicular cycling and

enhances gravitropisthi and Xue, 2007)

Interestingly, neither MSBP nd?LDg2 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 plasmanionane, aided by special
proteins into a clathrin coated pit, which is then incorporated into other compartments. This

holds true forArabidopsisPINs, as already documented earlier in this chapter. The second is
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fusion of vesicles with PINs or any othemofeins to fuse into the plasma membrane. This
fusion process requires SNAREsoluble N-ethylmaleimidesensitive fusion protein
attachment proteimeceptor) complex. This complex consists of a set of proteins present on
two separate membrane leaflets, wdhpsoteins interact and in the process, bring the leaflets
together and finally fuse the membranes, often in & Gependent manng¢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 ifctmaplex 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). An thalianaSNARE proteins SYP22, SYP5 and VTI11

are present in gravidgerceiving endodermaletis 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., 2008) fact, even statolith sedimentation is said to be
disrupted when SNARE functionality is compromised in some mu{&atiso et al., 2005)

But with such a criticatole for SNARE complexes in plant survival, protein isoforms have
been observed to take on roles of mutated proteins in some(8aspm et al., 2003)The
protein SYT1 inArabidopsisinteracts with the SNARE complex and meagds 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 tropicastd movements to take
advantage of available light while optimizing water loss by emegaspiration. Interestingly,

roots also exhibit phototropic movements, possibly helping the root system gauge its depth in
soil by how much light passes throughnlide 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 beflimet 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@didy et

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

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:FR88 Plant perceive R:FR ratio and

direct their growth accordingl§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 seed® not germinate if the FR component is too high. Pine trees in
coniferous forests also have a minimum light requirement for germingfitzet and

Waring, 1970) Thi s ensures that the seeds donodét g
extremely shaded bgverhead foliagéBatschauer, 1998)0ther life processes that involve

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

Red light (R) and far red (FR)ght are received by receptor pigment molecules called
phytochromesArabidopsisencodes five phytochromes from phyA(Batschauer, 1998)
Phytochromes exist in two spectral forfas and Pfr(Butler et al., 1959; Quail, 1997r
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 PHOTZ2), earlier called -REBATOTROPIC
HYPOCOTYL1 and 2 (NPH1 and 2) respectivelBriggs and Huala, 1999)he proteins
PHOT1 and PHOTZ2 are autophosphorylating settineonine kinases with a silegkinase
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 proteirmghand

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 (Titapiwatanakunand Murphy, 2008). Light sensitivities of PHOTdnd

PHOT2 vary, while PHOT1 is very sensitive to low light, PHOT2 is activated only by light
intensities higher than 10 pmol f®'(Harada et al., 2003). Originally plasma membrane
localized, PHOT proteins can dissociate on blue light applicdBoiggs and Huala, 1999;
Harada et al., 2003)

Because different proteins sense different wavelengths, plants are able to sense their light
environment morgrecisely and take advantage of it. Exceptions are a few polypodaceous
ferns and the green al@§dougeotia which have one protein NEOCHROME that functions as
both red light sensing phytochrome and blue light sensing phototropin, and takes advantage
of anyavailable light in the very shaded microhabitats of these p(&ftwai et al., 2003;
Suetsugu et al., 2005But in most land plants, blue and red ligjaive 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 rabtaikcrease photosynthesis
(Hogewoning et al., 2010)Saturating blue light also does not inhilghotosynthesis
(Hogewoning et al.,, 2010Blue light is used to maintain transpiration ratedla® light
mediates stomatal openir{@albott et al., 2002)When white light is split into an action
spectrum of various wavelength lights, blue light elicits the strongest phototropic ®spons

known in plants(Wiesner, 1878)Red light on the other hand, powers photosynthesis to a
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much lesser extent, nd indeed inhibits photosynthesis under saturating conditions
(Hogewoning et al., 2010Red lightinduced 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 atqinopic response, because the
response is very weafMillar et al., 2009) In etiolatedA. thaliana seedlings, red light
induces positive phototropism roots(Kiss et al., 2003)a response lacking in mutants for
PHYA and PHYB, suggesting that red light root phototropism is phytochroatkated. But

red lightinduced hypocotyl phototropism in the model planabidogsisis 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
Arabidopsisunder microgravity conditions in space flight experinseand it was seen that
red light induces positive phototropism in hypocotyls as wMillar et al., 2009)
Phytochrome mediated red light phototropisns b#so been reported for maize mesocotyls
(lino and Schafer, 1984Phytochromanediated FR phototropism in shoots is not yet fully
characterized: while cucumber shoots exhibit positive phototropism to FR(Bghare et

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

Blue light induces sbng positive phototropic response in hypocotyls even in a normal 1g
gravity environmenfTsuchidaMayama et al., 2010)Roots are negatively phototropic to
white light and blue light, though the retye phototropism to blue light is a weak response,
not easily discernible in wild type plants, but more pronounced in starchless n{Riaope!

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

plants grown in The International Space Stafidiilar et al.,2009)

Regulation of phototropism

Phytochromes and cryptochromes are important for phototropic sensing, and therefore,
phototropic curvature. MutantphyAcrylcry2 and phyAphyBcrylcry2hypocotyls show
reduced curvature in directional blue ligfitsuchidaMayama et al., 2010PHY and CRY

have been shown to aid phototropic bending by suppressing ABCB19, an auxin efflux
carrier, and a negative regulator of phototropic bendiagashima et al., 2008PHYA
increases expression of PHYTROCHROME KINASE SUBSTRATE1 (PSK1) in blue light,
which contributes towards a negative curvaiareots as a response to directional blue light
stimulation. PKS1 mutants do not show phototropic bending, while the bending is
exaggerated in PKS1 ovexpressing plant8Boccalandro et al., 2008 root phototropism,

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

and CRY proteingTsuchidaMayama et al., 2010)

Asymmetrical cell elongation that causes phototropism @& 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 (Kgiml 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 phototropisfilolas 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., 2003and 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 shoofpax and hinder fast rootward auxin transport, This causes a steep
auxin gradient near the apex and results in hpbetotropic hypocotyl¢Noh et al., 2001)

Lower in the hypocotyl, lateral relocation of amxo 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 (SalinasMondragon et al., 201(QChapter 2]. In transgenic plants with reduced

InsP;, there wa a marked reduction in tropic responses, including phototropism to blue light.
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The blue light perception ger@RY2and the red light perception genebslYB and PHYE

were differentially expressed in Inséeficient plants compared with wild type plants. Man
genes involved in photomorphogenesis were found differentially expressed. Therefaye, InsP
mediated transcriptional regulation (directly or through downstream proteins/metabolites)

also in part accounts for phototropic respor{SadinasMondragon et al., 201(0Chapter 2].

In spite of some proteins recognized for phototropic sigaaktiuction, 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 ders, 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 die 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 cetidagation 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 aiyediscernible 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 phatptsm

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 gravigrapand 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 ipoesible 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 etcoBie components in these pathways interact. All of them involve
auxin redistribution, though recently other hormones such af/@#ang et al., 2007; ¢&s

and Wolbang, 2008prassinosteroidd.i et al., 2005; Vadenbussche et al., 201 tytokinin

and ethylenéGolan et al., 1996are 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 ggecies 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 stataditiimentation was
seen to be unaffected by red light stimulation in moss protongikata and Sack, 1999)

red light exposure promotes randomization of shoot growth direction. Previous red light
exposure actually sensitizes hypocotyls to gravitropiBntz and Galston, 1982Further,

red light exposure increases blue liduced phototropism, perhaps by countering
competing gravitropisnfLiscum and Hangarter, 1993; Parks ket B996; Poppe et al., 1996;
Hangarter, 1997While 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 shadedviemnments 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 fromten sequenced genomes @f elegans Anophelesfruit fly, Danio, Ciona

Fugu mouse, humans, rice andrabidopsi¢Craxton, 2004) The SYT proteins are
transmemhane proteins first discovered because of their importance in causing synaptic

vesicles to fuse with presynaptic membrafigleton and Bellen, 1995)

All SYT proteins contain al®rt intervesicular sequence tae 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 mot{fSutton et al., 1995nd finally a Gterminal region. The
transmembrane helices are important for transmembrane anchoring of SYT family proteins
while the C2 domains bind €a The WHXL motif is needed for plasma membrane

