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Abstract 

 

The overall architecture of higher plants is determined by the number and 

arrangement of lateral branches around the main root-shoot axis. The principal 

function of these shoot and root branches is to hold leaves and other organs to 

the sun, and below ground, to facilitate the uptake of nutrients and water, and 

provide secure anchorage for the plant. Lateral root and shoot branches are 

often maintained at specific angles with respect to gravity, a quantity known as 

the gravitropic set-point angle (GSA). While primary root and shoot organs are 

typically approximately vertical, GSA values of lateral shoots and roots are most 

often non-vertical, allowing the plant to optimise the capture of resources both 

above- and below-ground. Despite the importance of branch angle as a 

fundamental parameter of plant form, until now research has focused on the 

mechanisms controlling numbers of lateral roots and shoots and studies on 

gravitropism have been all but confined to the primary root-shoot axis. In this 

work, the central questions of how stable, straight growth of a branch at a 

nonvertical 

angle is maintained and of how the value of that angle is set have been 

addressed. It was found that non-vertical GSAs of lateral shoots and roots 

depend upon an angle offset that is the product of latent balancing gravitropic 

and anti-gravitropic asymmetries in auxin transport and response. The work also 

showed that auxin specifies GSA values dynamically through development by 

regulating the magnitude of the anti-gravitropic offset in lateral organs, and 

further that variation in auxin sensitivity in the gravity-sensing cells of the root and 

shoot is sufficient to alter GSA. Finally, environmental signals such as light, 

temperature and nutrient deficiency were found to be able to effect changes in 

lateral organ GSA through modulation of auxin signalling. The involvement of 

auxin in regulating GSA is another example of auxin’s spectacular capacity to 

self-organise in multiple developmental contexts. It also provides a mechanism 

for integration of environmental signals that alter plant architecture through the 

modulation of growth angle and a conceptual framework for understanding the 

specification of GSA throughout higher plants. 



! "!

 Contents 

 

          Abbreviations ------------------------------------------------------------------------ 12 

            

1. Introduction  ------------------------------------------------------------------------ 14 

1.1 Gravity sensing -----------------------------------------------------------------15 

1.2 The Starch-Statolith hypothesis --------------------------------------------16 

1.3 Sine Law for gravitropism ----------------------------------------------------19 

1.4 The Cholodny-Went model -------------------------------------------------- 20 

1.5 Auxin transport in gravitropism --------------------------------------------- 22 

1.6 Gravity induces rapid intracellular relocalisation of PINs ------------ 26 

1.7 Cell- and tissue-specific responses to auxin ---------------------------- 29 

1.8 The Gravitropic Set-point Angle (GSA) ----------------------------------- 32 

1.9 Project aims --------------------------------------------------------------------- 35 

2. Materials and methods ----------------------------------------------------------- 37 

2.1 Solution formulations ---------------------------------------------------------- 38 

2.2 Bacterial strains and growth conditions ----------------------------------- 41 

2.2.1 Bacterial strains --------------------------------------------------------- 41 

2.2.2 Bacterial growth conditions ------------------------------------------- 41 

2.2.3 Preparation and transformation of competent E.coli cells ---- 41 

2.2.4 Preparation and transformation of competent Agrobacterium 

tumefaciens cells -------------------------------------------------------- 42 

2.3 Isolation and restriction digest analysis of bacterial plasmid DNA - 43 

2.3.1 Isolation of plasmid DNA ---------------------------------------------- 43 

2.3.2 Alkaline lysis miniprep ------------------------------------------------- 43 

2.3.3 Analysis of plasmid DNA by restriction digestion --------------- 44  

2.3.4 Agarose gel electrophoresis ------------------------------------------ 44 

2.4 Plant lines and growth conditions ------------------------------------------- 45 

2.4.1 Plant lines ----------------------------------------------------------------- 45 

2.4.2 Plant growth conditions ------------------------------------------------ 47 

2.4.3 Arabidopsis transformation by floral dipping ---------------------- 47 

2.4.4 Selection of transgenic seed using BASTA resistance -------- 48 

2.4.5 Selection of transgenic seed expressing pFP101 or its  

derivatives ----------------------------------------------------------------- 48 

2.5 Analysis of lateral root and shoot GSA ------------------------------------ 49 

2.5.1 Hormone and chemical treatments --------------------------------- 49 

2.5.2 Image analysis and lateral root GSA measurements ----------- 49 

2.5.3 Dexamethsone treatment of GR inducible plant lines ----------- 50 



! "!

2.5.4 Analysis of shoot GSA ---------------------------------------------------  50 

2.5.5 Decapitation experiments -----------------------------------------------  50 

2.5.6 Clinorotation experiments -----------------------------------------------  51 

2.5.7 Reorientation experiments ----------------------------------------------  54 

2.5.8 Split plate assays ---------------------------------------------------------- 54 

2.5.9 Bean and rice experiments ---------------------------------------------- 54 

2.6 Confocal microscopy ------------------------------------------------------------- 54 

2.7 Cloning ------------------------------------------------------------------------------- 55 

2.7.1 Vector maps of GATEWAY vectors ----------------------------------- 56 

2.7.2 Amplification of plant gene coding sequences --------------------- 60 

2.7.3 Electrophoresis of PCR products -------------------------------------- 60 

2.7.4 Purification of PCR products -------------------------------------------- 60 

2.7.5 Generating GATEWAY entry clones ---------------------------------- 60 

2.7.6 Generating GATEWAY expression clones -------------------------- 62 

  2.7.7 Cloning UAS:ARF7! in pGreen 0229 ---------------------------------- 62 

3. Lateral organs are distinguished from the primary axis by means of an 

 angle offset ----------------------------------------------------------------------------  66 

3.1 Introduction -------------------------------------------------------------------------- 67 

3.2 Results -------------------------------------------------------------------------------- 69 

3.2.1 Lateral organs in Arabidopsis are actively maintaining a  

specific GSA ---------------------------------------------------------------- 69 

3.2.2 GSA of the sub-apical branch changes upon decapitation of  

the primary shoot apex --------------------------------------------------- 71 

3.2.3 Using split plate assays to study GSA changes in excised  

nodes ------------------------------------- ----------------------------------- 73 

3.2.4 Establishing the nature of the anti-gravitropic offset mechanism  

in lateral branches -------------------------------------------------------- 75 

3.2.5 Verifying the patterns of lateral organ growth upon  

clinorotation ---------------------------------------------------------------- 78 

3.2.6 Clinorotation in a 3D system ------------------------------------------- 80 

3.2.7 Effect of clinorotation on crown roots in rice ----------------------- 81 

3.2.8 The anti-gravitropic offset is short-lived ----------------------------- 82 

3.2.9 The anti-gravitropic offset requires auxin transport -------------- 84 

3.2.10 Magnitude of clinorotation-induced changes in lateral branches  

of different ages ----------------------------------------------------------- 86 

3.3 Discussion -------------------------------------------------------------------------- 88 



! "!

3.3.1 An anti-gravitropic offset acts antagonistically to gravity in           

lateral organs -------------------------------------------------------------- 88 

3.3.2 Anti-gravitropic growth is not an ethylene-dependent stress  

response -------------------------------------------------------------------- 89 

3.3.3 The anti-gravitropic offset depends on auxin transport --------- 90 

4. Auxin specifies the magnitude of the anti-gravitropic offset---------------- 92 

4.1 Introduction ------------------------------------------------------------------------- 93 

4.2 Results ------------------------------------------------------------------------------ 95 

4.2.1 Analysis of lateral organ GSA in auxin synthesis mutants ------- 95 

4.2.2 Analysis of lateral organ GSA in TIR1/AFB auxin receptor  

mutants---------------------------------------------------------------------- 99 

4.2.3  Analysis of lateral organ GSA in auxin signaling mutants ------101 

4.2.4  Lateral organ reorientation assays in auxin signaling  

mutants ------------------------------------------------------------------- 105 

4.2.5  Effect of clinorotation on lateral organ GSA of auxin  

signaling mutants ------------------------------------------------------  107 

4.2.6  Identification of the cell types in which lateral organ GSA  

values are specified ---------------------------------------------------- 109 

4.3 Discussion ------------------------------------------------------------------------ 115 

4.3.1 Auxin regulates the magnitude of the anti-gravitropic  

offset ------------------------------------------------------------------------ 115 

4.3.2 ARF7 may positively regulate the anti-gravitropic offset in  

lateral roots ---------------------------------------------------------------- 117 

4.3.3 Changes in auxin sensitivity in the gravity-sensing cells of the  

shoot and root are sufficient to alter GSA --------------------------118 

5. Molecular mechanisms of anti-gravitropic offset control ------------------- 121 

5.1 Introduction ----------------------------------------------------------------------- 122 

5.2 Results ----------------------------------------------------------------------------- 123 

5.2.1 Intracellular distribution of PIN proteins in lateral root columella 

 cells ------------------------------------------------------------------------- 123 

5.2.2  Effect of chemical kinase and phosphatase inhibitors on lateral 

 root GSA ------------------------------------------------------------------ 126 

5.2.3  GSA phenotypes of loss-of-function PP2AA1 and PINOID  

mutants -------------------------------------------------------------------- 128 

5.2.4 GSA phenotypes and intracellular localization of PIN3 in PIN3 

phosphovariant lines ----------------------------------------------------- 130 

 



! "!

5.2.5 Expression of PINOID and PP2A/RCN1 in Arabidopsis   

roots --------------------------------------------------------------------------- 134 

5.2.6 Analysis of Aux/IAA gene expression patterns in Arabidopsis 

 roots --------------------------------------------------------------------------136 

5.3 Discussion ---------------------------------------------------------------------------139 

5.3.1 Non-vertical GSAs may be maintained by balanced antagonistic 

inputs into PIN polarity --------------------------------------------------- 139 

5.3.2 Auxin may influence lateral root GSA through upregulation of  

RCN1 expression ---------------------------------------------------------- 140 

6. Effect of environmental conditions on GSA-------------------------------------- 142 

6.1 Introduction ------------------------------------------------------------------------- 143 

6.2 Results ------------------------------------------------------------------------------ 146 

               6.2.1 Effect of low light levels on Arabidopsis shoot GSA ---------------- 146 

               6.2.2 Effect of temperature on Arabidopsis shoot GSA ------------------- 148 

               6.2.3 Effect of Pi deprivation on lateral root GSA in Arabidopsis ------- 150 

               6.2.4 Effect of Pi deprivation on basal root GSA in bean ----------------- 152 

           6.3 Discussion --------------------------------------------------------------------------- 155 

                6.3.1 Low R/FR ratios cause lateral shoots in Arabidopsis to shift  

                        towards a more vertical GSA ---------------------------------------------- 155 

                 6.3.2 High temperature causes lateral shoots in Arabidopsis to shift  

                          towards a more vertical GSA ---------------------------------------------- 156 

                6.3.3 Phosphate deficiency has opposite effects on the GSA of lateral  

                          roots in Arabidopsis and basal roots of bean ------------------------- 158 

   7. General discussion ------------------------------------------------------------------------- 161 

      7.1 The Gravitropic Setpoint Angle ----------------------------------------------------- 162 

      7.2 Lateral organs are distinguished from the primary axis by means of an  

              angle offset ----------------------------------------------------------------------------- 162 

      7.3 Auxin-mediated regulation of angle offset ---------------------------------------- 164 

      7.4 Use of a horizontal clinostat to nullify gravitropic response in lateral 

              organs ------------------------------------------------------------------------------------ 165 

      7.5 Molecular mechanisms regulating antagonistic gravitropic and 

            anti-gravitropic auxin fluxes ---------------------------------------------------------- 170 

      7.6 Concluding remarks -------------------------------------------------------------------- 168 

8. References -------------------------------------------------------------------------------------- 173 

 

 

 



! "#!

List of figures 
 
Chapter 1 
 
1.1 The starch-statolith hypothesis -----------------------------------------------------18 

1.2 The Cholodny-Went model of gravitropism ------------------------------------- 21 

1.3 Cell- and tissue-specific expression of PIN proteins ------------------------- 23 

1.4 Lateral relocation of PIN3 in gravistimulated organs ------------------------- 25 

1.5 Phosphorylation is a binary switch for PIN polarity --------------------------- 28  

1.6 The canonical auxin response pathway ----------------------------------------- 31 

1.7 Non-vertical angles of shoot and root branches in different 

 plant species -------------------------------------------------------------------------- 33 

 

Chapter 2 

2.1 Set up of clinorotation experiments ---------------------------------------------- 53 

2.2 Map of Invitrogen GATEWAY vector pDONR207 ---------------------------- 56 

2.3 Map of Invitrogen GATEWAY vector pDONR 221 P1P5r ------------------ 57 

2.4 Map of Invitrogen GATEWAY vector pDONR 221 P5P2 ------------------- 58 

 

Chapter 3 

3.1 Lateral branches in Arabidopsis are actively maintaining a  

     specific GSA ---------------------------------------------------------------------------- 70 

3.2 Decapitation in Arabidopsis and pea -------------------------------------------- 72 

3.3 Split plate assays --------------------------------------------------------------------- 74 

3.4 Effect of clinorotation on Arabidopsis lateral branches ---------------------- 77 

3.5 Clinorotation controls in Arabidopsis --------------------------------------------  79 

3.6 Clinorotation in a 3D system ------------------------------------------------------- 80 

3.7 Effect of clinorotation on rice crown roots --------------------------------------  81 

3.8 The AGO is short-lived --------------------------------------------------------------- 83 

3.9 NPA inhibits upward/outward bending of lateral branches upon 

      clinorotation ----------------------------------------------------------------------------- 85 

3.10 Magnitude of changes in GSA of lateral organs of different ages upon 

      clinorotation ----------------------------------------------------------------------------- 87 

 

Chapter 4 

4.1 GSA of auxin synthesis mutants -------------------------------------------------- 96 



! ""!

4.2 Effect of auxin treatment on lateral root GSA ------------------------------- 98 

4.3 GSA of auxin receptor mutants ------------------------------------------------- 100 

4.4 GSA of auxin signalling mutants ----------------------------------------------- 102 

4.5 GSA of auxin signalling mutants ----------------------------------------------- 104 

4.6 Lateral organ reorientation assays in auxin signalling mutants -------- 106 

4.7 Effect of clinorotation on lateral organ GSA in auxin signalling 

      mutants -------------------------------------------------------------------------------- 108 

4.9 Analysis of lateral shoot GSA in the SCR:bdl line  ------------------------- 110 

4.10 Analysis of lateral shoot GSA in the SCR:ARF7:GR line --------------- 112 

4.11 Analysis of lateral root GSA in UAS::axr3-1 and UAS::ARF7! GAL4- 

        transactivation lines --------------------------------------------------------------- 114 

4.12 DII-VENUS expression in lateral roots --------------------------------------- 116 

4.13 Model for GSA control ------------------------------------------------------------ 120 

 

Chapter 5 

5.1 Analysis of PIN3,4 and 7 expression primary and lateral roots -------- 125 

5.2 Effect of cantharidin and staurosporine on lateral root GSA ------------ 127 

5.3 Analysis of lateral organ GSA in rcn1 and pid mutants ------------------- 129 

5.4 Analysis of lateral organ GSA in PIN3 phosphovariant lines ------------ 131 

5.5 Intracellular localization of phosphovariant PIN3 in lateral root 

      columella cells ----------------------------------------------------------------------- 133 

5.6 Effect of auxin treatment on RCN1 and PID expression ------------------ 135 

5.7 Analysis of Aux/IAA gene expression patterns in primary and  

       lateral roots --------------------------------------------------------------------------  138 

 

Chapter 6 

6.1 Effect of low R/FR ratios on Arabidopsis shoot GSA ----------------------- 147 

6.2 Effect of temperature on Arabidopsis shoot GSA --------------------------- 149 

6.3 Effect of Pi deprivation on lateral root GSA in Arabidopsis --------------- 151 

6.4 Effect of Pi deprivation on basal root GSA in bean --------------------------154 

6.5 Model of integration of environmental signals into auxin-mediated GSA 

    changes in lateral organs ------------------------------------------------------------ 160 

 



! "#!

Abbreviations 

 

 

2,4-D - 2,4-Dichlorophenoxyacetic acid 

AGO – Anti-Gravitropic Offset 

ARF – Auxin Response Factor 

ATS –Arabidopsis thaliana salts 

AuxRE – Auxin Response Element 

CIAP – Calf Intestinal Alkaline Phosphatase 

DNA – Deoxyribonucleic acid 

dNTP – Deoxyribonucleotide 

EDTA – Ethylene diaminetetraacetic acid 

EE – Early endosome 

FR – Far Red 

GFP – Green Fluorescent Protein 

GSA – Gravitropic Setpoint Angle 

HL – Hydrophilic Loop 

IAA – Indole-3-Acetic Acid 

LB – Luria Broth 

LRC – Lateral Root Cap 

NPA - 1-N-Naphthylphthalamic acid 

PAT – Polar Auxin Transport 

PCR – Polymerase Chain Reaction 

Pi – Inorganic Phosphate 

qRT-PCR – Quantitative Real Time PCR 

R:FR – Red: Far Red 



! "#!

rph – revolutions per hour 

rpm – revolutions per minute 

RSA – Root System Architecture 

SAM – Shoot Apical Meristem 

TGN – trans-Golgi-network 

TIBA -- 2,3,5-triiodobenzoic acid 

WT – Wild Type 

 

!



 
 
 
 
 
 
 
 
 
 
 

      Chapter 1 

 
 
 
 
 
 
 

         General Introduction 
  



! "#!

Plants being sessile organisms must constantly respond and adapt to 

their surrounding environment. These adaptive responses to the 

environment require that sensing of external stimuli be intricately linked 

to mechanisms of morphogenesis and tropic movement. Charles Darwin 

described some of these movements in response to the environment 

more than a century ago in his book ‘The Power of Movement in Plants’ 

(Darwin, 1880). Darwin noted that plants had a tendency to sense their 

environment so as to orient themselves for optimal growth and 

development. Some of the environmental factors that plants must be able 

to respond to include temperature, light quality, and nutrient and moisture 

in the soil. Moreover, plants must also respond to physical forces of 

nature such as gravity or touch stimulation.  

 

Plant tropisms may be defined as differential growth responses that 

reorient plant organs in response to the direction of physical stimuli. Of 

these, gravity is one of the most fundamental, and certainly the most 

constant environmental signal controlling plant development, something 

that has been recognised since 1806 (Knight 1806). This gravity-directed 

growth, known as gravitropism ensures that shoots grow upwards and 

roots grow downwards, allowing the basic processes of light capture and 

gas exchange above ground and water and nutrient uptake below. 

Studies on plant gravitropism began at the end of the early 19th century 

when Ciesielski (1872) and Darwin (1880) demonstrated that a structure 

at the tip of roots, the cap is essential for root gravitropism. They 

suggested that the root cap could perceive a change in orientation of the 

root tip within the gravitational field. These important early observations 

marked the beginning of numerous studies carried out throughout the 

20th century that eventually led to better understanding of the 

physiological and molecular mechanisms of gravity sensing. 

 

1.1 Gravity sensing 

For a plant organ to guide its growth according to gravity, it must 

perceive any change in orientation within the gravity field. The 

corresponding physical information must be transduced into a 
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physiological and/or biochemical signal, which must be transported to the 

response site where differential growth generates a curvature, allowing 

the growing tip to realign itself with the gravity vector. Different cells are 

specialized to carry out these successive phases of gravitropism in 

monocot and dicot plant species. For example, in roots, gravity is 

perceived mainly by the columella cells of the root cap, whereas the 

differential growth response associated with gravistimulation occurs in 

the root elongation zone. In shoots, cells located in specialized tissues in 

the periphery of the vasculature, including the endodermis and the 

bundle sheath parenchyma in inflorescence stems and cereal pulvini 

perceive gravity and generate a signal that is transmitted laterally to more 

peripheral tissues. It is in these tissues that the differential growth 

responsible for gravitropic curvature is promoted. On the other hand, in 

lower plants and algae exhibiting single cell tip growth (i.e. rhizoids and 

protonemata), gravity sensing and curvature response occur in the same 

cell. Thus, different species and organs use different molecular, 

cytological and physiological strategies to guide gravity-mediated growth 

(Blancaflor and Masson, 2003). 

 

1.2 The Starch-Statolith hypothesis 

The starch-statolith hypothesis is one of the earliest models for the 

biophysical basis for perception of orientation with respect to gravity and 

has remained virtually unchanged for over a century. This model states 

that the sedimentation of starch filled amyloplasts (statoliths) within the 

columella cells of the root cap and the endodermal cells or bundle sheath 

parenchyma in shoots (hereafter, gravity-sensing cells or statocytes) 

constitute one of the initial events in gravity perception (Fig 1.1). 

Numerous studies carried out in different plant species seemed to 

confirm this hypothesis. For example, Fjell (1985) found that root bending 

started when amyloplasts developed and sedimented in columella cells in 

adventitious root primordia in Salix. Hillman and Wilkins (1982) found that 

gravitropism returned to decapitated Zea roots when amyloplasts 

developed and sedimented in the tipmost cells of the capless root. In 

shoots Perbal and Riviere (1980) found that the epicotyls of the monocot 
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Asparagus, which do not generally store starch, only had amyloplasts 

that sedimented in the endodermis.  

 

However, early evidence against the starch-statolith hypothesis also 

came from the work of Pickard and Thimann (1966) who demonstrated 

that starch-depleted Triticum coleoptiles lacked amyloplast sedimentation 

and were still gravitropic. Further evidence also came from the work of 

Moore and McClelen (1985) who measured gravitropic curvature in vp7 

and vp9 mutants of Zea which have 8% and 62% of the starch of wild 

type amyloplasts. Since the curvature of these mutant roots did not differ 

significantly from wild-type, it was concluded that the magnitude of 

gravitropic curvature in the root is not necessarily proportional to starch 

content. Finally, studies performed using starch-deficient and starchless 

mutants in Arabidopsis thaliana (hereafter, Arabidopsis) and Nicotiana 

sylvestris found that the roots of these mutants were also gravitropic 

(Caspar and Pickard, 1989; Kiss et al., 1989; Kiss and Sack, 1989). 

Eventually it was suggested that while sedimenting amyloplasts may not 

be essential for gravitropism, they contribute to full gravitropic response, 

and their absence may result in reduced gravitropic sensitivity (reviewed 

in Sack, 1991).  
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Figure 1.1: The Starch-Statolith hypothesis  (Taken from Morita 
M.,2010) 
(A) Three-day-old dark grown seedling gravistimulated by placing at an 
angle of 90º. (B) Root of three-day-old seedling dissected from the tip 
showing the root cap (RC), distal elongation zone (DEC), central 
elongation zone (CEZ) and differentiation zone (DZ). (C) Root cap 
structure of a three-day-old seedling stained with potassium iodide 
solution with visibly stained amyloplasts in the columella. (D) Schematic 
structure of a columella cell showing nucleus (N), vacuole (V), 
amyloplasts (A) and endoplasmic reticulum (ER). (E) Composite of 
inflorescence stem gravistimulated at 90º. (F) Schematic structure of 
stem tissue indicating the position of single layer of endodermal cells 
(pink). (G) Longitudinal section of stem stained with toluidine blue and 
observed by microscopy. The epidermis (epi), cortex (co) and 
endodermis (en) are visible. In endodermal cells, amyloplasts are 
sedimented in the direction of gravity.  (H) Schematic structure of 
endodermal cell showing the vacuole (V) and amyloplasts (A). 
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pressure is sensed. Notably, the gravity percep-
tion mechanism of gravity resistance is likely
different from that of gravitropism (77, 78).

In this review, I focus on the process of
gravity sensing related to gravitropism. It is
essential to decipher the exact mechanism of
action at the site of gravity sensing (within
the statocytes) to understand the susception
mechanism of directional change in response to
gravity. Recent studies, consisting primarily of
genetic investigation using Arabidopsis thaliana,
have demonstrated the molecular mechanism
of gravitropism, at least in part (5, 15, 35, 70,
80, 82). This review covers current views on
gravity perception in gravitropism in higher
plants with specific emphasis on Arabidopsis.

IDENTIFICATION OF
STATOCYTES

Sensing Site in Roots

In the 1900s, experimental evidence demon-
strated that the orientation of the root apex in
particular is important for gravitropism. The
tip of the root consists of the root cap and the
root apical meristem. In some plant species,

the root cap can be removed from the root
tip without damaging root growth. Such de-
capped roots lose the gravitropic response, but
the responsiveness is recovered following the
regeneration of a new root cap (2). In ad-
dition, genetic manipulation to remove the
Arabidopsis root cap—via root cap–specific ex-
pression of diphtheria toxin A, which kills only
root cap cells—abolishes the gravitropic re-
sponse in roots (90).

In Arabidopsis, the root cap comprises four
tiers of columella cells that originate from col-
umella initial cells, and lateral root cap cells that
originate from the same source as root epider-
mal cells (11). Ablation of specific cells in the
root cap with a laser has shown that the inner
cells of the second tier of columella cells con-
tribute maximally to root gravitropism (4). In
contrast, ablation of the lateral root cap cells ex-
hibits little effect on root gravitropism (4). The
fact that columella cells in the root cap contain
sedimenting amyloplasts is highly correlated to
the functional importance of columella cells in
root gravitropism. Thus, central columella cells
in the root cap are the most important sites for
gravity sensing in root gravitropism (Figure 1).

V

NDZ

CEZ

DEZ

RC

a b c d

A

ER

Figure 1
Root structure and root statocyte in Arabidopsis. (a) A three-day-old, dark-grown seedling was gravistimulated by placing it in a
horizontal position, and leaving it in the dark for one day. Root and hypocotyls show a gravitropic response. (b) Root of the three-day-
old seedling dissected from the tip, with the root cap (RC), distal elongation zone (DEZ), central elongation zone (CEZ), and
differentiation zone (DZ) visible. (c) Root cap structure. A three-day-old seedling was stained with IKI (iodine–potassium iodide)
solution. Amyloplasts are visible in columella cells in the root cap. (d ) Schematic structure of the columella cell, showing the nucleus (N),
vacuole (V), amyloplast (A), and endoplasmic reticulum (ER). Panel (c) is adapted from Reference 49, with the permission of Elsevier.
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GRAS: gene family
name based on the
locus designations of
three genes:
GIBBERELLIN-
INSENSITIVE
(GAI), REPRESSOR
of GA1 (RGA), and
SCARECROW (SCR)

The existence of a site for gravity perception
outside the cap in maize roots has been sug-
gested via the use of a specific device for imag-
ing analysis linked to a rotating stage (50, 98).
The device enables the researcher to maintain
the root cap in a vertical position while retain-
ing the selected region within the elongation
zone at a gravistimulated angle. The maize root
continues to show differential growth even un-
der these conditions. Although the gravitropic
response elicited by a site outside the cap is es-
timated to contribute up to 20% of the total re-
sponse, this study (98) suggested the existence
of a second type of gravity perception site in
maize roots.

Sensing Site in Shoots
Several graviresponsive organs have been well
studied in shoots, such as coleoptiles and pulvini
of monocotyledonous plants and hypocotyls of
dicotyledonous plants. Tissues containing sed-
imentable amyloplasts have been commonly
observed in these graviresponsive organs, sug-
gesting that such tissues are the sites for gravity
sensing (64). However, unlike the root cap, the

surgical removal of the putative statocytes or
the treatment of a specific site of an organ is dif-
ficult in shoots because in many cases the tissues
exist deep within the organs. Thus, researchers
were unclear as to which cells act as stato-
cytes in shoots until the genetic approach using
Arabidopsis was developed.

In addition to the fact that the endodermis
contains sedimented amyloplasts in the shoots
of a number of plant species, genetic studies
have established the role of endodermal cells
as statocytes in shoots (Figure 2). Arabidop-
sis shoot gravitropism mutants sgr1 and sgr7 ex-
hibit no gravitropic response in their hypocotyls
and inflorescence stems (18). These mutants
are allelic to scarecrow (scr) and short-root (shr),
respectively (20), which were isolated as mu-
tants defective in the formation of the endo-
dermis both in roots and in hypocotyls (3, 10).
SGR1/SCR and SGR7/SHR, as members of the
GRAS gene family, encode putative transcrip-
tion factors (10, 26). SGR1/SCR is expressed
specifically in the endodermal cell layer and
in its presumptive initial cells in the shoot as
well as in the root (99). In roots, SHR is non-
cell-autonomously involved in the expression

0 min

30 min

V

A

a b c d

En Co Epi

Figure 2
Shoot structure and shoot statocyte in Arabidopsis. (a) A five-week-old inflorescence stem (Columbia accession) was gravistimulated by
orienting it in a horizontal position. Following 30 min of gravistimulation, photographs were taken every 10 min for 100 min, and a
composite was made. (b) Schematic structure of stem tissue. The position of a single layer of endodermis is indicated (pink).
(c) Longitudinal section of stem. Sample was stained with toluidine blue and observed by microscopy. The epidermis (epi), cortex (co),
and endodermis (en) are visible. In endodermal cells, amyloplasts are sedimented in the direction of gravity. (d ) Schematic structure of
the endodermal cell, showing the vacuole (V) and amyloplast (A). Panel (c) is adapted from Reference 49, with the permission of Elsevier.
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1.3 Sine Law for gravitropism  

The so-called Sine Law for gravitropism proposes that the magnitude of 

gravitropic response that an organ undergoes upon displacement relative 

to the direction of the earth’s gravitational field is proportional to the sine 

of the angle of its displacement. Thus according to this hypothesis, a 

primary plant organ that is bent 90o from the vertical would experience 

the greatest magnitude of gravitational stimulus. The magnitude of this 

stimulus would gradually diminish as the plant organ returned to a 

vertical orientation. The Sine Law or Sine Rule was initially given by 

Julius von Sachs, and later independently confirmed and modified by 

several other researchers in plant species such as rice, maize and Avena 

sativa (Galland 2002; Iino et al. 1995, 2006). For example, Iino et al. 