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

SYT proteins are involvediboth, vesicle exocytosis and endocyt¢Sishwarz, 2004; Tang

et al., 2006)With other key proteins, namely vesiassociated soluble-ethylmaleimide
sensitive factor attachment protein receptor-SNARE), tar@t membrandocalized (t
SNARE), SNAR25, syntaxin and synaptobrevin, SYT proteins carry out neuronal membrane
fusion in animal system@roadie et al., 1994; Weber et al., 1998; Jahn and Scheller, 2006;
Fox and Sanes, R@; Brunger et al., 2009The mechanism of vesicle fusion and the protein
machinery involved is conserved througBrosophilgLittieton et al.,, 1993) C.
elegangNonet et al., 1993)mouse(Geppert etal., 1994)and humanGao et al., 2000)Iin

the presence of G{Baram et al., 1999; Kuo et al., 2Q0¢he C2 domains are configured to
bind two membrane bilayers and bridge them together for fugtenrick et al., 2009)
Neuronal firing happens in response to elevated cytosolfé, @ad C&" sensitivity is
actually provided by SYT proteins alone in the SNARE comflgxmch et al., 2007)and

they are therefore called €asensors. It is important to remember, upb, that not all

predicted SYT proteins have €aensing and vesicle trafficking functions.

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

Cc&”*. In mammals, SYT 1, II, lll, V, VI, VII, IX and X function as €asensrs and carry out
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exocytosis or endocytosis or bdtku et d., 2007) SYT1 binds with and
leaflets and interacts with other members of the SNARE complex in*ad@aendent
manner to bring down the energetic cost of membrane futipnch et al., 2008)or
membrane exocytosis and endocytosis. Recently, single vesicles have been analyzed to
guantfy the exact proportion and quantities of seven integral proteins of brain synaptic
vesicles SYT1, SV2, the proton ATPase, Vglutl, synaptobrevin2, synaptophysin and

synaptogyrinMutch et al., 2010)

SYTL1 is sorted into vesicles with high precision; the number of SYT1 molecules found per
vesicle showed little variation. The €adependency and modes of vesicle docking for
SNARE-Synaptotagmin driven fusion has been studied at a single vesicld¢@dwedtensen

et al., 2010)and C4" 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 synapdsicle proteins, but also on the lipid
composition of the plasma membranguo et al., 2011) SYT proteins bind
phosphatidylinositol 3,4,5trisphosphatgPIPs) in the absence of €aand in presence of
C&* SYT binds fosphatidylinositol, 4%isphosphatdPIP,). In presynaptic membranes,
this PIP3 binding by Syt1 is actually necessary for Gading and coupling of Ca2+ influx

with vesicular fusionPaddock et al., 2008Pecreased PpHevels at nerve endings causes
impairment in vesicle trafficking and lethality in mi¢i@i Paolo et al., 2004 PIPR; increased

SYT1 affinity to Ca2+ in Rattus norvegicy®adhakrishnan et al., 2009hen bilayers
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made of phosphatidylcholine (PC) apthosphatidylserine (PSyere supplemented with
PIP,, the C2A domain of Sytl penetrated deeper in the membrane, altering the C2B domain
orientation ad pushing it towards the bilayer interface where it bridges bilgers et al.,

2011)

SYT protein isoforms are present in all plants tested to date, including the evolutionary
ancient bryophytdé’hyscaitrella, which actually has 19 predicted SYT coding genes in its
haploid genoméCraxton, 2007,)Arabidopsis thalianaencodedive AtSYT proteins naed
AtSYTA-E. AtSYT B-E proteins are predicted endomembrane proteins with unknown
functions, but information is available about roles of protein AtSYTA, now called AtSYTL1.
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, AtSYZdsltzahe
plasma membrangyamazaki et al., 2010 he protein is processed in the ER and Golgi, but
specifically localizes to the plasma membr@viamazaki et al., 2010)fandem C2 domains

in AtSYT1 are required for localization of the protein to plasma meml{iermazaki et al.,
2010) The protein regulates plasma membrdaaved 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 disewith viral movement proteins faCabbage

leaf curl virus(CaLCuV) andTobacco mosaic viru6TMV). In plants lacking AtSYT1, cell

to cell trafficking of viral movement proteins was inhibitéegwis and Lazarowitz, 2010)
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Therefore, AtSYT1 has a role in trafficking peots 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 segdidats 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 animalssgms, the resealing process needs a specialized
assembly of proteins accompanied wittfQaflux at the wound sit¢Schapire et al., 2009)

In mammalian systems, SYT VII has a role in plasma membrane repair in the presence of
C&*, postmechanical tearing of the membrar{®eddy et al., 2001; McNeil and
Kirchhausen, 2005)In plants AtSYT1 was the first identified component in the plasma
membrane repair apparat(fschapire et al., 2009AtSYT1 helps in fusing vesies back to

the membrane to help reseal it after salt st{&shapire et al., 2008nd freezing stress
(Yamazaki et al., 2008)insertional mutants and RNAI lines with knealat or silenced

AtSYT1 were more susceptible to stress damage compared with wild type plants.
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Chapter 2 . Copy of t he p ub l-tiiphdsphaie sigralmein fRol e

gravitr opi ¢ and phototropic gene expressiono
33, 20412055

MY CONTRIBUTION

Generating and analyzing data for Figures 4 and 9.

SIGNIFICANCE TO THEDISSERTATION

Gravity and light stimulate IngRjeneration

The earliest known bidwmical response to gravity signal is the Phospholipase C {PLC)
mediated spike in the levels of inositol 1/4riSphosphate (InglPin gravity-sensing tissues
(Record et al., 1999; Perera et al., 2001). The enzyme PLC hydrolyses the plasma membrane
phosplolipid phosphatidylinositol bisphosphate (Plihto diacylglycerol (DAG) and InsP

(Meijer and Munnik, 2003). Within 10 seconds of gravistimulation, there is ddldespike

in Insk; levels in the lower halves of both oat and maize pulvini (Perera é080; Perera et

al., 2001). InsPelicits the release of &afrom cellular stores such as the ER and the
vacuole (Alexandre and Lassalles, 1990), and" @a turn may serve as a secondary
messenger for gravitropic signal transduction and amplific§Roovaiah and Reddy, 1993).

PLC mediates generation of InsiA both phototropic (Harada et al., 2003) and gravitropic

responses (Perera et al., 1999; Perera et al., 2001).
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Chemical inhibition of PLC by aminosteroid U73122 blocks yettumulation andelads to
reduced gravitropism in both roots and stemambidopsis Reduction in Insplevels has

also been achieved by expressing human type | InpRase in Arabidopsis which
specifically hydrolyses soluble inositol phosphates Jrei Insi (Majeruset al., 1999),
reducing InsRlevels 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 Ins@ levels (Perera et al2006). This demonstrates that

gravitropic signal transduction has a PLC mediatedsldePendent component.

Gravity and light upregulatel gene egression

To identify novel genes playing a role in gravitropic signal transduction, microarray
experiments wre conducted by several groups,identify genes specificallyegulated by

gravity stimulation(Moseyko et al., 2002; Kimbrough et al., 2004). Gravity induces
increases in transcript abundancé$5 genes irArabidopsisroot apice (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 funct i orROSYA(lmentoidet a At2gt600® st a b |
MD2-Related in the paper) (Kimbrough et al., 2005). Some of these genes, in¢h@iB¥yl

are alsotranscriptionallyup-regulated by phototropic stimulus (Salifdendragon et al.,

2005).
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Gravity and lightinducedregulation ofROSY InRNA aburdances InsR-dependent

Gravity induces transcriptional tpgulation ofROSYIMRNA within less than 2 minutes of
gravity stimulus (Kimbrough et al., 2004). Light also induces transcriptionegdgydation of
ROSYIMRNA within less than two minutes (SamMondragon et al., 2005).