(2006) showed that while graviresponse in maize coleoptiles was 

proportional to the angle of displacement, as predicted by Sine law, rice 

coleoptiles on the other hand were far more sensitive to gravity and 

underwent more drastic curvatures upon gravistimulation than those that 

would be predicted by Sine law. Further, although the rate of curvature 

was found to be proportional to the displacement angle in roots and 

coleoptiles, in some cases the Sine Law was valid for angles less than 

90ºo. More recently, Mullen et al. used a constant feedback stimulus 

system for a kinematic analysis of Sine Law in Arabidopsis roots and 

found that the rule held for stimulation angles ranging from 20º – 120º 

(Mullen et al., 2000). Other researchers have also tried to establish links 

between optimal angles of geotropic curvature over which the Sine Law 

may hold and displacement of amyloplasts within gravity-sensing cells 

(Larson, 1969; Perbal, 1974). Thus, while there may be species-specific 

differences in the application of the gravitropic Sine Law of von Sachs, in 

general it was found to provide a good overall fit of plant response to 

gravity (Reviewed in Dumais, 2013).  
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1.4 The Cholodny-Went model  

The Cholodny-Went model of gravitropism states that gravistimulation of 

a plant organ triggers lateral transport of auxin and leads to the 

generation of a lateral auxin gradient across a gravistimulated organ 

(Went and Thimann, 1937). The resulting accumulation of auxin towards 

the bottom half of the gravistimulated organ leads to differential cell 

elongation across the top and bottom flanks of the organ (reviewed in 

Strohm et al., 2011). This model was first proposed independently by 

Cholodny and Went in 1928, and since then has been validated by 

several researchers in hypocotyls and roots of different plant species 

such as Arabidopsis and maize. (Young et al., 1990; Ottenschlager et al., 

2003; Band et al., 2012; Rakusova et al., 2011). Most often, these 

studies have utilised auxin-regulated reporter lines such as 

DR5::GFP/GUS (an auxin-responsive promoter driving visible marker 

expresssion) or DII-VENUS (the VENUS fluorescent protein fused to a 

portion of an Aux/IAA protein that is destabilised in an auxin-dependent 

manner) to demonstrate the formation of these lateral auxin gradients in 

vivo (Band et al., 2012). In roots, gravistimulation leads to the formation 

of an asymmetry in auxin distribution between upper and lower halves of 

the root. This originates in the central root cap from where increased 

auxin flux downwards into the lateral root cap and then back to the 

epidermal tissues of the elongation zone causes downward bending by 

inhibiting cell elongation there. In Arabidopsis, auxin accumulates 

towards the bottom half of gravistimulated hypocotyls (Rakusova et al., 

2011). Auxin accumulation is subsequently able to stabilize PIN proteins 

at the plasma membrane and regulate their stability and intracellular 

trafficking in gravity sensing cells and gravireponsive tissue (Sauer et al., 

2006; Baster et al., 2012). Consequently, auxin is able to promote cell 

elongation in the shoot and inhibit it in the root through an Aux/IAA-ARF-

SCFTIR1 dependent signaling pathway (described in section 1.7), 

leading to upward or downward curvature in these organs respectively 

(Sauer et al., 2006; Baster et al., 2012).  
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Fig 1.2: The Cholodny-Went model (Taken from Friml et al., 2002) 
Expression of the auxin responsive reporter genes DR5::GUS (blue) (A) 
and DR5::GFP (green) (B) at the bottom half of a gravistimulated 
hypocotyl or primary root in Arabidopsis thaliana. Lateral transport of 
auxin to the lower half of gravistimulated organs leads to the 
establishment of an auxin gradient that promotes upward bending in 
shoots and downward bending in roots. 
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1.5 Auxin transport in gravitropism 

Auxin is synthesized at different rates in the aerial parts of the plant and 

in the root, however the highest rates of synthesis are in young 

expanding leaves and the root tip (Ljung et al., 2005). Post-synthesis, 

auxin is transported both actively and passively around the whole plant. 

This leads to asymmetric accumulation of auxin and the build up of cell- 

and tissue-specific auxin gradients, which have been suggested to be 

required for several developmental processes (Sabatini et al., 1999). 

Auxin exists as a weak acid in the apoplast. A chemiosmotic H+ gradient 

between the neutral cytoplasm and the acidic apoplast results in the 

enhanced diffusion of IAA into the cell interior. Besides this, the lipophilic 

diffusion of IAA is supplemented with the H+ driven symport activity of a 

family of amino-acid permease-like proteins, the AUX/LAX family (Parry 

et al., 2001; Yang et al., 2006). Inside the cell, auxin exists primarily in 

the anionic form, thus requiring active transport via specific efflux carriers 

for its export. In Arabidopsis, IAA is exported out of the cell by the PIN 

family of efflux transporters (Galweiler et al., 1998). Each member of the 

PIN family has a tissue-specific expression pattern and in addition, 

different PIN mutants show phenotypes that are consistent with the 

absence of polar auxin transport in these tissues (reviewed in Benjamins 

et al., 2005).  

 

The process of polar auxin transport has been thoroughly investigated in 

Arabidopsis, where the gene families responsible for influx and efflux 

were first identified. In Arabidopsis, AUX1 and PIN1 contribute to 

transport of auxin from the vasculature to the root tip through the 

protophloem cells (Reviewed in Feraru and Friml, 2008). In these cells, 

AUX1 localises to the side of the plasma membrane at the apical side of 

the cell. In contrast, PIN1 localises to the the plasma membrane at the 

basal side of the cell, and the coordinated action of these two proteins 

mediates an acropetal auxin transport flux from the differentiating 

vasculature towards the root tip. In the root tip, PIN4 then targets auxin 

towards the upper layer of columella cells, generating an auxin 

concentration maximum in these cells and in those of the quiescent 
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centre cells immediately above. AUX1 and PIN3 are both expressed in 

these cells mediating uptake and efflux respectively (Fig 1.3). Auxin from 

the gravity-sensing columella cells is then transported laterally through 

the lateral root cap and then basipetally through the epidermis and cortex 

to the central elongation zone via PIN2-mediated efflux (Fig 1.3) 

(Reviewed in Ferraru and Friml, 2008).  

 

 

    

 

Fig 1.3: Cell- and tissue-specific expression of the PIN family of 
auxin efflux transporters in the Arabidopsis root (Taken from Feraru 
and Friml, 2008)  
PIN1 mediates acropetal auxin transport towards the central auxin 
maxima in the root tip. AUX1 mediates influx, while PIN3,4 and 7 mediate 
auxin efflux towards the lateral root cap. PIN2 maintains basipetal auxin 
flux through the epidermis into the central and distal elongation zone. 
Red arrows represent the direction of auxin transport.  
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Importantly, the polarity of intracellular localisation of PIN3 within the 

columella statocytes is dependent upon the orientation of the root within 

the gravity field. When the root is growing vertically downward, PIN3 is 

localized symmetrically on the plasma membrane of the columella cells. 

However, upon gravistimulation, PIN3 rapidly relocalises to accumulate 

on the lateral face of the columella cells that correspond to the new 

physical bottom (Friml et al., 2002, 2003). Thus, the relocalisation of 

PIN3 and/or other efflux carriers (in particular PIN7) (Kleine-Vehn et al., 

2010) is likely to be the first step in establishing the lateral auxin gradient 

required for root curvature (Fig 1.4). 

 

After being laterally transported downward via PIN3 in a gravistimulated 

root, auxin is taken up by the cells of the peripheral lateral root cap, 

which also expresses AUX1. The resulting auxin gradient is propagated 

basipetally through the epidermal and cortical cells by 

PIN2/EIR1/AGR1/WAV6-mediated efflux towards the distal and central 

elongation zone where it triggers the differential growth responsible for 

root tip curvature. Consistent with this, mutations in AUX1 and PIN2 lead 

to dramatic defects in root gravitropism (reviewed in Chen et al., 1999). 

In contrast however, pin3 mutants display only subtle gravitropic defects 

suggesting that other PIN proteins may also contribute to the 

establishment of a lateral auxin gradient in gravistimulated roots (Friml et 

al., 2002). 

 

The PIN3 gene is also expressed in the gravity sensing endodermal cells 

of hypocotyls, where it localizes near the inner periclinal membrane. 

Rakusova et al. (2011) showed that in gravistimulated hypocotyls, PIN3 

polarises to the bottom side of hypocotyl endodermal cells, which directly 

correlates with increased auxin response at the lower hypocotyl side 

promoting gravitropic shoot bending (Fig 1.4). Consistent with this, pin3 

mutants show altered phototropic and gravitropic phenotypes (Friml et 

al., 2002). 
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Fig 1.4: Lateral relocation of PIN3 in gravistimulated organs (Taken 
from Kleine-Vehn et al., 2010; Rakusova et al., 2011) 
PIN3 shows symmetrical localisation to the plasma membrane in the 
columella and endodermal cells in a root and shoot (A and C) growing 
vertically downward or upward in Arabidopsis thaliana. Upon 
gravistimulation, PIN3 rapidly relocalises to the plasma membrane at the 
basal side of the gravity sensing cells of both organs (B and D). 
Arrowheads point to laterally relocated PIN3 in root columella cells (B). 
Filled arrowheads point to the PIN3::GFP signal in the upper and lower 
membranes of  endodermal cells in control and gravistimulated 
hypocotyls (C and D).  Arrows represent the direction of the gravity 
vector and asterisks represent the root quiescent centre. Scale bar = 0.8 
mm.  

hence, their contribution to the gravitropic response is dif!cult to
assess. Nevertheless, our!ndings show that PIN auxin transporters
act redundantly in gravity-sensing columella cells during the
gravity response.
Endogenous PIN3 localizes nonpolarly in columella cells, but

acquires a polarized distribution, in alignment with the gravity
vector, after reorientation of the root in the gravitational !eld
(17). We established a semiquantitative, confocal microscope-
based, live-cell imaging technique to detect gravity-induced signal
enrichment of PIN3-GFP at the bottom side of cells (Fig. 1D).
Visualization of "uorescent intensity using a color-coded heat-
map and maximum projections of several optical sections enabled
us to observe that, contrary to previous descriptions, in non-
stimulated columella cells PIN3-GFP is not always symmetrically
localized, but instead, occasionally shows asymmetric localization

patterns (Fig. S1C). This transient PIN3 polarization in non-
stimulated roots could generate asymmetric auxin "uxes toward
the root-elongation zone that might induce wavy growth in wild-
type seedlings, which appears to be developmentally important
for soil penetration and alternative spacing of lateral roots (29).
Alternatively, mechanical forces during the growth on the solid
media might also stimulate growth responses involving transient
PIN3 polarization. Although the polarization of PIN3 was ob-
served in !10% of nonstimulated seedlings, it was much stronger
in!40% of the seedlings within 30 min of gravity stimulation (Fig.
S1C). Furthermore, the direction of the polarization was random
in nonstimulated seedlings, whereas PIN3 was clearly aligned in
the direction of gravity in gravity-stimulated roots (Fig. S1C). It is
very likely that our semiquantitive imaging approach is not able to
detect partial PIN3 polarization events that might have already
signi!cant impact on asymmetric auxin redistribution. Neverthe-
less, our approach reveals that the majority of the root columella
cells display pronounced gravity-induced PIN3 polarization ear-
lier then 30 min after stimulation.
To investigate the potential redundancy of PIN3 and PIN7 in

wild-type seedlings, we also analyzed "uorescent enrichment of
PIN7-GFP in the presence and absence of gravity stimuli. Gravity
stimulation not only polarized PIN3-GFP (Fig. 1 C and D), but
also induced a similar asymmetry in the PIN7-GFP distribution in
root columella cells (Fig. 1 E and F). Our data suggest that gravity
induces polarization of both PIN3 and PIN7 in columella cells.
Taking these data together, we assume that PIN3 and PIN7 act in
a functionally redundant manner for the redistribution of auxin
for the root gravitropic response.

PIN3 Polarization Is Independent of de Novo PIN3 Secretion. To in-
vestigate the cellular mechanisms that might mediate PIN po-
larization in gravity-sensing columella cells, we initially tested
whether the secretion of de novo synthesized PIN3-GFP is re-
quired for PIN polarization in response to gravity. When the
PIN3-GFP signal was broadly photobleached, no signi!cant
PIN3-GFP secretion was detected within the 30-min time-frame
after gravity stimulation, during which PIN3-GFP polarization is
observed (Fig. S2 A, B, and F). Moreover, cycloheximide (CHX),
an inhibitor of protein-biosynthesis, did not signi!cantly interfere
with the polar deposition of PIN3-GFP (Fig. S2C). To further
analyze whether initial PIN3 polarization is indeed independent
of PIN3 expression after gravity stimuli, we constructed a photo-
convertable PIN3-EosFP. The green-to-red photoconversion of
PIN3-EosFP enabled us to follow the activated PIN3-EosFP (red)
independently of de novo secretion. Nonstimulated seedlings
showed no or only minor and random polarization of photo-
converted PIN3-EosFP (n= 8) (Fig. 2 C andD and Fig. S2E), but
in gravity-stimulated PIN3-EosFP–expressing seedlings, the pho-
toconverted PIN3-EosFP polarized clearly in more than 50% of
the analyzed seedlings (n = 12) (Fig. 2 A and B and Fig. S2D).
Collectively, our data indicate that de novo secretion of the PIN3
protein is not required for the initial polarization in response
to gravity.