In our publicationi Ro | e of i-tnpbosphateo signaling 4n, dsavitropic and
phototropic gene expr essi éMor@dragomet &l.hale shown n
that the gravity and/or lighhduced upregulation of some genes idependent on the levels
of InsR; in the plant. They compared expression of light and graeigylated genes between
WT and transgenic plants Hag very low levels of InsP Wefound that some genes tested,
including ROSY1 had differeh expression levels in transgenic plants compared with WT
plants. This data puts InsBnd C&" upgream of the transcriptionatgulation of some light
and/or gravityinduced genes, includirgOSY1.

Contributions of this publicatiogpecifically in contekwith ROSY land this dissertation are

highlighted below:

1. In transgenic plants with lower Ingkevels, ROSYImRNA is not transcriptionally

up-regulated in response to gravity (Figure 3) or light (Figure 6) stimulation.

Therefore, Insp and C&" are upstram of light and graviginduced ROSY1
transcriptional ugregulation.
2. The levels ofROSYINRNA in the roots of seedlings grown in red and far red light

are different between wild type plants and transgenic plants with reducedewesiB.
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Therefore, InsPis upstream oROSY ltranscriptional regulation in different light

conditions in soil.

COPY OF THE RBLICATION

Publicationi Rol e of I-tniploosphateosignalling #h ,gravitropic and phototropic

gene expr e sMondragoh et@$2010). n a s
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Role of inositol 1,4,5-triphosphate signalling in gravitropic
and phototropic gene expression
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ABSTRACT

Plants sense light and gravity to orient their direction of
gmw ol
both phototropic and gravitropic signal transduction is acti-
vation of phospholipase C (PLC), whidh leads to an
increase in ] 1.4.5-triphosphate (InsPa) levek. The
Insly signal crminated by hvdrodvsis of InsPs throogh
inositolpolyphosphate-5-phiosphatases  (InsP S-plascs).
Arabidepsis plants expressing a heterologous InsP 5-prase
have low basal InsPy levels and exhibit reduced gravitropic
and phototropic bending. Downstream ellects ol TnsP;-
mediated signalling are not anderstood. We nsed compara-
tive transcript profiling (o characierize gene oxXprossion
wilated Arafidopsis ool
apices that were manipulated in the ir sPa metabolism
cither through inhibi ol PLC activ oF expression of
InsP S-prase. We id fied InsPa-dependent and InsPs-
independent co-regulated gene sets in response Lo gravity
or light stimulation Inhibition of PLC activity in wild-tvpe
planis cawsed similar changes in iramscript abundance
in respoiise to gravitropic and phototropic stimulation as §
ihe iransge wes. The refore, we conclude that changes
P eXpression in respo to gravitropic and phototropic
ulation are medated by two s gmal transdoction path-
ways that vary in their depemndence on changes in Los Pa.

Key-wards: gravitropism; mositol phosphate; phospholipase
O photomorphogenesis; phototropism; transcription.

INTRODUCTION

The direction of plant growth s mainly determined by light
and gravity. Primary roots grow towards the wvector of
gravity (positive gravitropism) and red light (positive pho-
totrapism), but away from white and blue light (negative
phototrapism). The known sensing and signal transducti on
pathways of light and gravity responses are very different.
The vector of gravity is sensed via sedimentation of starch-
containing amyloplasts (statoliths) in the colmella cells of
the root tip (Juniper er al. 1966; Sack & Kiss 1989; Blancaf-
lor, Fasano & Gilroy 1998, 1999), while light is sensed by
chromophores in the cytosol (reviewed in Chen, Chory &
Fankhauser 2004).

Correspondence: H. W. Sederaff. Fax: +1 919 515 3436, e-mail:
heike_winter@nouedu

@ 2010 Blackwell Publishing Lid

How the sedimentation of statoliths initiates the grawvit-
ropic signal transduction is unclear. Mutant screens identi-
fied components of the translocon of outer membrane of
chloroplast (TOC) to be involved in gravity sensing (Stanga
eral. 2009), which can interact with the actin cytoskeleton
(Jouhet & CGray 2009). The actin cytoskeleton and other
actin-binding proteins are required for gravitropic bending
(Hou, Mohamalawari & Blancaflor 2003; Hou er al. 2004;
Wanger al . 2004). It was postul ated that either disruption of
the actin cytoskeleton or interaction of the statolith with the
endoplasmic reticulum could activate mechano-sensitive
1on channels ( Evans, Moore & Hasenstein 1986; Pickand &
Ding 1993; Yader er al. 2001; Blancaflor 2002; Leitz er al.
2000,

The fastest responses after gravity stimulation were mea-
sured for phospholipase C (PLC)}mediated changes of
mositol 1.4,5-triphosphate (InsPs) levels n oat and mamwe
pulvini. A transient fivefold increase in InsP within 10 s of
gravity stimulation in the lower half of the pulvinus was
detected (Perera, Heilmann & Boss 1999 Perera eral.
2001). Increases of InsPs concentrations are generated by
activation of PLC which hydmlyses phosphatidylinositol-
45  bisphosphate  [PtdIns(4.5)F:] into  diacylglycerol
and  InsPs  (Fig. 1). Hydrolysis  of  InsPs  through
inositol polyphosphate-5-phosphatases  (InsP 5-ptases) or
by phosphorylation by mositol phosphate kinases reduces
InsPy levels (Berdy eral. 2001; Stevenson-Paulik, Odom &
York 2002).

Inhibition of PLC by the aminosteroid U73122 blocked
InsP: accumulation and reduced gravitropic bending
(Perera eral 1999, 2001). Changes in cytosolic InsPs levels
have been shown to regulate changes in cytosolic Ca® con-
centratiors (Gilroy, Read & Trewavas 1990; Shacklock,
Read & Trewavas 1992; Berridge 1993; Tang et al. 2007).
Distinct cytosolic Ca® signals oocur within 90 s after gravity
stimulation n Arabidopsis seedlings and hypocotyls, with
biphasic kinetics very different from cytosolic Ca® tran-
sients evok ed by other mechanical stimuli { Plieth & Trewa-
was 2002; Toyota er al. 2008). Two components downstream
of InsP?:and Ca®*-mediated signalling known to be involved
mn plant gravitropism or phototropism are the calcmm/
calmodulin<dependent  protein kinase (MCK1) that is
required for light-dependent gravitropic responses in mawe
roots and the auxin receptor transport inhibitor response 1
(TIR1) that requires binding of InsPy for its activity ( Lu,
Hidaka & Feldman 1996; Tan er al. 2007).
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Figure 1. Gravity or light activates phospholipase C (PLC),
which hydrolyses phosphatidylinositol-t,5 bisphosphate
[PrdInsi4,5)P ] into diacylglyeer ol DAG and inostol

1,4, 5-triphosphate (InsPy). The InsPy signal is terminated either
by hycrolysis of InsPa through incsitolpoly phosphate-5-
phosphatases (InsP S-ptases) or by phosphorylation through
inceitol phos phate kinases (1P-kinases). Inhibition of PLC by the
aminosteroid 173122 inhibits PLC activity and blocks InsPs
accumulation, Changes in cytosolic InsPy or InsPy leve Is have
been shown o regulate changes in eylosalic Ca® concentra tioms,
the reby activating downstream responses including changes in
Jene ex pression,

PLC actvation, InsPs mereases and changes in cytosolic
Ca™ concentrations also have been described in response to
light stimulation by white, blue, red and far-red light (Morse
efal. 1989; Shacklock eral 1992; Volotovskl eral. 1993,
Harada, Sakai & Okada 2003). Light is sensed through
chromophores in the cytosol. In Arabidopsis, a small fam ily
of phytochromes (PHYA-E) absorb red, farred and low-
flueney blue light (Clack, Mathews & Sharrock 1994; Quail
2002). Blue light/UNV-A responses are primarily mediated
by cryptochromes (CRY 1,2), phototropirs (PHOT1,2) and
ZLPIADO (Ahmad & Cashmore 1996; Huala er al. 1997,
Ahmad eral. 1998; Briggs & Christie 2002; Imaizumi ef al.
2003, Ohgishi eral. 2004; Kanegae eral. 2006). Light-
induced chromophore activation has been shown to
regulate changes in gene expression through either phos-
phorylation of transcriptional regulators or protein degra-
dation (Chen eral. 2004). Blue light increases cytosolic
caleium concentrations through PHOT1 and PHOT2 activi-
ties through a mechanism that requires PLC activity and
the endogenous InsP S-ptase 13 (Baum eral. 1999; Folta
eral. 2003; Harada er al. 2003; Chen er al. 2008).