Gravity Does Not Induce Enhanced PIN3 Degradation. The vacuolar
targeting of PIN2 has been shown to be enhanced in root epi-
dermal cells during the gravity response, presumably maintaining
the asymmetric auxin distribution (30, 8). Therefore, we examined
the feasible scenario that differential PIN3 internalization at
certain cell sides and subsequent lytic degradation might account
for PIN3 polarization in response to gravity (17). We used an
established vacuolar accumulation assay (8) to investigate the PIN
protein degradation in gravity-sensing columella cells. PIN3-GFP
occurred only very faintly in vacuoles after 3 h, whereas PIN7-
GFP had a substantial turnover in the same time frame (Fig. 2 E
and G). Importantly, gravity stimulation did not affect the vacu-
olar accumulation of PIN3-GFP or PIN7-GFP (Fig. 2 F and H).
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Fig. 1. Redundant pathways for directional auxin ef!ux in gravity-sensing
columella cells. (A and B) The gravitropic response of pin3 pin7 double
mutants is reduced compared with wild-type, pin3 or pin7 single mutants
(A). Plates were turned twice by 90° (indicated by arrowheads). The gravi-
tropic response was signi"cantly (error bars represent SD; *P < 0.05) af-
fected in pin3 pin7 double mutants as early as 4 d after germination (B).
(C–F) Functional PIN3-GFP (C and D) and PIN7-GFP (E and F) transgenic
seedlings without (C and E) and with a gravity stimulus for 30 min (D and
F). Arrowheads mark the preferential polarization of PIN3-GFP and PIN7-
GFP. A semiquantitive color-coded heat-map of z-stack maximum projec-
tions (10 sections/each 2 !m) is provided (C–F). Arrows and asterisks indicate
the gravity vector and the position of the quiescent center, respectively.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1013145107 Kleine-Vehn et al.
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1.6 Gravity induces rapid intracellular localisation of PINs 

Cell biological studies using immunochemistry techniques from Paciorek 

et al. (2006) and Sauer et al. (2006) revealed that PIN auxin efflux 

carriers do not act solely at the plasma membrane, but undergo 

constitutive cycles of endocytosis and recycling back to the plasma 

membrane at both apical and basal sides of the cell (Kleine-Vehn and 

Friml, 2008). The constitutive endocytosis of PIN proteins is dependent 

on the coat protein clathrin (Dhonukshe et al., 2007) and their recycling 

specifically to the basal plasma membrane is dependent on an 

endosomal membrane associated guanosine nucleoside exchange factor 

on the ADP-ribosylation factor (ARF-GEF) GNOM dependent pathway 

that is sensitive to brefeldin A (BFA) (Geldner et al., 2001; Kleine-Vehn et 

al., 2008). On the other hand, a putative apical PIN recycling pathway is 

less sensitive to BFA (Kleine-Vehn et al., 2008). Other regulators of PIN 

recycling also include the ARF GEFs BEN1/MIN7 and BEN2 (Tanaka et 

al., 2009; 2013), which have distinct roles in PIN2 trafficking between the 

trans-Golgi-network (TGN) and the early endosome (EE).  In addition, an 

ARF GTPase activating protein (GAP) VAN3 (Naramoto et al., 2009) acts 

antagonistically to GNOM. PIN endocytic recycling is also dependent on 

the actin cytoskeleton (Geldner et al., 2001) and indirectly on 

microtubules (Kleine-Vehn et al., 2008). The AUX1 influx carrier is also 

known to undergo BFA sensitive subcellular trafficking (Grebe et al., 

2002; Kleine-Vehn et al., 2006).  

 

The analysis of different Arabidopsis ecotypes revealed that PIN cycling 

was an evolutionarily conserved process and was essential for polar PIN 

targeting following the original apolar targeting of newly synthesized PIN 

proteins (Dhonukshe et al., 2008). This led to the hypothesis that PIN 

cycling was a critical factor in establishing the rapid changes in polarity 

that were observed during processes such as embryogenesis and root 

gravity response (Friml et al., 2002; Friml et al., 2003).  
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In both root and hypocotyl statocytes, gravity stimulation is able to induce 

a rapid relocalisation of the PIN3 efflux carrier towards the lower portion 

of gravity sensing cells (Kleine Vehn et al., 2010; Rakusova et al., 2011). 

This relocalisation of PIN3 redirects the auxin flux towards the lower half 

of the gravistimulated organ and triggers gravitropic bending. Using a 

combination of live-cell imaging techniques and genetic and 

pharmacological approaches, it was shown that the relocalisation of PIN3 

does not require de novo protein synthesis or protein degradation, but 

instead involves rapid endocytocis of PIN3 through a clathrin-dependent 

pathway and subsequent targeting to the basal membrane via the action 

of the ARF-GEF GNOM dependent basal targeting pathway (Kleine Vehn 

et al., 2010; Rakusova et al., 2011) that is also dependent on the actin 

cytoskeleton (Friml et al., 2003) 

 

The phosphorylation status of PIN proteins is another important factor 

that contributes to the regulation of their apico-basal polarity within the 

cell (Zhang et al., 2009). PIN proteins contain several Ser and Thr 

containing phosphorylation sites in their conserved central hydrophilic 

loop (HL) regions. The phosphorylation status of PIN proteins is 

regulated by the PID/WAG family of AGC3 Ser/Thr protein kinases 

(consisting of PINOID, WAG1 and WAG2) and the protein phosphatase 

2A (PP2A) determining their apical or basal polarity respectively (Friml et 

al., 2004; Michniewicz et al., 2007). Loss-of-function pid mutants display 

cellular apical-to-basal PIN polarity shifts that cause defects during 

embryogenesis and shoot organogenesis (Christenson et al., 2000; 

Benjamins et al., 2001; Friml et al., 2004). In contrast, gain-of-function 

PID specifically mistargets PIN proteins to the apical side of cells in the 

primary root, eventually leading to auxin depletion from the root apical 

meristem and its subsequent collapse (Benjamins et al., 2001; Friml et 

al., 2004). Similarly, basal-to-apical shifts in polarity are observed in the 

loss-of-function PP2A mutants (Michniewicz et al., 2007).   



! "#!

     
 
Fig 1.5: Phosphorylation is a binary switch for PIN polarity (Redrawn 
from Lofke et al., 2013) 
The polar distribution of PIN proteins depends upon the phosphorylation 
status of defined TPRXN(S) motifs within their central hydrophilic loop. 
Nonphosphorylated PINs are targeted to the plasma membrane towards 
the basal side of the cell via clathrin-mediated endocytocis and 
subsequently, a GNOM dependent basal targeting pathway. In contrast, 
highly phosphorylated PINs are targeted to the plasma membrane 
towards the apical side of the cell thorough a GNOM independent 
pathway. PIN phosphorylation status is determined by the antagonistic 
action of the PINOID kinase (PID) and the protein phosphatase PP2A. 
The intracellular sites of PIN phosphorylation/dephosphoryation are still 
not entirely clear, but both PID and PP2A partially colocalise with PINs at 
the plasma membrane.   
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1.7 Cell- and tissue-specific responses to auxin  

The auxin gradient generated across a gravistimulated organ 

stimulates differential organ specific growth that ultimately leads to 

gravitropic curvature. In roots this curvature is downward, while it is 

upward in shoots. These responses reflect the opposite effects that 

auxin has on cell elongation in shoot and root systems. 

 

This ability of auxin to regulate multiple processes in a cell- and tissue-

type-specific manner relies principally on the regulation and activity of 

two families of transcriptional regulators: the Auxin Response Factors 

(ARFs) and the Aux/IAA proteins. 

 

ARF proteins are a family of 23 transcription factors that are able to bind 

directly to promoters of auxin responsive genes through recognition of 

Auxin Response Elements (AuxRE) typified by the motif TGTCNC 

(Ulmasov et al., 1999). The binding of ARFs to DNA occurs via a large 

amino-terminal (N-terminal) DNA binding (DB) domain. Carboxyl-terminal 

(C-terminal) to the DB domain, ARFs contain a variable region known as 

middle region (MR). The amino acid sequence of this region is 

responsible for conferring transcriptional activation or repression activity 

to the ARF; those with a glutamine-rich MR have been shown to function 

as transcriptional activators while those with a proline/serine/threonine-

rich MR function as repressors (Tiwari et al., 2003). Finally, C-terminal 

domains of the ARFs share a high degree of homology with domains III 

and IV of the Aux/IAA family (Kim et al., 1997; Morgan et al., 1999). 

 

Aux/IAAs are a family of 29 small nuclear transcriptional co-repressor 

proteins that act to bring about transcriptional repression of auxin-

regulated loci by interacting with AuxRE-bound activating ARFs (Tiwari et 

al., 2004). They have a typical four-domain structure. Of these, domain I 

is a transcriptional repressor domain that recruits histone deacetylases 

(HDACs) to induce a transcriptionally repressed state at the targeted 

genes. Domain II is the site of the destabilisation signal that is 

responsible for their auxin-mediated degradation (see below) (Ramos et 
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al., 2001). Finally, the C-terminal domains III and IV are important for 

dimerisation with ARF proteins (and possibly other Aux/IAAs) (Ulmasov 

et al., 1999).   

 

Auxin influences this system of transcriptional regulation principally by 

controlling the abundance of Aux/IAA proteins: auxin is perceived by the 

TIR1/AFB family of receptors (Dharmasiri et al., 2005; Kepinski and 

Leyser, 2005). The TIR1/AFBs are F-box proteins that form part of the 

SCFTIR1/AFB  E3 ubiquitin-ligase complex. Auxin binds TIR1 to promote 

and stabilise the subsequent binding of Aux/IAA proteins. The formation 

of this TIR1/AFB-auxin-Aux/IAA receptor complex results in the 

polyubiquitination of the bound Aux/IAA via the core catalytic 

components of SCFTIR1/AFB. Polyubiquitinated Aux/IAAs are then rapidly 

degraded in the 26S proteasome leading to the rapid derepression of 

activating ARF-bound genes (Dharmasiri et al., 2005; Kepinski and 

Leyser, 2005) (Fig 1.6).  

 

The role for this auxin response pathway in gravitropism has been 

supported by various studies that have shown that mutations in Aux/IAA 

or ARF genes have severe effects on gravity perception and response in 

Arabidopsis. Fox example, a gain-of-function mutation in IAA17/AXR3 

(axr3-1) results in complete loss of root gravitropism (Leyser et al., 1996) 

and the expression of stabilised axr3-1 protein in the epidermal cells of 

the root elongation zone has been shown to disrupt gravitropic response 

(Swarup et al., 2005). Similarly, loss of function mutations in ARF10 and 

ARF16 also lead to agravitropic root phenotypes (Okushima et al., 2005). 
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Figure 1.6: The canonical auxin response pathway (redrawn from 
Shan et al., 2012) 
ARF proteins are bound to the promoters of auxin-responsive genes. 
When auxin levels are low, Aux/IAA repressors dimerise with activating 
ARF proteins causing transcriptional repression at the targeted loci. As 
auxin levels rise,  an auxin-enhanced increase in the recruitment of 
Aux/IAAs by the SCFTIR1/AFB complex leads to the polyubiquitination 
and subsequent degradation Aux/IAAs in the 26S proteasome. This 
leads to the derepression of loci bound by activating ARFs and hence the 
transcription of the targeted genes.  
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1.8 The Gravitropic Set-point Angle (GSA)  

The majority of gravitropism studies have focused on young seedlings in 

which the young primary shoot and primary root show robust upward and 

downward growth respectively. As a consequence, models of 

gravitropism have generally been defined in the context of gravitropic 

behavior of these organs. However, the overwhelming majority of plant 

organs, especially in more mature plants are maintained at non-vertical 

angles that are not parallel to the gravity vector (Figure 1.7).  These non-

vertical angles are a crucial determinant of plant architecture and are 

essential to maximize above- and below-ground resource acquisition. 

Furthermore, that these non-vertical plant organs can function as an 

essential yield-determining component of plant architecture has also 

been emphasized through several studies that have shown increased 

photosynthetic efficiency and shoot biomass through improved nutrient 

assimilation in shallower rooting varieties of maize and bean (Ouyang et 

al., 2011; Liao et al., 2001).  Such organs have been described as 

plagiogravitropic, or diagravitropic if they grow at right angles to the 

direction of the gravity vector. Studies on plagiotropism or 

diagravitropism have been uncommon; furthermore the tendency of 

these studies has been to consider such gravitropic behavior as distinct 

from positive or negative gravitropism. For example, it was proposed that 

plagiotropism and diageotropism might be the result of a balance 

between the forces of positive and negative gravitropism (Lundegardh 

1917; Rufelt, 1962). 
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Fig 1.7: Non-vertical angles of shoot and root branches in different 
plant species (Taken from Digby and Firn, 1995; Jonathan Lynch lab) 
Lateral organs are maintained at a range of non-vertical angles that are 
an integral component of species-specific plant architecture. (A, left to 
right) Carpinus betulus, Carpinus betulus var. fastigiata (Hornbeams), 
Fagus sylvatica var. fastigiata, Fagus sylvatica var. pendula (Beech), 
Liquidamber styraciflua (American sweetgum). (B) Simulation of bean 
root systems with different basal root angles from the Lynch lab (Penn. 
State University) 
 
  

A 

B 
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A study in 1994 using trailing nodes of Oplismenus hirtellus proposed 

that many plant organs are able to reverse the direction of the gravitropic 

curvature during the onset of development or in response to changing 

light regimes (Myers et al., 1994), a process they defined as ‘gravitropic 

sign reversal’. This study also proposed that because this process of sign 

reversal is so widespread, it must be a consequence of a property of 

either gravitropic perception or the gravitropic response mechanism. 

However in the course of further studies on organs showing gravitropic 

sign reversal the group noticed that the same organ could progressively 

pass through various phases of gravitropism that could conventionally be 

referred to as negatively orthogravitropic, negatively plagiogravitropic, 

diagravitropic, positively plagiogravitropic etc. They concluded that the 

simplest explanation for a single plant organ to show all these multiple 

gravitropic states in sequence was that each phase formed part of a 

continuum of gravitropic behavior (Digby and Firn, 1995). This was 

defined as the ‘gravitropic set-point angle’ (GSA) of a plant organ: the 

angle at which an organ was at gravitropic equilibrium and showed no 

gravity induced differential growth to correct its orientation (Digby and 

Firn, 1995). Thus organs with a GSA of 180º would grow vertically 

upward, while those with a GSA of 0º would grow vertically downward.  

 

An important aspect of the gravitropic set point angle of a plant organ is 

that it is actively maintained at a given developmental time point. For 

example, internodes in the trailing plant Tradescantia emerge at a GSA 

of almost 0º, but gradually change to a more vertical upward orientation 

(Myers et al., 1994; Digby and Firn, 1995). Also, lateral roots in 

Arabidopsis emerge from the primary root at a near horizontal orientation 

from the primary root (GSA=70º-90º), but gradually elongate towards a 

more vertical orientation. Importantly, when lateral roots are 

gravistimulated, they reoerientate back to their original GSA, in a similar 

manner to primary roots in Arabidopsis (Mullen and Hangarter, 2003) 

 

The GSA of a plant organ is also influenced by the prevailing 

environmental conditions in its surroundings. Light has been shown to 
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have a dramatic effect on the GSA of internodes in Tradescantia and 

hypocotyls in tomato (Digby and Firn, 2002) as well as lateral root GSA in 

Arabidopsis (Kiss et al., 2002). The availability of inorganic phosphates 

was also shown to drastically reduce the GSA of lateral roots of 

Arabidopsis (Bai et al., 2013) suggesting that nutrient availability may 

have a dynamic effect on lateral organ GSA. 