The dowrstream corsequences of changes in PLC activ-
ity and the assceiated mereases n InsPs and eytosolic Ca®
concentrations on gene expression in gravitropism and
phototropism are unknown. We analysed gravity- or light-
induced gene expression changes in transgenic plants con-
stitutively expressing the human type 1 InsP 5-ptase (InsP
S-ptase). We chose this heterologous enzyme because it

specifically hydrolyses the soluble inositol phosphates InsPy
and InsPy, and not the inositol phospholipids (Majerus, Kis-
seleva & Morns 1999). The known plant InsP 5-ptases can
hydrolyse both lipid substrates and soluble inositol phos-
phates, and are not specific for InsP; hydrolysis { Gillaspy
20107, Expression of the heterologous InsP 5-ptase in A ra-
bidopsis reduced IreP: in roots and hypocotyls to less than
5% of wild-type (WT) levels. In these transgenic plants,
increases in InsP: levels upon gravity stimulation of the
nflorescence stem were abolished, and gravitropic bending
in roots, hypocotyls and inflorescence stems was delayed.
Basipetal auxin transport n the root tips of the transgenic
lines was inhibited in a naphthylphthalamic acid (NPA)-
independent mechanism, and the development of a gravity-
nduced asymmetric auxin gradient was delayed, showing
that InsP: signalling is upstream of auxin and regulates its
transport capacity (Perera er al. 2006), possibly by regula-
tion of vesicle trafficking that is required for auxin efflux
carrier activation (Wang eral. 2009), Rapid transient Ca™
responses 1o acold or salt stimulus are reduced by ~30% in
the transgenic plants (Perera er af. 2008).

We analysed gravity- and light-mduced changes n tran-
script abundances inroot apices of W and trarsgenic Am-
bidopsis lnes expressing InsP Sptase. In the transgenic
roots, known light-regulated genes were significantly
up-regulated compared to WT. After gravity stimulation,
changes in transcript abundances clustered into two distinet
groups of co-expressed genes: those that exhibited the
same response n the transgenic and W roots, and those
that showed significant differences between the twa lines.
Giravity-regulated changes n transcript abundances in A ra-
bidopsis root apices are mediated by two signal transduc
tion pathways that differ in their dependence on changes
n InsP; metaboliam. Genes that were gravity-regulated by
an ImeP:dependent pathway were also light-regul ated
n an InsPrdependent manner. This suggests that InsPx
dependent signal transduction mediates regulation of gene
expression to ntegrate growth responses to light and
gravity stimulation in Arabidopris oot apices.

MATERIALS AND METHODS
Plant growth and experimental design

Seeck [Cold) for W, vector control C2 and two indepen-
dent Arabidopsis lines expressing Ins P3-plase (2-8, 2-6;
bath TS generation )] were sterilized and then stratified for
2d at 4°C in the dak on vertical agar plates (8g L")
containing 4.3 gL' Murashige and Skoog salts (Sigma,
St Louis, MO, USA), 0.5g L' MES and 1g L7 sucrose
(Sigma). For the gravitropism experiments, seeds were ger-
minated inthe dark for 7d at 22 °C. Eighteen hours prior to
the experiment, the plates were transferred and placed ver-
tically in front of adim green light (bandpass, 525 + 15 nm;
<01 gmol m? s 1) and randomzed. The transverse orienta-
tion of the light relative to the vertical plates ensured that
the direction of the light relative to the seedling did not
change after gravity stimulation. Reorientation, harvesting

© 2010 Blackwell Publishing Ltd, Plant, Cell and Environment, 33, 2041 -2055
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and microarray analysis was carried out as described by
Kimbrough eral. (2004). In short, gravity stimulation was
nduced by clockwise 135° reorientation of the plates
Root apices were harvested either before (0 min = vertical
control) or 2,5, 15, 30 and 60 min after reorientation of the
plates. Seedlings were harvested by placing the plates in a
horizontal position and immediately pouring RNAlater
(Ambion, Austin, TX, USA) onto the plates, While sub-
merged in RNA later, the seedlings were tramsferred onto a
chilled glass shde, and ca. 0.7 mm of the root apices was
separated from the seedlings and stored for a day at —20 °C,
For each time-point and replicate, root tips from ca. 150
seedlings were pooled. Microarray analysis was carried out
on two independent experiments,

RMA profile preservation and isolation

Homogenization of tissue was performed using FastRNA
(Obiogen, Carlsbad, CA, USA) Iysing matrx tube with
450 ul. of extraction buffer. The homogenate was poured
directly into a Qiashredder spin column (Qiagen, Valencia,
CA, USA ) After DNA digestion, purified RNA was eluted
from the column with 20 yl. of water.

Sample processing and analysis

Amplified complementary RNA was synthesized according
to Affymetrix GeneChip eukaryotic small sample target
labelling assay Il {Affymetrix, Santa Clam, CA, USA).
Ten micrograms of fragmented biotin-labelled cRNA was
hybrideed toan Affymetrix ATH1 whole-genome array for
16 h at 45 *C. The arrays were washed and stained with a
streptavidin R phycoerythrin conjugate (Molecular Probes,
Eugene, OR, USA) on a GeneChip Fluidics Station 400
(Affymetrix) and scanned with a GeneArray scanner
{Agilent, Palo Alto, CA, LISA).

Analysis of microarray data

Microarray data were analysed using MASS (Affymetrix).
Scarmed arrays were nomalzed to baseline array with
median overall expression sing dCHIP (Li & Wong
2001). Transcripts with a mean fluorescence ntensity vale
of <50 for each line were considered not expressed above
background. TIGR TM4 Microarray software suite (3.1)
was used to analyse significant changes between experi-
ments [analysis of variance (awova) or r-est] and for
hierarchical chister analysis (Saeed eral 2003). Only
penes with transcript abundance changes in at least two
consecutive time-points and with the same tendency i
both biological replicates were considered significant in
this study.

Real-time RT-PCR

Harvesting, RNA extraction and cDNA synthesis were
carried outas described above PCR primers were designed
using OligoAnalyzer version 3.0 (http/ fwww.idtdna.com/

Ins Ps mediates tropistic gene expression 2043

scitoolsfscitool.aspx) to create amplicons 100150 bp in
length from regions within 500 bp from the 3 end of cDNA.
Quantitative PCR was performed using an ABIT900HT
sequence detection with SYBR Green (ABI, Foster, CA,
USA). Data were analysed using ABI SDS software { ABI),
and gene expression data were calculated using the 2°AC
methaod (Livak & Schmittgen 2001). Actin-% was quantified
as an internal control (F: 8 CITTCCGGTTACAGC
GTTTG 3% R 5 GAAACGCGGATTAGTGOCT 37).
Changes in transcript abundaneces of the specific genes were
normalized to their abundance prior to gravity stimulation
or to their respective dim green light controls

PLC experiments

173122 and U73343 (Biomol Research Laboratory, Ply-
mouth, PA, LUSA) were dissolved in chloroform, dispensed
in aliquots and the solvent was evaporated by a stream of
nitrogen according to the manufacturer's protocol. Imme-
diately before use, the compounds were dissolved in 100%
dimethylsul phoxide {DMSO) for a final concentration of
10mam. This stock solution was dilated 1:1000 (viv) in
water to a final concentration of 10 pm. Maintaining the
vertical orientation of the plates, the seedlings were
sprayed with the 10 gwm solutions of U73122 or U73343 or
0.1% (wiv) DMSO in water as a control, and incubated at
room temperature for 30 min prior to gravity or light
stimulation.