 

1.9 Project aims 

While gravitropism in primary organs has been well accounted for by the 

starch statolith hypothesis and the Cholodny Went theory, the 

mechanisms regulating the establishment and dynamic regulation of 

lateral organ GSA in the higher plants are completely unknown. A 

previous attempt to gain more insight into the mechanisms of non-vertical 

GSA maintenance in Arabidopsis lateral roots resulted in the isolation of 

three mutants showing normal primary root gravitropism but altered 

lateral root GSA (Hangarter and Mullen, 2003). These GSA mutants were 

designated gsa1, gsa2 and gsa3, of which gsa2 was found to be allelic to 

the root hair defective mutant rhd3. RHD3 was cloned and found to 

encode a putative GTP binding protein, suggested to be involved in 

vesicular trafficking (Galway et al., 1997). Because the redistribution of 

the PIN auxin efflux carriers between the plasma membrane and the 

endosome is mediated by vesicular trafficking and the primary roots of 

rhd3 remain gravitropically competent, it may be possible that RHD3 

regulates the trafficking of PIN proteins specifically in lateral roots.  

 

More recent studies have highlighted the role of PIN proteins and 

therefore of auxin transport in the establishment of gravitropic 

competence of lateral roots in Arabidopsis (Guyomarc’h et al., 2012). 

This study showed that PIN3, PIN4 and PIN7 were differentially 

expressed in the primary root and lateral roots of different ages in 

Arabidopsis but offered no mechanistic explanation for the maintenance 

of non-vertical GSAs. A subsequent study suggested that differences in 

the expression of PIN3, PIN4 and PIN7 proteins between primary and 

lateral roots were the basis of non-vertical growth in lateral roots and 
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vertical growth in the primary root (Ruiz Rosquete et al., 2013): In this 

model, non-vertical growth in lateral roots is proposed to result from 

insufficient auxin transport capacity in the root statocytes (Ruiz Rosquete 

et al., 2013). However, any model for the maintenance of non-vertical 

GSAs must be able to account for the fact that lateral roots (and indeed 

shoot branches) in Arabidopsis and many other higher plant species with 

gravi-responsive branches will reorientate both with and against the 

gravity vector to return to their GSA (Hangarter and Mullen, 2003). This 

simple observation demonstrates that the mechanistic basis of the non-

vertical growth cannot depend solely, or even principally, on the onset or 

level of gravitropic competence. There must be another mechanism to 

drive upward growth in lateral roots and downward growth in shoot 

branches that have been placed more vertically than their GSA. The 

overarching aim of this project was to determine the nature of this 

mechanism and more broadly to understand how GSAs are set and 

maintained. 

 

Specifically the aims of the project were: 

 

1. To understand the role of the auxin signalling pathway in regulating 

gravitropic set-point angle as a component of plant architecture 

 

2. To explore the (auxin related) molecular genetic mechanisms that lead 

to the establishment and maintenance of non-vertical growth angles. 

 

3. To investigate the effect of environmental variation on the setting and 

maintenance of lateral organ GSA. 

 

!
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Materials and methods 
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2.1 Solution formulations 
 

A) Agarose gel electrophoresis 

 

1X TAE solution: 

0.004 M Tris Base 

1.74 M Glacial Acetic Acid 

0.012 M EDTA pH 8.0 

Distilled H20 to 1L. 

 

6X gel loading dye: 

0.004 M Orange G 

30% w/v glycerol 

0.06 M EDTA 

 Distilled H20 to 40 ml 

 

 

B) For growth, maintenance and chemical transformation of competent 

Escherichia coli (E. coli)  

 

Luria – Bertani (LB) medium: 

10 g/L tryptone 

10 g/L NaCl 

5 g/L yeast extract 

(15 g/L agar for solid medium) 

 

TFB1 solution: 

3 mM KH(O2CCH3)2 

100 mM RbCl 

10mM CaCl2 

50 mM MnCl2 
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15 % v/v glycerol 

 pH 5.8, filter sterilized 

 

TFB2 solution: 

10 mM MOPS, 

75mM CaCl2 

 10 mM RbCl 

15 % v/v Glycerol 

pH 6.5, filter sterilized 

 

 

C) For plant growth in tissue culture 

ATS solid medium: 

5 mM KNO3 

2.5 mM KH2PO4 

2 mM MgSO4 

2 mM Ca(NO3)2 

50 µM Fe-EDTA 

1 ml/L micronutrient stock solution (70 mM H2BO3, 14 mM MnCl2, 0.5 mM 

CuSO4, 1 mM ZnSO4, 0.02 mM NaMoO4, 10 mM NaCl, 0.01 mM CoCl2) 

1% Sucrose 

0.8% Plant Agar (Duchefa)   

 

Johnson’s solid medium: 

1mM Ca(NO3)2 

2mM KNO3 

1mM NH4NO3 

0.5 mM MgSO4 

1 mM KCl 

2 mM K2SO4 

1M CaCl2 
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250 mM MES 

20 µM FeNa2EDTA 

0.1 mM H3BO3 

0.22 µM CoCl2 

0.1 µM CuCl2 

0.1 mM MnCl2 

0.1 µM NaMoO4 

5 µM NaI 

0.05 mM ZnCl2 

(High phosphate medium = 500 µM KH2PO4/K2HPO4; low phosphate medium = 0 

µM KH2PO4/K2HPO4) 

 

D) For confocal  microscopy 

Propidium iodide solution: 

40 µg/ml of distilled H2O 

 

10X MTSB 

15 g PIPES 

1.9 g EDTA 

1.32 g MgSO4.7H2O 

5 g KOH 

pH 7 adjusted with KOH 

Distilled H20 to 1L 

 

Fixing solution 

4% Paraformaldehyde (PFA) in 1X MTSB 
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2.2 Bacterial strains and growth conditions: 

 

2.2.1 Bacterial strains 

The E.coli strain DH5! (Bethesda Research Laboratories, 1986) was used for 

propagation of plasmid DNA, while the Agrobacterium tumefaciens strain 

GV3101 (Caplan et al., 1983) was used for Arabidopsis transformation. 

 

2.2.2 Bacterial growth conditions 

E. coli were grown at 37oC on solid LB medium or at 37oC with shaking at 200 

rpm in liquid LB medium.  Agrobacterium were similarly grown at 28oC on solid 

LB medium or at 28oC with shaking at 200 rpm in liquid LB medium. Appropriate 

antibiotics at the following concentrations were used for selection: 

 

Antibiotic Solvent Stock concentration Concentration in 

medium 

Kanamycin Water 100 mg/ml 40 µg/ml 

Gentamycin Water 100 mg/ml 10 µg/ml 

Rifampicin Methanol 50 mg/ml 100 µg/ml 

Tetracycline 100% 

Ethanol 

10 mg/ml 10 µg/ml 

Table 2.1 Concentrations of antibiotics used in bacterial growth media 

 

2.2.3 Preparation and transformation of competent E.coli cells 

Cells were streaked from a DH5! glycerol stock onto an LB-agar plate and 

incubated overnight at 37° C. A single colony was picked and inoculated into 50 

ml of LB- medium. The culture was allowed to grow overnight at 37°C in an 

orbital shaker incubator at 200 rpm. The culture was then transferred to a 50 ml 

Falcon tube and chilled on ice for 5 minutes and then centrifuged at 3000 rpm for 

10 minutes. The supernatant was subsequently discarded and the cell pellet was 

re-suspended in 20 ml of ice-cold TFB1 buffer and incubated on ice for 5 

minutes. 
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The suspension was then spun at 3000 rpm for 10 minutes to pellet the cells. 

The supernatant was discarded and the cells were re-suspended in 2ml of TFB2 

buffer. Aliquots of 250 !l were dispensed into sterile chilled micro-centrifuge 

tubes, frozen in liquid nitrogen and stored at -70° C. 

 

Competent cells were removed from the - 70° C freezer and thawed on ice. 

Using pre- chilled sterile tips, 50 !l aliquots of competent cells were transferred to 

fresh sterile centrifuge tubes. DNA, either 1-3 !l of miniprepped DNA or 20 ng 

plasmid/ ligation mix was added to the cells and incubated on ice for 30 minutes. 

The cells were subjected to heat shock at 42° C for 45 seconds in a water bath 

and immediately returned to ice for 2 minutes. 750 !l of LB medium was 

subsequently added to the cell suspension, which was then placed in a shaking 

incubator at 37oC for 1 hour. 200 !l and 500 !l aliquots were then spread on LB-

agar plates containing a suitable antibiotic. The plates were allowed to dry and 

placed into a 37oC incubator overnight.  

 

2.2.4 Preparation and transformation of competent Agrobacterium 

tumefaciens cells 

Cells were streaked from a GV3101 glycerol stock (with or without the helper 

plasmid pSOUP) onto an LB-agar plate with rifampicin and gentamycin (along 

with tetracycline for pSOUP selection) and incubated for two days at 28oC. A 

single colony was picked and used to inoculate a 50 ml LB medium flask with the 

apporopriate antibiotics. The liquid culture was grown at 28oC with shaking at 

200 rpm until the OD of the culture at 600 nm ranged between 0.5-1 (generally 4-

6 hours). The culture was transferred to a pre-chilled 50 ml falcon tube and 

centrifuged at 4000 rpm for 20 mins at 4oC. The supernatant was discarded and 

the cell pellet was gently suspended in 1 ml 20mM CaCl2 solution. 100 !l aliquots 

were dispensed into pre-chilled eppendorf tubes and frozen in liquid nitrogen 

before storing at -70o.  

 



! "#!

For Agrobacterium transformation, 1 !g of plasmid DNA was added to a 100 !l 

aliquot of frozen Agrobacterium competent cells. The cells were thawed in a 37 

oC water bath for 5 mins. 750 !l of LB was added to the cell suspension, which 

was then placed in a shaking incubator at 28oC for 3 hours. 200 !l and 500 !l 

aliquots were then spread on LB-agar plates containing suitable antibiotics. The 

plates were allowed to dry and placed into a 28oC incubator for two days. 

 

 

2.3 Isolation and restriction digest analysis of bacterial plasmid DNA 

 

2.3.1 Isolation of plasmid DNA 

For amplification of plasmid DNA, a single colony of E. coli was used to inoculate 

a 5 ml liquid LB culture containing the appropriate antibiotic. The liquid culture 

was grown overnight with shaking at 200 rpm at 37oC. Plasmid DNA was isolated 

from 4 ml of the liquid culture either using alkaline lysis or the Qiagen ® Miniprep 

kit according to the manufacturers instructions.  

 

2.3.2 Alkaline lysis miniprep 

A 5 ml overnight culture of E.coli was harvested by centrifugation at 13,500 rpm 

for 1 minute. The supernatant was discarded, and the cells were resuspended in 

100 !l of ice-cold Solution I (50 mM glucose, 25 mM Tris-Cl pH 8.0, 10 mM 

EDTA). RNAse A was added to a final concentration of 0.4 !g/ml and the solution 

was incubated at 37oC for 15 min. 200 !l of freshly prepared Solution II (0.2 M 

NaOH, 1% SDS) was added and the tube was mixed gently by inversion before 

incubation at room temperature for 5 min. To precipitate genomic DNA, 150 !l of 

Solution III (60 ml of 5 M CH3COOK and 11.5 ml of glacial CH3COOH in 100 ml; 

final concentration 3 M K+, 5 M CH3COO-) was added and the tubes were mixed 

by inversion and centrifuged at 13,500 rpm for 5 min. The supernatant was 

transferred to a clean tube and 450 !l of Phenol: Chloroform: Isoamyl alcohol 

(25:24:1, pH 8.0, Fisher Scientific) was added. The tubes were vortexed briefly 

and centrifuged at 13,500 rpm for 5 min and the aqueous phase was transferred 
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to a new tube. Two volumes of ice-cold 100 % ethanol were added to the tube, 

which was vortexed briefly and centrifuged at 13,500 rpm for 10 minutes at 4oC. 

to allow the DNA to precipitate. The supernatant was discarded and the DNA 

pellet was washed in 70% ethanol and allowed to dry before suspension in 50 !l 

sterile water.   

 

2.3.3 Analysis of plasmid DNA by restriction digestion 

Restriction digest fragment analysis was used to check for the correct insertion of 

cloned sequences into different destination vectors. All restriction enzymes and 

buffers were supplied by New England Biolabs (NEB). A typical diagnostic 

restriction digest was set up as below: 

 

5 !l plasmid DNA  

2 !l appropriate NEB buffer 

2 !l 10X BSA (supplied by NEB at 100X) 

1 !l enzyme 1 

1 !l enyme 2 

Distilled H2O to 20 !l  

 

The digest reaction mixture was incubated at 37oC for 3 hours. 4 !l of loading 

dye was then added to the digest reaction mixture prior to separation of 

fragments by agarose gel electrophoresis.  

 

2.3.4 Agarose gel electrophoresis 

Resolution of DNA fragments generated by restriction digestion was achieved by 

separation on a 1% w/v agarose gel containing ethidium bromide at a 

concentration of 0.1 ng/ml. 1 g agarose was dissolved in 100 ml 1X TAE buffer 

by heating in a microwave. Ethidium bromide was then added to the solution 

once it had cooled to 65oC.  The agarose gel was then submerged in 1X TAE in 

an electrophoresis tank and subjected to a constant voltage of 60-90V at variable 
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currents for approximately 30-45 mins. A UV transilluminator was then used to 

visualise DNA bands.  

 

2.4 Plant lines and growth conditions: 

 

2.4.1 Plant lines 

Arabidopsis thaliana ecotypes Columbia-0 (Col-0), Landsberg, Landsberg erecta, 

Wassilewskija and Cape Verde Islands (Cvi-0) were used in this study. A list of 

plant lines and their sources is given below: 

 

Plant line Background Source 

Col-0  Kepinski lab, Leeds 

Landsberg   NASC 

Landsberg erecta  Prof. Hanma Zhang, 

Leeds 

Wassilewskija  NASC 

Cape Verde Islands   NASC 

wei8 tar2 Col-0 Yundhe Zhao, RIKEN 

Inst. 

yuc1D Col-0 Yundhe Zhao, RIKEN 

Inst. 

yucca1-1d Col-0 Ottoline Leyser, 

Cambridge 

tir1-1 Col-0 Mark Estelle, UCSD 

afb1-3 Col-0 Mark Estelle, UCSD 

afb2-3 Col-0 Mark Estelle, UCSD 

afb3-4 Col-0 Mark Estelle, UCSD 

afb4-2 Col-0 Mark Estelle, UCSD 

afb4-8 Col-0 Mark Estelle, UCSD 

afb5-5 Col-0 Mark Estelle, UCSD 
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afb4-2 afb5-5 Col-0 Mark Estelle, UCSD 

tir1-1 afb2-3 afb3-4 Col-0 Mark Estelle, UCSD 

arf7-201 Col-0 Yoko Okushima, NAIST 

nph4-1 arf19-2 Col-0 Yoko Okushima, NAIST 

arf10-3 arf16-2 Col-0 Yoko Okushima, NAIST 

arf 10-3 arf16-2 axr3-10 Col-0 x Ler Martin Kieffer, Kepinski 

lab 

axr3-10 Ler Leyser lab, Cambridge 

ARF7!:UAS Col-0 This project 

35S::ARF7!:UAS  Col-0 This project 

UAS:axr3-1 Col-0 Leyser lab, Cambridge 

J1092 Col-24 NASC 

M0013 Col-24 NASC 

UAS::axr3-1 x J1092 Col-0 x Col-24 This project 

UAS::axr3-1 x M0013 Col-0 x Col-24 This project 

UAS::ARF7! x J1092 Col-0 x Col-24 This project 

UAS::ARF7! x M0013 Col-0 x Col-24 This project 

SCR::bdl:GFP Col-0 Dolf Weijers, Wageningen  

SCR::ARF7:GR Col-0 This project 

SCR::bdl:GR Col-0 This project 

rcn1 Ws NASC 

pid-2 Ler NASC 

pid-3 Ler NASC 

pPIN3::PIN3:GFP pin3 Kepinski Lab, Leeds 

pPIN4::PIN4:GFP pin4 Jiri Friml, Ghent  

pPIN7::PIN7:GFP pin7 Jiri Friml, Ghent  

pPIN3::PIN3:YFP-1 pin3 Jiri Friml, Ghent  

pPIN3::PIN3:YFP-4 pin3 Jiri Friml, Ghent  

pPID::PID:YFP Col-0 Jiri Friml, Ghent  

pPP2AA1::PP2AA1:GFP Col-0 Jiri Friml, Ghent  
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DII28:VENUS Col-0 Kepinski Lab, Leeds 

mDII28:VENUS Col-0 Kepinski Lab, Leeds 

DR5::GFP Col-0 Kepinski Lab, Leeds 

Table 2.2: Plant lines  

 

2.4.2 Plant growth conditions 

All Arabidopsis  ecotypes were either grown in soil in greenhouses at 

temperatures ranging from 18-24oC under 16h day and 8 h dark cycles. For 

tissue culture conditions, seeds were germinated on vertically incubated 9 cm 

round or 12 cm square petri dishes at temperatures ranging from 18-24oC under 

16h day and 8h dark cycles. Light intensity was maintained between 400-500 

µmol m-2 s-2 using supplemental lighting provided by high-pressure sodium 

lamps.  

 

2.4.3 Arabidopsis transformation by floral dipping 

For transformation by floral dipping five seedlings were grown in square 6 cm 

pots for 4-6 weeks until inflorescence meristems became visible. Four pots with 

five seedlings in each pot were used for each transformation. A single 

Agrobacterium colony containing the appropriate plasmid construct was used to 

inoculate a 5 ml liquid LB culture containing rifampicin, gentamycin and an 

appropriate selection antibiotic for the plasmid to be transformed. The liquid 

culture was grown overnight at 28oC with shaking at 200 rpm. The following day, 

2 ml of this liquid culture was used to inoculate a 2L flask with 500 ml of sterile 

LB containing the same antibiotics. The culture was grown overnight at 28oC with 

shaking at 200 rpm. The bacterial culture was then spun down at 12,000 rpm for 

12 minutes at room temperature. The supernatant was discarded and the cells 

were resuspended in 250 ml floral dipping solution (5% w/v sucrose, 10mM 

MgCl2.6H2O, 25 !l Silwett ® Vac-in stuff ®). Each pot was dipped into the 

transformation solution for 2-3 mins. The transformed plants were then enclosed 

in an autoclave bag overnight to maintain high humidity. On the following day, the 

bag was removed. The transformed plants were then allowed to grow and form 
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siliques for 4-5 weeks. The plants were then bagged and seed was collected in 

the following week.  

 

2.4.4 Selection of transgenic seed by using BASTA resistance 

Transgenic seed from Arabidopsis plants transformed with constructs in the 

pGreen 0229 binary vector backbone were selected by using resistance to the 

herbicide BASTA (D-phosphinothricin, Melford ®) as a marker. Following 

transformation of Arabidopsis by floral dipping, the transformed plants were 

allowed to grow and flower for 4-6 weeks and seed was collected from these 

plants. Mature seed was sowed evenly on soil in trays and allowed to germinate. 

When young seedlings had reached the two-cotyledon stage, they were evenly 

sprayed with a BASTA solution (75 !g/ ml in distilled water). The trays were then 

covered with lids overnight. Seedlings that survived 10 days after herbicide 

treatment were transferred to individual pots and allowed to grow. BASTA 

treatment was repeated in a similar manner after 2-3 days. Only seedlings that 

survived two rounds of selection were chosen as T1 transformed positives and 

grown on soil. T2 seed was collected from these plants and analysed for the 

transgene using the same selectable marker. T2 seed populations segregating 

3:1, indicating single insertion of the transgene were selected for further analysis. 

Seed positive for herbicide resistance from this population were grown on soil 

and lines giving rise to progeny homozygous for herbicide resistance were 

selected as T3 homozygous lines.  

 

 

2.4.5 Selection of transgenic seed expressing pFP101 or its derivatives  

Transgenic seed from Arabidopsis plants transformed with constructs in the 

pAlligator III binary vector backbone were selected by using seed coat 

fluorescence as a marker. Following transformation of Arabidopsis  by floral 

dipping, the transformed plants were allowed to grow and flower for 4-6 weeks 

and seed was collected from these plants. Transgenic seed were selected for by 

analysis of seed-coat-specific GFP expression using an OLYMPUS ® SZX12 
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stereo microscope with a GFP filter. T1 seed positive for GFP seed-coat 

expression were selected and grown on soil. T2 seed was collected from these 

plants and analysed for the transgene using the same marker. T2 seed 

populations segregating 3:1, indicating single insertion of the transgene were 

selected for further analysis. Seed positive for GFP seed-coat fluorescence from 

this population were grown on soil and lines giving rise to progeny homozygous 

for GFP seed-coat expression were selected as T3 homozygous lines.  

 

2.5 Analysis of lateral root and shoot GSA 

 

2.5.1 Hormone and chemical treatments 

For hormone treatments, five-day-old seedlings growing on 9 cm petri dishes 

were transferred to 120 mm square petri dishes containing 50 ml sterile ATS 

medium with appropriate concentrations of IAA or 2,4-D. 100 µM hormone stock 

solutions were made up in 70% ethanol. The plates were incubated vertically and 

seedlings were allowed to grow for a further 12 days prior to analysis. 

 

2.5.2 Image analysis and lateral root GSA measurements 

For root and angle measurements, 12 day old seedlings growing on 120 mm 

square petri plates were scanned using an HP Scanjet G4050 photo scanner and 

the images obtained were analysed using ImageJ. Each lateral root analysed 

was divided into 0.8 mm segments and the GSA of each segment was measured 

with reference to the gravity vector. The data was statistically evaluated using the 

Wilkes-Shapiro and Kolmogorov-Shapiro tests for normality followed by a paired 

t-test or one-way ANOVA. A p value of  < 0.05 was used in all statistical tests. 

However a recent report (Hayden, 2013) that compared the strengths of 

frequentist and Bayesian tests has suggested that in many cases, a p value of 

0.05 may not be sufficient to ensure reproducibility of most scientific results. This 

study suggests data may not be statistically different in upto a quarter of the 

studies where a value of 0.05 has been used, and advocates using a significant 
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more stringent value of p<0.005 to ensure greater reproducibility in scientific 

results.  

 

2.5.3 Dexamenthasone treatment of GR inducible plant lines 

Transgenic GR inducible plants (along with controls) were grown in individual 

pots with compost. When plants began to bolt at approximately 21 days, they 

were sprayed with a solution of 30 µM Dexamethasone solution in water (or 

mock treated) for a further 7 days. Lateral branches were photographed and 

measured in 28-20 day old plants. 

 

 2.5.4 Analysis of shoot GSA 

To analyse lateral shoot GSA, seeds of various plant lines were sown in small 5 

cm pots containing compost which were stratified for 48 hours to promote 

uniform germination. After germination, seedlings were transplanted to individual 

square pots and allowed to grow for 28 days in the greenhouse at a photoperiod 

of 16 h day and 8 h darkness at 20 + 2oC. Photographs of individual branches 

were taken using a Canon G9 digital camera and the GSA of individual lateral 

branches was measured using ImageJ. Each shoot was divided into 0.5 cm 

segments and the GSA of each segment was measured with reference to the 

gravity vector. The data was statistically evaluated using the tests described 

above. 

 

2.5.5 Decapitation experiments 

For measuring changes in GSA in response to decapitation, the apical branch 

was decapitated in 28-day-old plants. For auxin treatments, IAA was mixed with 

lanolin to a final concentration of 1mM and applied carefully to the tip of 

decapitated shoots using a fine needle. The decapitated plants were left to grow 

for a further five days prior to being photographed using a Canon G9 digital 

camera. Changes in GSA of subtending branches were measured using ImageJ 

as described above. 
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For pea branches, seeds were sown in individual pots and stratified for 24 hours. 

21-day-old plants were then decapitated and treated with auxin as described 

above. 

 

2.5.6 Clinorotation experiments 

For clinorotation studies in lateral roots and shoots, either 10 day old seedlings 

growing on 9 cm round petri dishes or 28-day-old intact and decapitated plants 

growing individually in square pots were placed on a Mikropo Electric (Flatters 

and Garnett Ltd, Manchester, UK) 1-D clinostat in an orientation parallel to the 

axis of rotation. The plates or plants were subjected to gravistimulation for 24 

hours at a speed of 4 rph or 1 rpm. The difference in the rotation speeds was 

necessary in order to account for the potential action of centrifugal forces on the 

Arabidopsis plant body. As the Arabidopsis shoot system is significantly larger 

than the root system, the circumference of rotation (i.e distance from the axis of 

rotation) is larger than that for the root system. Because speed is directly 

proportional to the distance travelled by each cell (as the time of revolution 

remains constant) this would imply that cells in the shoot system would be 

clinorotated at greater speeds than those in the shoot system giving rise to a 

greater effect of centrifugal forces. For lateral roots, the plates were scanned 

while lateral shoots were photographed prior to analysis using ImageJ. The final 

GSA of each lateral organ was measured with reference to the gravity vector.  

 

For clinostat experiments with Arabidopsis in a 3D system, WT Col-0 seeds were 

germinated on 40 ml ATS medium (with 0.25% phytagel) in sterile 50 ml glass 

beakers. 12-day-old seedlings were mounted on 1D clinostat and gravistimulated 

at 1 rpm for 24 hours.  

 

For root NPA treatments, five-day-old seedlings growing on 9 cm petri dishes 

were transferred to 120 mm square petri dishes containing 50 ml sterile ATS 

medium with appropriate concentrations of NPA. A 100 µM NPA stock solution 

were made up in DMSO. The plates were incubated vertically and seedlings 
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were allowed to grow for a further seven days prior to being gravistimulated at 1 

rpm for 24 hours on a 1D clinostat. 

 

For shoot NPA treatments, NPA was mixed with lanolin paste to a final 

concentration of 10 µM and carefully applied along the length of cauline branches 

using a fine needle. These NPA treated plants were left in the greenhouse for 

two hours, before being gravistimulated at 4 rph for 24 hours on a 1D clinostat. 
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A 

 

 
B       C 

                    
 
 
Figure 2.1: Set up of clinorotation experiments 
(A) Horizontal clinorotation of 28-day-old Arabidopsis shoot system at 4 rph using 
a Mikrops Electric Clinostat (Flatters and Garnett Ltd, Manchester, UK). (B) 
Clinorotation performed with a lateral organ parallel to the axis of rotation. (C) 
Vertical clinorotation. Blue arrows represent the direction of rotation.  
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2.5.7 Reorientation experiments 

For lateral root re-orientation experiments, 12-day-old Arabidopsis  seedlings 

growing on ATS medium in 120 mm square petri plates were re-oriented by 45o 

and scanned after 24 hours. The GSA of the final 0.2 mm segment of lateral 

roots of different lengths was measured using ImageJ. For shoot reorientation 

experiments, 28-day-old plants were re-oriented by an angle of 45o and 

photographed after 24 hours. GSA was analysed using the final 0.5 cm segment 

of cauline branches. 

 

2.5.8 Split Plate assays 

Split plate assays were performed according to the method described by 

Chatfield et al. (2000). IAA was applied to the apical block at a concentration of 1 

µM. Nodes with sub-apical lateral branches approximately 5 mm in length were 

excised and transferred to the split plates and incubated vertically for five days in 

a plant growth room. (20 + 2oC, 16 h day).  

 

2.5.9 Bean and rice experiments 

For rice and bean experiments, seeds were surface sterilised using chlorine gas 

and germinated in a petri plate containing moistened filter paper. After 

germination, seeds were transferred into individual ‘cyg’ brown paper pouches 

(Minnesota, USA ) containing 50 ml of nutrient medium previously described in 

Bonser et al, 1996 with 50nM IAA for hormone treatments. The seedlings were 

allowed to grow in pouches for 7 days prior to being photographed using a 

Canon G9 digital camera. The GSA of lateral roots was then measured using 

ImageJ.  

 

2. 6 Confocal microscopy 

Fluorescent plant lines were fixed by using 4% PFA in MTSB for 1 hour at room 

temperature and counterstained using propidium iodide solution. Fluorescence 

was analysed using a Zeiss LSM 700 inverted confocal microscope with Argon 

and HeNe1 lasers at wavelength 477 nm and 543 nm respectively. Images were 
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taken at 20X, 40X and 63X magnifications. Pinhole settings and laser powers for 

both channels were kept at 70 µm and 2% respectively. Gain settings were kept 

the same across images in a single experiment.  

 

For experiments involving the orientation of PIN3, plants were grown on Sefar 

Nitrix mesh overlying ATS medium. After fixing, the mesh was carefully cut and 

mounted onto a glass slide so as to not disturb the orientation of lateral roots with 

respect to gravity.  