Light exposure

In all the experiments with light sources, the plates were
placed 20 cm away from the source of light. For exposure to
directional light, the plates were placed vertically nto
wooden boxes (31 x31x31cm) with one side open for
unfiltered incandescent white light (2577 gmolm ™ s7') or
with filters for specific wavelengths. The light intensity was
quantified with a Traceable Enviro-Meter ( Fisher Scientific,
Suwanee, GA, USA). For dark conditions, the open side
of the box was covered with aluminium foil. Dark-grown
Arabidopsis seedlings on vertical plates were exposed
to white light (258 gmol m*s"), red light (650 n0m,
12 gmolm ™ s1), far-red (750nm, 0.4 gmolm™ s1), blue
light (450 nm; 0,32 gmol m? s ') or dim green light (545 nm,
<01 gmol m*s ") for 5 min from above or as indicated
in Fig. 9. For gravitropism experiments, the dark-grown
seedlings on the vertical plates were placed vertically,
transverse to the dim green light source for 18 h prior to
reorientation. This way, the relative orientation of the
seedling towards the light source remained the same after
recrientation of the plates.

Photofropic response

Seeds of WT, and transgenic lines 2-6 and 2-8 were germi-
nated and grown for 4 d on vertical plates (12 seedlings per
fne) under an incandescent white light from above, and
then transferred for 24 h into a box with unidirectional blue

© 2010 Blackwell Publishing Ltd, Plant, Cell and Enviranment, 33, 241-2055
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light (450 nm; 0.32 gmol m? ') transverse to the longitu-
dinal axis of the seedlings as indicated in Fig. 9. The plates
were photographed with a digital camera (Kanica Minolta
Dimage A2, 8 megapixel, Marunouchi, Tok yo, Japan) before
and after blue light exposure, and the differences in hypo-
cotyl orientation were quantified from four independent
biological replicates. The photographic images were
analysed using the software Imagel 142 (htps/
rshweb.nih.gov/ij/).

RESULTS

Expression of InsP 5-ptase affected abundance
of specific transcripts in Arabidopsis roots

To identify changes in gene expression that were caused by
the transgene in the absence of tropistic stimulation, we
compared whole-genome transcript abundances n vertical
root apices from two independent InsP S-ptase expressing
transgenic lines (2-8, 2-6), the vector control Ime (C2) and
WT prior to reorientation (0 min time-point). Transcripts
showing significant (7 < 0.0001; rtest) differences between
the cantrol fines (WT, C2) and the transgenic lmnes (2-8,
2-6) were subjected to hierarchical clustering.

We found 95 genes with steady-state transcript abun-
dance levels significantly higher in the root apices of both
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transgene-expressing lines (2-8, 2-6) compared to the
controls (WT, C2), while transcripts of only 44 genes were
significantly lower i the transgenic plants (Supporting
Information Fig. S1 for annotated genes; full data set in
Supporting Information Table S1). Of those 95 genes
up-regulated in the transgenic plants, 14 were plastid
encoded and four were encoded on the mitochondrial
chromosomes, while all 44 down-regulated transcripts were
nuclear encaded. Several transcripts that were strongly
up-regulated m the transgenic lines are known light
induced genes (Fig. 2a).

Because we used green light to handle the experiments,
we compared our array results to the green light-regulated
genes (Dhingra er al. 2006). Seventeen of the 139 differen-
tially expressed genes from our set were also regulated by
green light. Plastidencoded transcripts (eight genes) that
were down-regulated by green light in Dhingra’s experi-
ment showed increased abundance in the transgenic lines
compared to the WT under green light. None of the genes
further investigated in this study were shown to be affected
by green light.

We compared transeript abundances fram root apices
of WT and trarsgenic lines of known light receptor genes
and genes with key mles in light-regulated photo-
morphogenesis.  Expression of InsP S-ptase affected

EWT
ac2

02-6
02-8

Figure 2. Expression of
inositolpolyphosphate-5-phosphatase (Ins
P-Sptase) affects transcript abundances
of several genes involved in

LA photomer phogenesis and light

PSBB RBCL

ac2 perception. Transaripts from known
a6 light-induced ge nes were several-fold
028

higher in the root apices of the transgenic
lines (a). Transcripts fram genes with
known function in the activation (HYS,
ELIP) or repression (COPI, SPA2) of
photomor phogenesis (b) and the
receptors for red/farred (PHY B, PHYE),
as well as the blue light (CRY2), were
also differentially expressed between the
control and transgene-expressing lines
(¢). Error bars represent SD; P < 0.005
between control [wild4ype (WT), C2] and
transgenic lines (2-8, 2-6).
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transcript abundances of several genes with known func
tion in activation (HY5) or repression (COPLSPAZ) of
photomorphogenesis  in - dak-grown  Arabidopsis  root
apices (Fig.2b). The redfarred light receptor genes
PHYB and PHYE, as well as the blue light receptor
CRY2, were also differentially expressed between the
control and transgene-expressing lines (Fig. 2c), while
transcript levels of PHYA, PHYC, PHYD and CRYI or
phototropins were not  affected by expression of the
transgene.

Changes in transcript abundances in response
to gravity

Because previous work had shown that rapid changes n
transcript abundance occur with gravity stimulation in WT
Arabidopsis rootapices ( Kimbrough er all 2004), we carried
out whole-genome microarray analysis of root apices from
the transgenic line (2-8) m a time-course beforeand 2, 5,15,
30 and 60 min after gravity stimulation by reorientation
under the same experimental conditions. Gravity-regulated
transeript abundances n Ime 2-8 were identified by anova
as the same (up or down) changes in at least two corsecu-
tve time-pomts m both biological replicates (tme/lme
FP<005). Out of the 22766 transcripts analysed, 958
responded to gravity stimulation in the transgenic line
during the first hour after reorientation (Supporting Infor-
mation Table $2). We analysed the differences between
gravity-mduced transcript abundance changes i root
apices from the InsP 5-ptase expressing 2-8 and the equiva-
lent data set from WT ot apices { Kimbrough er al. 2004).
Raw fluorescence intensity data were normalized together
and analysed by two-factor axova (W versus 2-&/time )
and identified lme-specific, time-specific and interaction-
specific transcriptional changes (Supporting Information
Table S3b-d).

This analysis yielded two major groups of regulated tran-
scripts. The first group comprises 153 transcripts that
responded in the same way to gravity stimulation in 'WT and
transgenic lines (Fg. 3a). Gravity-induced tramscript abun-
dances of these genes were apparently not affected by
expression of the IrsP 5-ptase, and therefore the lowered
basal InsPs levels in the transgenic lines. The second group
shows significant changes between WT and transge nic lines
(Fig. 3b). Gravity-induced transcript abundances of genes
in this group appear to be affected by expression of the InsP
S-ptase and changes in basal InsPs levels.

Hierarchical clstenng distinguished major groups of
gravity-regulated InsPy-dependent transcripts (Fig. 3b). In
chuster A, the transcript abundances were higher in the
transgenic lines than in WL Transcripts encoded by mito-
chondrial (23) and chloroplast (30) genes were over-
represented in cluster A, Transeript abundances of genes n
cluster B showed the opposite trend with up-regulated tran-
script abundances m the WT plants, while in the transgenic
lines these transcripts were mostly down-regulated (Fig. 3b).
Interestingly, transcript abundance of FHYA-activated
transcription factor PRI showed significant increases in
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response to gravity stimulation in W, but not the transgenic
line 2-8, incicating that HFRI expression requires InsP =
mediated signallmg (Supporting Infomation Fig. S1). To
investigate further the role of InsP~mediated signal trans-
ductionin transeriptional regulation of tropistic signal trans-
duction in roots, we focused on four representative genes
from cluster B (A2glo005-M D2-related lipid recognition
domain protein, Aidgli310-cysteine protease, Ardg23670-
major latex provtein, AtSgIR020-SamT-like) and two repre-
sentative genes from cluster A (ATMGO0630-0rfT10b,
AtM gO0o690-or f240a) (Fig. 3c). These genes were selected
because they represent two different clusters, show fast and
transient changes in transcript abundances and represent
different genomes (nuclear and mitochondrial).