 

2.7 Cloning  

All constructs described in this report were generated using the Invitrogen® 

GATEWAY® system.  
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2.7.1 Vector maps of GATEWAY vectors pDONR 207, pDONR 221 P1P5r and 

pDONR 221 P5P2 

 

 

 

Figure 2.2 Invitrogen GATEWAY vector pDONR 207 (Invitrogen TM) 

This vector contains the attL1 and attR1 recombination sites for incorporation of 

DNA sequences. pDONR 207 also contains the gentamycin resistance gene for 

selection of positive transformants as well as the ccdB gene, toxic to DH5! which 

is excised upon recombination with amplified gene products.  
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Figure 2.3 Invitrogen GATEWAY vector pDONR 221- P1P5r (Invitrogen TM) 

This vector contains the attP1 and attP5r recombination sites for incorporation of 

DNA sequences. pDONR 221-P1P5r also contains the kanamycin resistance 

gene for selection of positive transformants as well as the ccdB gene, toxic to 

DH5! which is excised upon recombination with amplified gene products.  
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The following map shows the elements of pDONR™ P1-P5r. The vector sequence 
of pDONR™ P1-P5r is available from www.lifetechnologies.com or by contacting 
Technical Support (see page 67).  
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Figure 2.4 Invitrogen GATEWAY vector pDONR 221- P5P2 (Invitrogen TM) 

This vector contains the attP5 and attP2 recombination sites for incorporation of 

DNA sequences. pDONR 221-P5P2 also contains the kanamycin resistance 

gene for selection of positive transformants as well as the ccdB gene, toxic to 

DH5! which is excised upon recombination with amplified gene products.  
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The following map shows the elements of pDONR™ P5-P2. The vector sequence 
of pDONR™ P5-P2 is available from www.lifetechnologies.com or by contacting 
Technical Support (see page 67). 
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2.7.2 Amplification of plant gene coding sequences 

Velocity DNA polymerase (Bioline ® ) was used in cloning all PCR products in 

accordance with the manufacturer’s instructions. Typically 20 mer primers along 

with suitable gateway extensions were used at a final concentration of 0.5 µM in 

a 100 µl reaction which were set up as follows: 

 

Template (genomic or cDNA)       1 µl 

5X Hifi buffer       20 µl 

dNTPs (2.5 mM each)     10 µl 

Forward primer         5 µl 

Reverse primer         5 µl 

Velocity DNA polymerase       1 µl 

Sterile distilled water               58 µl 

 

PCR conditions 

 

Temperature   Time   Cycles 

98oC    2 mins    1 cycle  

--------------------------------------------------------------------------------- 

98oC    20 sec    

50-65 oC   20 sec   25-28 cycles 

72 oC    30 sec/kb                                        

---------------------------------------------------------------------------------- 

72 oC    5 mins   1 cycle 

 

WT Col-0 genomic DNA was used to amplify promoters, while Wt Col-0 cDNA or 

plasmid vectors containing the desired gene sequence were used to amplify 

gene sequences. Annealing temperatures were based on primer sequences; 2 oC 

per thymine or adenine base and 4 oC per guanine or cytosine base.  
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2.7.3 Electrophoresis of PCR products 

PCR products were analysed and separated using agarose gel electrophoresis 

as described in section 2.1.3.3 

 

2.7.4 Purification of PCR products 

PCR products separated by agarose gel electrophoresis were cut out of the gel 

using a clean sharp scalpel and purified using the Qiagen® Gel Extraction kit 

according to the manufacturers instructions.  

 

2.7.5 Generating GATEWAY® entry clones 

Cloning of DNA fragments flanked by attB sequences into Invitrogen GATEWAY 

entry vectors was done via a BP recombination reaction according to the 

manufacturer’s instructions. Briefly, PCR products containing attB1 and attB2 

sites at 5’ and 3’ ends respectively were cloned into the pDONR 207 entry vector 

containing the gentamycin resistance gene, while promoter sequences 

containing a 5’ attB1 and a 3’attB5r site, and gene coding sequences containing 

a 5’ attB5 and a 3’attB2 site were cloned into pDONR 221-P1P5r and pDONR 

221-P5P2 respectively. Sequences of attB sites are provided in table 2.3. The BP 

reaction was set up as follows: 

pDONR entry vector (at a conc. 75 ng/µl)               2 µl 

Purified PCR product (15-30 ng/µl)             2-6 µl 

TE buffer          8 µl 

BP clonase ®           2 µl  

 

attB site Sequence 

attB1 GGGG ACA AGT TTG TAC AAA AAA GCA GGC T 

attB2 GGGG ACA GCT TTC TTG TAC AAA GTG G 

attB5 GGGG ACA ACT TTG TAT ACA AAA GTT G 

attB5r GGGG ACA ACT TTT GTA TAC AAA GTT 

Table 2.3: Sequences of att sites used for GATEWAY cloning 
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BP reactions were set up in a PCR tube and incubated 2-8 hours at 25 oC. 2 µl of 

Proteinase K (supplied with BP clonase) was then added to the BP reaction 

mixture and incubated at 37oC for ten minutes. 3 µl of the reaction mixture was 

then used to transform chemically competent E. coli DH5! cells using the 

appropriate antibiotic for selection. During the BP reaction, the active cytotoxic 

ccdB toxin gene is excised upon recombination with amplified PCR products, and 

so non-recombinant pDONR entry vectors are negatively selected for (Bernard et 

al., 1994).  

 

Isolated potential recombinant clones were subjected to restriction digestion and 

agarose gel electrophoresis. Clones showing correct restriction digest fragments 

were then sent to Dundee Sequencing Services using M13 forward and reverse 

primers (for pDONR221-P1P5r and pDONR221 P5P2), or primers specifically 

designed for sequencing the pDONR 207 entry vector. For gene sequences 

greater than 2 kb, internal sequencing primers were also used. 

Primer name Sequence 

B5KARF7 GGGGACAACTTTGTATACAAAAGTTGAACAATGAAAGCTCCTTC

ATCAAATGG 

ARF7 B2 GGGGACCACTTTGTACAAGAAAGCTGGGTCCCGGTTAAACGAA

GTGGCTG 

B5 bdl GGGGACAACTTTGTATACAAAAGTTGAACAATGCGTGGTGTGT

CAGAATTGGAGG 

bdl B2 GGGGACCACTTTGTACAAGAAAGCTGGGTCAACAGGGTTGTTT

CTTTGTCTATCCTTCTGC 

B1 pSCRF GGGGACAAGTTTGTACAAAAAAGCAGGCTAATTTTGAATCCATT

CTCAAAGCTTTGC 

pSCR B5R GGGGACAACTTTTGTATACAAAGTTGTGGAGATTGAAGGGTTGT

TGGTCGTG 

BamHI ARF7" GGATCCAACAATGAAAGCTCCTTCATCAAATGG 

ARF7" XbaI TCTAGATCATCGCTGAGTCTGAGCTGGCC 

Table 2.4: Primer sequences used for amplification 
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2.7.6 Generating GATEWAY expression clones 

To transfer entry clones into the pAlligator III destination vector, an LR 

recombination reaction was set up according to the manufacturer’s instructions. 

The LR reaction was set up as follows: 

 

pDONR entry vector(s) (75 ng/µl)/     2-6 µl 

Destination vector (150 ng/µl)               2-6 µl 

TE buffer                 to 8 µl 

LR clonase/ LR clonase plus ®                  2 µl  

 

LR reactions were set up in a PCR tube and incubated 2-8 hours at 25 oC. 2 µl of 

Proteinase K (supplied with LR clonase) was then added to the LR reaction 

mixture and incubated at 37oC for ten minutes. 3 µl of the reaction mixture was 

then used to transform chemically competent E. coli DH5! cells using the 

appropriate antibiotic. Recombinant destination vectors were selected for by 

growth of cells on LB medium containing an appropriate antibiotic. Isolated 

plasmid from positive colonies was analysed by restriction digestion and agarose 

gel electrophoresis. 

 

2.7.7 Cloning UAS:ARF7! in pGreen 0229 

To construct UAS::ARF7", the UAS cassette and the ARF7 gene were 

sequentially cloned into the binary vector pGreen 0229. 

The UAS cassette was digested from a pBlueScript vector backbone provided by 

Martin Kieffer as follows: 

pBlueScript (512 ng/ µl)               20 µl 

10X BSA                  4 µl 

10X NEB Buffer 3                 4 µl 

NotI (NEB)                              1 µl  

Sterile water            to 40 µl 
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The restriction digest reaction was incubated at 37oC for 3 hours and separated 

by agarose gel electrophoresis. The UAS cassette was cut out of the gel and 

cleaned up using the Qiagen Gel Extraction kit according to the manufacturer’s 

instructions.  

 

In parallel, pGreen 0229 was digested with NotI : 

pGreen 0229 (300 ng/ µl)                       15 µl 

10X BSA                 4 µl 

10X NEB Buffer 3               4 µl 

NotI (NEB)                            1 µl  

Sterile water           to 40 µl 

 

 

The restriction digest reaction was incubated at 37oC for 3 hours and treated with 

Calf Intestinal Alkaline Phosphatase (CIAP) as follows: 

Restriction digest mix                                   30 µl 

CIAP buffer                         3.3 µl 

CIAP enzyme                           1 µl 

 

The reaction mixture was incubated at 37oC for 30 minutes. An additional 0.5 µl 

of CIAP was added to the reaction mixture and further incubated at 37oC for 30 

minutes. The DNA was cleaned up using a Qiagen PCR purification kit according 

to the manufacturer’s instructions. A ligation reaction was subsequently set up as 

follows: 

UAS fragment (22.5 ng/ µl)              1 µl 

pGreen 0229-UAS (50 ng/ µl)                       1 µl 

10X ligation buffer                1 µl 

T4 DNA ligase                           1 µl  

Sterile water                6 µl      
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The ligation reaction was incubated overnight at 16oC. 2 ul of the ligation mix was 

then transformed into chemically competent E.coli DH5! cells with the 

appropriate antibiotic for selection. Isolated plasmid from positive colonies was 

analysed by restriction digestion and agarose gel electrophoresis. 

 

The truncated ARF7 sequence was amplified from genomic DNA using the 

BamHI ARF7" and ARF7" XbaI primers containing BamHI and XbaI restriction 

enzyme sequences at 5’ and 3’ ends respectively. The PCR product was 

separated by agarose gel electrophoresis and cleaned up using the Qiagen Gel 

Extraction kit according to the manufacturer’s instructions. A large-scale 

restriction digest of the PCR product was set up as follows:  

 

PCR product (13.5 ng/ µl)              25 µl 

10X BSA                  8 µl 

10X NEB Buffer 4                8 µl 

BamHI (NEB)                            4 µl  

XbaI (NEB)                             4 µl 

Sterile water            to 80 µl 

 

The restriction digest reaction was incubated at 37oC for 3 hours and then 

cleaned up using a Qiagen PCR purification kit according to the manufacturer’s 

instructions. DNA was quantified at 9.5 ng/ µl using a nanodrop. 

 

In parallel, a restriction digestion for pGreen 0229-UAS was set up as follows: 

pGreen 0229-UAS (264 ng/ µl)            15 µl 

10X BSA                           3 µl 

10X NEB Buffer 4               3 µl 

BamHI (NEB)                           1 µl  

XbaI (NEB)                            1 µl 

Sterile water           to 30 µl 
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The restriction digest reaction was incubated at 37oC for 3 hours and treated with 

Calf Intestinal Alkaline Phosphatase (CIAP) as follows: 

Restriction digest mix                                   30 µl 

CIAP buffer                         3.3 µl 

CIAP enzyme                           1 µl 

 

The reaction mixture was incubated at 37oC for 30 minutes and cleaned up using 

a Qiagen PCR purification kit according to the manufacturer’s instructions. A 

ligation reaction was subsequently set up as follows: 

 

 

ARF7! (9.5 ng/ µl)                9 µl 

pGreen 0229-UAS (50 ng/ µl)                        1 µl 

10X ligation buffer                 2 µl 

T4 DNA ligase                            1 µl  

Sterile water                 7 µl      

 

The ligation reaction was incubated overnight at 16oC. 2 ul of the ligation mix was 

then transformed into chemically competent E.coli DH5" cells with the 

appropriate antibiotic for selection. Isolated plasmid from positive colonies was 

analysed by restriction digestion and agarose gel electrophoresis. 

 

 

 

 

 

 



 
  

 
 
 
 
 
 
 
 
 
 

     Chapter 3 
 
 
 

Lateral organs are distinguished from the primary axis 

by means of an angle offset 
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3.1 Introduction  
 

In higher plants, the plant body consists of two broad classes of organs:  

primary and the secondary or lateral organs. After a seed germinates, the 

radicle and the hypocotyl emerge from the seed and develop to establish 

themselves as the primary root and shoot respectively. Subsequently, 

secondary axes of growth arise from lateral meristems formed in the axils of leaf 

primordia to develop into lateral or axillary branches.  In this way, plant shoots 

elaborate their adult form by controlling the growth of both their primary and 

axillary shoot meristems. Similarly, as the root system develops, secondary or 

lateral roots gradually emerge from the primary root to provide better anchorage 

to the plant, promote water-use efficiency and help in the uptake of different 

macro- and micro-nutrients from the soil. 

 

Plant architecture as a whole, can therefore be defined as the three 

dimensional organization of the plant body consisting of the arrangement of 

lateral organs around the main root-shoot axis, and the size, shape, number 

and growth angle of lateral organ branches in higher plants and, even today, is 

one of the best means of systemic and taxonomic classification of a plant 

species. Of these, a crucial determinant of plant architecture is the angle at 

which some lateral organs may grow with respect to gravity. This quantity is 

known as the Gravitropic Setpoint angle Angle (GSA), and has been defined as 

the angle at which lateral organs are maintained due to gravitropism (Digby and 

Firn, 1995). The GSA of a specific organ is a function of the identity of the 

species, ecotype and organ under consideration, the developmental phase of 

the organ, the physiological status of the plant and the range of environmental 

conditions that the plant has been exposed to.  

 

While primary roots and shoots in both plants generally maintain characteristic 

GSAs of approximately 0o and 180o respectively, lateral organs such as root 

and shoot branches are often maintained at characteristic non-vertical growth 

angles with respect to gravity, independent of the direction of growth of the 

primary axis. The control of lateral organ GSA underlies a number of key 

structural adaptations that can optimise plant architecture according to 
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environmental conditions. For example, shallower lateral and adventitious root 

GSA have been shown to improve plant performance in nutrient-poor soils while 

deep, narrow root systems are advantageous in drier soils (Lynch JP, 2013).  

 

For the near-vertical primary axis, the maintenance of GSA is readily accounted 

for by the well supported model for gravitropism proposed by Cholodny and 

Went and supported by the work of many others  (Went and Thimann, 1937 and 

reviewed in Strohm et al., 2012; Blancaflor and Masson, 2003): the orientation 

of shoots and roots is monitored in specialised cells called statocytes within 

which starch-rich bodies called statoliths sediment according to the gravity 

vector. As such statoliths provide a biophysical sensor of statocyte orientation 

within the gravity field and displacement from the vertical leads to the PIN auxin 

efflux carrier-mediated movement of auxin to the lower side in both root and 

shoot tissue. This auxin redistribution generates an asymmetry in TIR1/AFB-

mediated auxin response between upper and lower tissues that drives organ-

level anisotropic growth [Reviewed in Strohm et al., 2012). In the shoot auxin 

promotes cell elongation, causing upward bending, while in the root auxin 

inhibits cell elongation, causing downward anisotropic growth [Reviewed in 

Strohm et al., 2012; Blancaflor and Masson, 2003). The magnitude of this 

gravitropic response is proportional to the angle of displacement and can in 

some cases be described by sine law, formulated by von Sachs in 1882, which 

states that the strength of the gravitropic response is dependent on the sine of 

the initial displacement angle (Sachs, 1882; Mullen et al., 2000; Galland, 2002).  