PLC activity is required for transcriptional
regulation of the gravitropic response

An alternative approach to reduce InsPy levels is to inhibit
PLC activity PLC hydrolyses PtdInsP: to produce InsPs and
diacylglycerol ( Bernidge 1993). The ammosterowd UT3122,
but not its analog U73343, has been shown to effectively
mhibit plant PLCs in vireo (Staxen eral. 1999), and reduce
InsPy levels in vive in Arabidopsis and other plants (Taka-
hashi er al. 2001; Vergnolle er al. 2006; Parre eral. 2007).
Inhibition of PLC by U73122 abolished the differential
increase in InsPs levels in gravity-=stimulated oat pulvini,
and attenuated its gravitropic growth response without
affecting growth (Perera erf al. 2001). We analysed the effect
of PLC mhibition on growth, gravitropic bending and dif-
ferential expression of specific transcripts after gravity
stimulation in the root apices of WT plants. Application of
10 g UT3122, 10 pse LT 3343 or 0.1% (viv) DMSO did not
significantly affect vertical root growth (elongation) within
24 h (Fig. 4a), while bending of those root apices was sig-
nificantly and specifically reduced by the inhibitor U73122
after & h of gravity stimulation. The mhibitory effect was no
longer observed after 24 h of gravity stimulation (Fig. 4b).

We analysed the changes in transcript levels of the rep-
resentative genes (Fig. 3¢) in root apices of the control
[0.1% (viv) DMSO; inhibitor analog U73343] and treated
{inhibitor UT3122) samples using real-time PCR (Fig. 5a by
Supporting Information Fig S3c¢d). Owerall, inhibition of
PLC had the same effect as expression of InsP S-ptase in the
transgenic lines on gravity-induced transcript abundance
changes. Transcripts that were up-regulated by gravity
stimulation in WT roots showed reduced transcript abun-
dances in the transgenic line (2-8), as well as after PLC
mhibitor treatment (Fig. 5a; Supporting  Information
Fig. S3c), while those transcripts that were up-regulated in
the ImsPs-dampened transgenic lines showed the same
response n inhibitor-treated WT Iines (Fig. 5b; Supporting
Information Fig. 83d). This is shown not only for nuclear
genes, but ako transcripts encoded on the mitochondrial
genome. The inactive inhibitor analog or DMSO alone
did not significantly affect the gravity-mduced transcript
changes in the WT plants,
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Figure 3. (a) Gravity-induced transcript abundance changes indepe nde nt of transgene expression. Tramscript abundances of 153 genes
showed the same quantitative and temporal changes in a time-course after gravity stimulation in the root apices from wild type (W) and
inositolpol yphosphate -5 -phosphatase ( InsP S-ptase)-expressing lines. (b) InsP S-ptase mediates changes in transaript abundances in
response to gravity stimulation, Hierac clister analysis identified two major clusters that differ in their overall gravity-induced gene
expression between WT and 2-8 root apices (¢) Selected transaipts from clusters B (top four) and A (bottom two) from Fg. 2b showing
differential I ns 5-ptase-mediated activation or re pression of tramscription in response to gravity stimulation. These ge nes were further
analysed for their response to inhibition of phospholipase C (PLC) and light stimulation.
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Figure 4. U73122 inhibition of
phespholipase C (PLC) transiently
reduced the gravity response in
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Figum 5. Inhibition of phospholipase C (PLC) by U73122in
gravitystimulated wild-type (WT) mots mimcked the effect of
transcript abundance changes in gravity-stimulated root apices in
the transgenic line 2-8 ( a,b). Root apices from WT or 2-8 plants
werne grown on vertical plates and treated 30 min before gravity
stimulation. Root apioes were harvested cither before
(reference ), or 2 or 5 min after 1357 reorie ntation in dim green
light. Error bars represent 5D, Additional examples are shown in
Supporting Informa tion Fig. 83c.d.

24h inactive analog UT333 (b). Error bars
represent S0,

dark in the WT root apices were also fast and transiently
up-regulated in the WT oot apices m response to the fight
exposure  (Fig.6). These transient changes were not
detected in the transgenic 2-8 [ne n response to gravity
and were also not seen in response to white light (Figs 3c &
6, respectively). We further delineated the light-induced
changes of transcript abundance for specific genes with
respect to light quality. Dark-grown Arabédopsis seedlings
(WT, 2-8) were exposed to white fight, red hight, far-red
light, blue light or dim green light from above for 5 min.
Transcript abundance changes in the root apices for the
selected genes (A2gl6005, ArSg3S020, Ardgl1310) were
analysed using realtime PCR and normalized to the
respective WT or transgenic controls under dim green light.
In the wild-type plants, transcript abundances of these
genes were significantly up-regulated in respanse to white
(Fig. &) or far-red light, but either not significantly regulated
or down-regulated in response to blue or red light. These
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Figure 6. Light-induced changes in gene expression. Transcripts
that responded o gravity stimulation in wild-ty pe (WT) apices
were also up-regulated in W root apices when etiolated
seedlings wer e exposed to white light (solid lines), but not in the
tra nage nic line 28 { dashed lines), Changes in transcript
abundances were mlculated relative to their abundances prior to
stimulation of the respective line. Error bams re prese nt 5D,

© 2010 Blackwell Publishing Lid, Plant, Cell and Environment, 33, X41-2055

84



2048 A E. Salinas-Mondragon et al.

ﬁ 71 (a) At2g16005 MDZ related
3 64 BWT
E 024
‘E- ad
£ 34
E
3 24
£
2ol
Red Farred Blue
8 9 4 ALSgRA020 SamT-like protein
(b}
-
LS
-]
-
£ a
&
3
3]

Rad Far-rad Blue

-
i

Atdg11310 put. cys protease

(c) |

Red Far-red Blue

w
L

-
L

Fold cha nge i niva nacript abu ndance
L)

Figure 7. Changes in transcript abundances relative to dim
green light in root apices from wild type (W) and line 2-8 after
Smin of exposure to red, far-red or blue light. (a-c). Error bars
represent S0,

transcrpt abundance changes n respanse to light qua ity
were significantly different in the root apices of the trans-
genic fnes (Fig. Ta-c).

Totest whether these differences in response to different
wavelengths were cawsed by changes in InsP: metabolism,
we pretreated root tips of WT and transgenic 2-8 with the
PLC inhibitor {U73122) prior to exposure to white or far-
red Night. Similar experiments with blue or red hight were
not caried out because of the relatively small transcript
abtundance changes. Using white and far-red light treat-
ments, we compared the transcripts levels in the WT and the
transgenic line {2-8) to those in the WT with and without
prior treatment with the mhibitor UT3122. Transcnpt
abundances of A2gl6005 (MD2-related protein) and
Atdgl 1310 (cysteme protemase) in WT root apices after
treatme nt with U73122 showed a similar relative response
to white and far-red light as n the root apices of the trans-
genic line (2-8) without the inhibitor (Fig. Ba,b).

Photomorphogenic and phototropic growth is
modified in transgenic hypocotyls

To test if the transgenic plants with reduced InsPy levels
show any phenotypic differences in their growth and pho-
totopic respanses, we amalysed their skotomorphogenic
and photomorphogenic growth, as well as their reponses to
unidirectional blue light. Seedlings were grown for 4 d on
vertical plates in low-fluency white light from above or in
the dark. The seedlings were then exposed to unidirecti onal
low fluency (032 pmol m~ s ') blue light (450 nm) from a
9P transverse angle as indicated in Fig. 9. Hypocotyl length,
root length and angles of hypocotyl bending were quanti-
fied before or after 24 h of blue light ex posure.
Light-grown tramsgenic seedlings had significantly longer
hy pocotyls and roots com pared to WT seedlings (Fig. 9a.c),
while dark-grown tramsgenic seedlings did not show any
significant growth phenotype compared o WT (Fig. 9e,g).

(a)
g 4 AR2g16005-MD2-related
E a u White lght
4 O Far-red Ight
-9
=
i
=
&
Z
-_=
=
=
(=
L
2w wT 2-8 WT
DMSO inhibitor
uTM 22
()
34 Atg11310-cysteine protease
24 H Wiitelight

O Far-red light

Log@)foldchang e oftmnscript abund an e

24 WT WT 2-8 WT
DMSO nhibitor
urazz

b

Figure 8. Inhibition of phosphalipase C (PLC) by UT322 in
wildktype (W) root apices prior 1o ex posure 10 white or far-red
light reduced transcript abundance of these genes with the same
trend as found the transge nic line 2-8 (a,b). Changes are plotted
as log (2 old changes over transaript levels in dim green light
for cach line. Error bars represe nt SD,
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Figure 9. Incsitolpolyphos phate-5-phosphatase (InsP 5-ptase)-expressing lines 2-6 and 2-8 grow significantly faster than wild-type (W)
scedlings in white light (a.c), but not in the dark (e,g). The phototropic response of the hypocotyls from the transgenic seedlings to blue
light was significantly reduced in light-grown and dark-grown seadlings (b,d £ h); blue light direction indicated by arrow. Reduced
hypocotyl bending was significantly different for both transgenic lines and W, but not between the transgenic lines (four independent
bioreps, 12 seedlings per line each, P < 0.001, t-test). Error bars re present SD.

Hypocotyls from the transgenic seedlings grown under light
or dark conditions showed a reduced angle of phototropic
bending after exposure to directional blue light for 24 h
(Fig, 9b,d,fh). We did not quantify phototropic responses
in the root apices because they are much weaker than in
the hypocotyl and more variable at this low-fluence rate
blue light. Red and blue light responses in roots are weak

compared to resporses to gravity, while in the hypocotyl the
phototropic responses are stronger than the gravitropic
resporse (Kiss, Ruppel & Hangarter 2001; Ruppel, Hangar-
ter & Kiss 2001). At fluence rates of about 0.1 gmolm™ s,
W roots were shown to bend less than (~20°) in 48 h, while
hypocotyls under the same condition bend more than 70%in
only 12 h of exposure to blue light (Sakai er al. 2000).
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DISCUSSION

Transcriptional regulation of gravitropism: dual
pathways or dual receptors?

Comparison of transcript abundance changes in root apices
of the WT and InsP 5-ptase expressing lnes revealed 153
transcripts with no significant differences (Fig. 3a) after
gravity stimulation. Gravity-<induced expression of these
genes apparently was not affected by changes in InsPs
metabolism, On the other hand, 1031 transcripts showed
line-specific differences after gravity stimulation (Fig. 3b).
This indicates that expression of these genes includes a
component that mvolves InsPs-mediated signal transdue-
tion after gravity stimulation,

Therefore, gravity-induced transcriptional regulation
apparently has an InsPy-mediated component and a
component that is gravity induced, but does not require
mnereases n InsPs levels for its regulation of gene expression
(Fig. 10}, Reduction of the InsP; concentration through
expression of InsP* S-ptase or inhibition of PLC never com-
pletely abolished the gravitropic or phototropic bending,
but reduced the kinetics or degree of its response (Perera
etal. 2001, 2006, Repp er al. 2004).

Our results show that two pathways (InsPy mediated and
InsPs ndependent) are involved n the regulation of
gravity-induced gene expression. It is not clear if both path-
ways are activated by the same or two different sersing
mechanisms The molecular mechanism of gravity sensing
is not known, although the sedimentation of statoliths is
clearly involved in the perception of gravity. The concept of
dual receptors for sequential gravity sensing has been
aggested before (LaMotte & Pickard 2004a,b), but cannot
ke distinguished in our approach from the possibility of a

elongation during photomorphoge nesis,

single receptor activating two separate signal transduction
pathways. Most of those transcripts that are regulated inde-
pendent of IrsP: metabolism (i.e. are regulated similarly in
W and 2-8, Fig. 3a) are annotated as transeription factors
or protein kinases, Examples include several transcripts
of Ca-regulated and Ca™-regulating protein families, and
the ethylene-forming  enzyme 1-aminocyclopropane-1-
carboxylate oxidase (ACC oxidase At1g05010) which were
up-regulated n response to gravity stimulation.

InsP; mediates repression and
activation/de-repression of transcription

Temporal changes of transcript accumulation between WT
and 2-& in response to gravity stimulation distinguished
the presence of at least two mechanisms by which InsPs
mediated signalling affects gravity- and light-induced
changes in transeript abundance. One group of genes
showed increased transcript levels in the transgenic lines
compared to the WT (Fig. 3b, cluster A), while the other
group of genes showed increased transcript abundances
after gravity stimulation in the WT compared to the trans-
genic lines (Fig 3b, cluster B). For select transeripts from
both clusters, we showed that the same responses can be
brought about either by increasing the hydrolysis of InsPs
(using the InsP S-ptase transgenics) or by inhibition of
ImsPs synthesis through PLC activity (using the inhibitor
LI73122). For these transcripts, the difference n gravity-
induced transcript levels seems to be caused by lower
InsPs levels. High levels of InsPs in the W plants mediated
the repression of genes from cluster A, while genes from
cluster B required high InsPs levels for their transeriptional
activation,
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Compared to all other clusters and to the whole genome,
transcripts encoded in plastidal or mitochondrial genome
were over-represented n cluster A, Thirty out of the 128
plastid encoded genes were up-regulated in response to
gravity stimulation n the transgenic line only, and 23 out of
the 57 mitochondrial encoded transcripts in Arabidopsis
were up-regulated. Application of the PLC inhibitor, but
not the inactive analog, prior to gravity stimulation in WT
seedlings, mimicked the effect on mitochondrial encoded
transcript abundances (Fig. by Supporting  Infomation
Fig. 83d). This result shows that high concentrations of
InsP; n WT mediate repression of the transcription of
genes encoded in the plastid and mitochondrial genomes,
possibly through changes in Ca® and/or expression of
muclear-encoded  transcriptional  regulators  of  plastid
encoded genes like sigma factors.

Inositol phosphate signalling in light responses

Light induces the trarsition from skotomorphogenic to
photomorphogenic growth and development n dark-
grown seedlings. This trarsition is characterized by inhibi-
tion of hypocoty] growth, expansion of the cotyledons and
differentiation of etioplasts into photosynthetically active
chloroplasts. Differences in growth rates between the InsP
S-ptase-expressing lines and WT were light dependent.
When grown in low white light for 4 d, hypocotyl and root
length of the transgenmic seedlings were significantly
increased compared to those of WT seedlings (Fig. 9¢).
These differences were not observed in dark-grown
seedlings (Fig Yg). This shows that InsPy signalling was
involved in light-regulated gene expression in roots.
Several genes known to be key regulators of photomor-
phogenesis were differentially expressed in the dark
between W and InsP 5-ptase transgenic seedlings (Figs 2
& 10). Although we did not observe any differences in the
cotyledon morphology or chlorophyll content during light-
induced photomorphogenesis between the control and
transgenic lines, many known light-induced genes were sig-
nificantly up-regulated n the vertical datk-grown trans-
penic lines 2-6 and 2-8 (Fig. 2a; Supporting Information
Fig. 51) (Ma er al. 2001; Tepperman, Hwang & Quail 2006;
Sellaro eral. 2009). Increased transcript abundances of
plastide ncoded tramscripts like ribulose 1,5-bisphosphate
carboxylase/oxygenase (Rubisco) large subunit (RECL);
photosystem [ and 11 reaction centre proteirs (PSAA,
PSAB, FSAC), and hght-induced nuclear encoded genes
for chalcone synthesis (CHS, F3H), sigma factor E (SIGE),
the bZIP transcription factor Hy3S-like ( HYH) and myb
transcription  factor (MYBIZ) in the InsPy-dampened
transgenic lines indicate that InsPsmediated signalling is
mvolved in a wide coordination of transcription i
response to light. The nuclear encoded sigma factor SIGE
is uprregulated by red light { Monte eral. 2004), and regu-
lates the activity of the plastid RNA polymerase and tran-
scription of specific plastid encoded genes (Favory er al.
2005). The BZIP transcription factors HYS and HYH are
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predominantly involved in bluelight regulation of nuclear
transcription for photomorphogenesis (Sellaro eral. 2009),
and themselves light-regulated as a target of dark -specific
protein degradation by COP1 (Holm eral. 2002). Tran-
seript abundances of COPI and its co-regulator SPA2
{Fittinghoff er al. 2006) were both down-regulated in the
trarsgenic lines, which is corsistent with up-regulation
of light-induced genes in the dark. The light induction
of the RZR3-Myb family trarscription factor MYHIZ
(A 2g46470) 15 dependent on HYS expression (Stracke
etal. 2010), MYEI2 was strongly up-regulated in the
transgenic lnes as were its known target genes chalcone
synthase (CHY) and  favanone-3  hydroxyiase (F3H)
(Mehrens eral. 2005). However, up-regul ation of chalcone
synthase mRNA itself was highly variable between experi-
ments. The expression of trarscription factor LONG
HYPOCOTYL IN FAR-RED1 (HFRI) is also regulated
in response to light and gravity in an InsP-dependent
mechanism (Supporting Information Fig. 82). HFR1 has
been shown to play a role in both gravity and light
resporses.  Arabidopsis  seedlings over-expressing  an
N-terminal-truncated version of HFR1 showed photomor-
phogenic development in the dark and randomization of
gravitropic growth in hypocotyls and roots n the dark
(Yang er al. 2003).

Several gravity-induced genes that were up-regulated
in response to white light in WT roots did not respond to
light stimulation in the InsP S-ptase transgenic lines or in
W root tips treated with the PLC mhibitor (Figs 6 & 8).
Up-regulation of these transcripts in response to gravity or
white light requires InsPs-mediated signalling. This poses
the question of the function of these genes in phototropic or
gravitrapic resporses. Light-grown seedlings of knockout
mutants for either the MD2-related protein (A2g16005) or
the SamT-like protein { AtSg38020) had longer roots com-
pared to WT seedlings, and showed significantly faster
bending responses to gravitropic stimulation compared to
roots from WT seedlings (Kajla er al,, unpublished data).
This indicates that those proteins act as repressors of
gravitropic bending and root growth.

Our results are in agreement with the analysis of Arabi-
dopsis knockout mutants defective in endogenous IrsP
S-ptase  genes. These knockout lnes have wereased
concentrations of InsPy and exhibit increased hypocotyl
elongation rates when grown in the dark, but not in light-
grown seedlings, while over-expressing lines show a slight
growth inhibition compared to WT seedlings in blue light
(Gunesekera er al. 2007, Chen eral. 2008).

Taken together, these results supgpest a oorrelation
between growth rates, light and InsP; levels: low InsPs levels
are involved in skotomorphogenic hy pocotyl elongation in
the dark, while light-induced increases in InsPs levels inhibit
cell elongation i roots and hypocotyls during photomor-
phogenesis. Basipetal auxin transport capacity was reduced
and delayed n InsP S-ptase expressing transgenic line 2-8
compared to WT plants, placing InsPy signalling upstream
of auxin-mediated changes in cell elongation (Perera er al.
2006). Auxin transport capacity is determined by auxin
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efflux carriers. It has recently been shown that the auxin
efflux carrier PIN2 is regulated by InsP* S-ptase 13 and
HY35-dependent endocytotic trafficking between the vacu-
olar compartment and the plasma membrane, regulating
light-dependent auxin transport capacity ( Laxmi er al. 2008,
Wang er al. 2009).

On the other hand, many well documented light-
regulated genes and proteins were not affected by changes
in InsPs levels. Chlorophyll biosynthesis genes like
elutamare-1-semialdehyde aminomransferase (GSAIZ), the
photoreceptors (PHYA, PHYC AND PHYD), the blue
light receptors (PHOTI, PHOT2 AND CRYT), as well as
the phytochrome-interacting transeription factors (PLFT-7)
and de-etiolated] (DETT), are key regulators of light per-
ception and lght-induced transcripticnal regulation, but
their trarscript abundances were independent of IrsPs
mediated gene expression (Fig 10, Supporting Infonmation
Tahle 52). This shows that light-responsive gene expression
is regulated by two separate pathways that differ in their
dependence on InsPy metabolism.

Blue light

Of the five identified blue light receptors in Arabidopsis,
only phototropin 1 (PHOTT formerly NPHT1) is required
for the phototropic response to low intensity blue light
(Lasceve eral. 1999; Sakai eral. 2001). Hypocotyls of
PHOT1-deficient seedlings are agravitropic under low-
fluence-rate blue light {Lariguet & Fankhauser 2004). Blue
fight-mduced changes in cytoplasmic Ca®concentrations
require PHOT] (Baum er al. 1999; Babourina, Newman &
Shabala 2002; Folta eral. 2003). Increases in cytosolic Ca™
concentrations probably occur via two (possibly consecu-
tive) mechanisms. In Ambidopss leaves and mesophyll
protoplasts, blue light stimulates a phototropin-activa ted
voltage-dependent Ca® channel in the plasma membrane
(Harada er al. 2003; Stoekle er al. 2003). Blue hght-nduced
changes in cytosolic Ca® concentrations were strongly
reduced by pharmacological inhibition of PLC in wild-
type and the photl mutants. Bhe light-induced PHOTI
activation increases Ca®'concentrations in the cytosol via
PLC. The endogenous InsP S-ptasel3 in Arvabidopsis has
been shown to modulate phototropinl-mediated blue light
responses by altering cytosolic Ca®* levels. The knockout
mutant of InsP 5-ptase 13 has slightly increased concentra-
tiors of InsP: and shows reduced hypocotyl elongation in
response to blie light (Chen eral. 2008). However, the
endogenous InsP S-ptase enzymes are not membrane
associated and are not specific for Ins 1,4,5-P; as a sub-
strate as the human type 1 enzyme used in this study. We
show here that blue light-induced phatotropic bending in
Arabidapsis hypocotyls was dramatically reduced (but not
completely inhibited) in the InsP 5-ptase-expressing lines
compared to the WT (Fig. %), although overall cell elon-
gation was not affected. Again, this suggests that InsP;-
mediated signalling is involved in the mhibition of cell
elongation,

Red and far-red light

In etiolated Arabidopsis seedlings, the hypocotyls are nega-
tively gravitropic, but upon  exposure to red or
far-red light, hypocotyl growth orientation  becomes
random with respect to the vector of gravity (Liscum &
Hangarter 1993). The randomization of hypocotyl growth
direction in response to farred light is mediated only by
phytochrome A (PHYA), while randomization under red
light is mediated by PHYA or PHYB (Poppe er al. 1996,
Robson & Smith 1996). Red light sensed by PHYA and
PHY B nduces positive phototropism in Arabidopsis roots,
but there is little or no phototropic response in roots 1o
unicdirectional farred light (Ruppel eral. 2001; Kiss et al.
2003). A possible ole for InsPsmetabolism n phytochrome
signalling  was also  shown in oat  leaf proto-
plasts, where red or farred light nduced cytoplasmic
Ca* oscillations, Red light increased the synthesis of
phosphatidylinositol-4,5 bisphosphate { PtdInsP;), while far-
red light significantly reduced the synthesis of PtdInsP,
(Volotovski eral. 1993). Red light induced a transient
nerease (<1 min) in cytosolic free Ca™ in etiolated wheat
leaf protoplasts, causing a 20% swelling. The increase
of cytosolic free calcium and subsequent swelling was mim-
icked by release of caged InsPy. Far-red light prevented the
red light-induced increases in cytosolic Ca®* (Shacklock
et al. 1992).

We show here that tramscript abundances of selected
genes were up-regulated in response to far-red light in WT
root apices (Fig 7a—=c), but less or not at all in the trans-
genic lnes The farred light-induced increase n transeript
abundance required PLC activity (Figs 7 & 8). Far-red
light regulates expression of hundreds of genes, but a
mechanism for this regulation is not known (Wang er al.
2002; Devlin, Yanovsky & Kay 2003; Sato-Nara ef al. 2004),
Our data show that PLC activity and InsPsmediated
signalling are involved in far-red light-induced gene
EXPIESSION.

CONCLUSION

When InsP; levels were reduced in Arabidopsis either
through a transgenic approach (hydrolyzing InsPy) or by
pharmacaolagical inhibition of its synthesis through PLC,
gravitropic and phototropic responses are reduced or
delayed. To delineate the role of IrsP:in the regulation of
gene expression of tropistic responses, we compared
changes in transcript abundances of after light and gravity
stimulation in Arabidopsis oot apices. Our data show that
gravity-induced gene expression and light-induced gene
expression were regulated by an IrsPs-dependent and an
InsPs-independent signal transduction pathway (Fig. 10).
Gienes that responded to gravity in an InsPscependent
manner also responded to light in an InsPs-dependent way.
This suggests that InsPy signalling might be involved in the
ntegration of both gravitropic and phototropic growth
responses.

© 2010 Blackwell Publishing Ltd, Plant, Cell and Environment, 33, 2041 -2055
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