 

In contrast to the primary axis, the robust maintenance of growth at non-vertical 

GSAs in lateral organs presents a number of intriguing biological questions that 

have not been answered: Are the assorted GSAs of individual branches 

measured out individually? How are non-vertical GSAs maintained and how is 

GSA control over lateral branches and the primary root-shoot axis integrated to 

produce characteristic plant architectures? These are the central questions 

addressed in this chapter. 
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3.2 Results: 

 
3.2.1 Lateral organs in Arabidopsis are actively maintaining a specific 
GSA 

 
In order to begin to understand the regulation of lateral organ GSA, first order 

lateral roots and lateral cauline branches in Arabidopsis thaliana were used as 

model lateral root and shoot organs. First, to confirm that lateral organs in wild-

type (WT) Col-0 plants were maintaining a bona fide GSA rather than 

representing a transitory state towards the acquisition of full gravitropic 

response, reorientation assays were performed for both root and shoot. For the 

shoots, 21-day-old plants growing individually in pots were reoriented by an 

angle of 45o for 24 hours. For the roots, 12-day-old seedlings growing on 120 

mm square petri dishes were re-oriented by an angle of 45o for 24 hours. GSAs 

of lateral shoots and roots of different lengths (and therefore ages) were 

measured before and after reorientation. Statistical comparison of the data 

obtained showed no significant differences in the GSAs of both types of lateral 

organs before and after reorientation (Figure 3.1). These data are consistent 

with previous studies (Mullen and Hangarter, 2003). Importantly, in these 

assays lateral organs were displaced both above and below their GSA by 45° 

meaning that some lateral roots must grow up, and some cauline branches 

move down to reacquire their GSA. Because in most cases this reorientation 

would not cause major displacements of statoliths to the opposite face of the 

statocyte, this indicates the existence of a mechanism to drive growth in the 

opposite direction to gravitropic response. Further, it confirms that the 

mechanistic basis for the maintenance of non-vertical growth cannot lie in 

differences in gravitropic competence or in the kinetics of gravitropism between 

primary and lateral organs.  
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Figure 3.1: Lateral organ reorientation assays  
(A-D) Lateral branches in Arabidopsis are actively maintained at specific angles 
with respect to gravity (their GSA); following a 45o re-orientation, lateral roots and 
lateral shoots re-orient themselves to return to their initial GSA. Control plants (A 
and B left panels), reorientated plants (A and C right and inset panels),white 
arrow: gravity vector; red arrow:  direction of GSA reorientation. Graphs 
representing the measured mean lateral root GSA (C) and lateral shoot GSA (D) 
for branches of increasing ages (defined as branch length size classes) before and 
after 45o plant re-orientation. 
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3.2.2 GSA of the sub-apical branch changes upon decapitation of the 

primary shoot apex 

The contrast between the vertical GSA habit of primary roots and shoots and the 

non-vertical growth habit of lateral organs points to the existence of distinct 

programmes of GSA control for primary and lateral organs. To begin to explore 

this hypothesis, decapitation experiments were performed in Arabidopsis and 

pea plants. This was done because previous studies have shown that in many 

species, removal of the primary SAM releases apical dominance, and leads to 

the outgrowth of the sub-apical lateral branch, which assumes a new role as the 

primary shoot. It was observed in both species that removal of the shoot apex 

lead to elongation in the outgrowing sub-apical branch, which eventually 

assumed a new role as the primary shoot. This was accompanied by a 

corresponding change in GSA, from a lateral non-vertical orientation towards a 

near vertical orientation. This transition was found to be complete in 

approximately 72 hours. (Figure 3.2) 

 

Auxin is known to play a major role in the maintenance of apical dominance in 

several plant species. Application of auxin to the decapitated shoot apex 

suppresses the outgrowth of axillary branches. In order to test if auxin also 

regulates this change in GSA from a non-vertical orientation to a vertical 

orientation, auxin was applied to the apex of decapitated Arabidopsis and pea 

plants. In these experiments, it was found that application of auxin (1 mM in a 

lanolin paste) was sufficient to suppress this change in GSA of the subtending 

branch (towards a vertical orientation) in both, decapitated Arabidopsis and pea 

plants (Figure 3.2).  This suggests that the mechanisms regulating the change in 

GSA programme may share at least some features in common with those 

regulating apical dominance.  
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Figure 3.2: The GSA of the sub-apical branch changes upon decapitation 
 (A) Changes in the GSA of Arabidopsis (top) and pea (bottom) sub-apical 
branches 72 hours after removal of the shoot apex and following apical 
application of 1mM IAA or mock treatment (white arrowheads indicate the 
decapitated apices, red arrow indicate the original lateral branch in pea) and (B) 
quantification of the measured branch GSA (p <0.05, Student’s t-test, n=15-20) 
Bars represent s.e.m 
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3.2.3 Using split-plate assays to study GSA changes in excised nodes 

The phenomenon of GSA shifting in lateral branches was examined in more 

detail using excised node assays, also known as split-plate assays, This 

experimental system was previously developed to study the regulation of bud 

dormancy. For these experiments, sub-apical cauline nodal sections containing a 

cauline branch, a nodal leaf and internodal stem sections were excised from 21-

day-old WT Arabidopsis plants grown under sterile conditions in tissue culture. 

These sections were placed vertically onto split-plates containing gaps between 

agar blocks through which growth regulators may be applied apically or basally. 

Similar to intact plants, excised sub-apical internodal branches placed onto split-

plates containing no auxin grew toward a vertical orientation. Application of 1 µM 

auxin to the apical agar block resulted in the sub-apical branch growing towards 

a less vertical GSA, as in intact decapitated plants (Figure 3.3). 
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Figure 3.3: Split-plate assays 
(A) Excised sub-apical nodes either mock treated (left) or grown in the presence 
of apical 1 µM IAA (right). Application of auxin suppresses the change in GSA of 
decapitated lateral sub-apical nodes to a vertical orientation. (B) Quanitifaction of 
GSA of sub-apical branches grown with or without IAA. (p<0.05, n=12-15, 
Student’s t-test). Bars represent s.e.m. Scale bar = 1 cm 
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Taken together, these data suggest that the primary vertical and lateral non-

vertical GSA states differ solely by the existence of some kind of angle offset. 

Further, removal of the SAM triggers a switch in GSA programmes from the 

lateral to the primary in the sub-apical branch in both Arabidopsis and pea.  

 

3.2.4 Establishing the nature of the anti-gravitropic offset mechanism in 

lateral branches 

As stated previously, the Cholodny-Went model can readily explain maintenance 

of GSA in the near-vertical primary axis. Since decapitation experiments showed 

that lateral branches can switch from a lateral programme to a primary one, it is 

likely that the Cholodny-Went model of gravitropism that is well accepted for 

vertical growth may also account for the maintenance of non-vertical growth 

angles. If this is the case then there are two broad classes of offset mechanism 

to consider initially. In the first, the perception of the gravity vector itself is shifted, 

such that despite a branch being inclined at an angle from the verticalauxin 

response remains symmetric, and so growth is stable but isotropic. This may 

occur by means of altered positioning of statocyte-receptors within the plasma 

membrane of gravity sensing cells in lateral organs, such that a lateral branch 

‘thinks’ it is in the vertical position. In the second class of hypothesis however, 

the perception of the gravity vector in the plant is in the same direction as the 

primary axis, but the radial asymmetry in auxin response that would push a 

lateral branch either vertically upward or downward must be counteracted by an 

antagonistic force that would push the lateral branch away from the vertical. This 

anti-gravitropic offset (AGO) component could either be a balancing effect on 

auxin flux, for example through PIN protein localisation, or a balancing radial 

symmetry in auxin responsiveness. In all scenarios, stable isotropic growth at a 

non-vertical GSA would be the result of net symmetry in auxin response in the 

elongating shoot and root branch tissues despite the non-vertical distribution of 

statocytes in gravity sensing cells.  
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In order to distinguish between these two classes of offset mechanism, a simple 

horizontal 1D clinostat was used to subject roots and shoots to omnilateral 

gravistimulation. It was reasoned that if non-vertical GSAs were the result of 

balancing gravitropic and anti-gravitropic response components then omnilateral 

gravistimulation might reveal the effects of the latter. Accordingly, young 12-day-

old seedlings, or 21-day-old WT Col-0 plants were mounted on the clinostat with 

the primary root or shoot along the axis of rotation. These plants were 

clinorotated for 8 hours at rotation speeds of 4 rph or 1 rpm. At all the speeds, a 

marked outward/downward anisotropic bending was observed in the shoots 

(Figure 3.4 A, C). Similarly, an upward abaxial bending was observed in young 

lateral roots (Figure 3.4 B,D). In both cases, the primary root or shoot was 

unaffected and grew straight outward (Figure 3.4). The ethylene insensitive 

mutant ein2-1 also showed similar responses to that of the WT, suggesting that 

clinorotation effects were not ethylene-mediated stress-responses to the physical 

effects of horizontal rotation.  
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Figure 3.4: Clinorotation induces outward/ upward bending in lateral 
organs  
Effect of clinostat omnilateral gravistimulation on (A,C) lateral shoot GSA and 
(B,D) lateral root GSA in WT Col-0 and ein2-1 mutant plants. Quantification of 
the corresponding measured (C) lateral shoot GSA and (D) lateral root GSA in 
(intact) WT and ein2-1 mutant plants. (p<0.05, n=10-15, Student’s t-test). Bars 
represent s.e.m. Scale bars = 1 cm (A) and 2 mm (B). 
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3.2.5 Verifying the patterns of lateral organ growth upon clinorotation 

 While conducting clinorotation experiments in lateral branches, it was necessary 

for at least some of the lateral branches to be at an angle to the axis of rotation, a 

factor that may have played a role in the GSA response. In order to ensure that 

the patterns of plant growth seen on the clinostat were reflecting the underlying 

biology of GSA control, rather than artifacts of clinorotation, two different controls 

were employed. Firstly, a WT lateral root or shoot was aligned closely along the 

axis of rotation during clinostat experiments, such that the primary root or shoot 

was at an angle to this axis (See figure 2.1). Under these conditions, similar 

effects of clinorotation were seen on lateral organs in that they displayed a 

marked upward outward bending (Figure 3.5 A - C). Again, the GSAs of the 

primary organs were unaffected. Another important control consisted of repeating 

clinorotation experiments by mounting plants vertically on clinostats for 8 hours. 

Under these conditions, no changes in GSA were seen in both primary and 

lateral organs, confirming that the changes in lateral organ GSA upon omnilateral 

clinorotation were not the result of mechanical vibration from the clinostat motor 

(Figure 3.5 D, E). 
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Figure 3.5: Clinorotation controls  
(A,B) Lateral shoot GSA (A) and lateral root GSA (B) following clinostat rotation 
in or away from the axis of rotation. The red box denotes the lateral root placed in 
the axis of rotation in B. (C) Quantification of the mean GSA measured for 
branches either in or off the axis of rotation. Bars represent s.e.m. (D,E) 
Arabidopsis shoots and roots vertically clinorotated for 8 hours at 4 rph and 1 
rpm respectively. Scale bars = 1 cm (A,D left panel) and 0.5 cm (B,D right panel). 
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3.2.6 Clinorotation in a ‘3D’ system 

While shoot clinorotation experiments were performed on WT Col-0 plants grown 

in soil, thereby keeping the shoot system ‘free’ and unhindered in space, 

clinorotation experiments with lateral roots were performed on young seedlings 

grown on ATS medium in a petri dish, effectively restricting the growth of the root 

system in two dimensions. In order to confirm that the changes seen in lateral 

root growth angle upon clinorotation were not simply a manifestation of the 

effects of growth against the surface of the ATS medium (for example, relating to 

thigmotropism), WT Arabidopsis seedlings were grown in glass beakers 

containing ATS medium with 0.25% phytagel. This low concentration of phytagel 

allowed the roots to permeate through the medium, while allowing visualization of 

the root architecture, in a 3D system. Upon clinorotation at 1 rpm, the lateral 

roots of these seedlings also displayed characteristic upward bending (Figure 3.6 

B).  

 

     A       B    

 

                           

 

Figure 3.6: Clinorotation in a 3D system  

Lateral roots of Arabidopsis growing in a 3D system (ATS with 0.25% phytagel) 

before (A) and after (B) horizontal clinorotation at 1 rpm 
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3.2.7 Effect of clinorotation on crown roots in rice 

In order to test if omnilateral gravistimulation had similar effects on lateral organs 

of other plant species, the model monocot, rice (Oryza sativa japonica) was also 

used in clinorotation experiments. Rice seeds were initially germinated on moist 

filter paper in a petri dish and carefully transferred to a  ‘cyg’ seed germination 

pouch (Minnesota, USA) immersed in water. After 3 days of growth in the pouch, 

adventitious roots had started to develop and grow at non-vertical angles. Rice 

roots were then mounted on the clinostat rotating at 1 rpm for 24 hours with 

lateral roots in the axis of rotation. In these experiments, similar effects of 

clinorotation were observed, i.e. both lateral and adventitious roots displayed a 

characteristic upward abaxial bending, similar to that seen in Arabidopsis (Figure 

3.7 B).  

 

          A          B   

                                   

 

Figure 3.7: Effect of clinorotation on crown roots in rice 
Crown roots in 10-day-old rice plants grown in ‘cyg’ seed germination pouches 
(A) display upward /outward anisotropic growth in response to clinorotation (B), 
similar to lateral roots in Arabidopsis. Scale bar = 1 cm. 
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3.2.8 The anti-gravitropic offset is short-lived 

In order to determine the period of time over which the anti-gravitropic offset acts 

upon removal of the gravity stimulus, 21-day-old plants or 12-day-old seedlings 

growing on ATS plates were subjected to clinorotation. Images of these plants 

were taken at regular intervals during clinorotation. From these experiments, it 

was found that the action of the anti-gravitropic offset is relatively short lived. 

Lateral shoots began to grow outwards after about 30 minutes of clinorotation. 

This bending continued for a further two hours, where the magnitude of organ 

curvature was the greatest, following which the shoots ceased bending and 

gradually began to straighten out (Figure 3.8 A).  

 

In similar experiments with lateral roots, it was found that lateral roots showed 

visible upward bending after approximately three hours (180 min) of clinorotation. 

This bending continued for a further two hours, following which lateral roots also 

started to grow straight out along the angle they had attained. Thus the anti-

gravitropic offset acts for a similar period of time in both types of lateral organs 

upon clinostat-induced omnilateral gravistimulation (Figure 3.8 B).  

 

This gradual straightening of lateral organs upon extended clinorotation is 

probably due to the onset of autropism and consequent proprioceptive 

straightening (Digby and Firn 1979; Haga and Lino, 2006; Bastien et al., 2012). 

Furthermore the anti-gravitropic offset ceases to operate approximately after 150 

minutes of clinorotation, (i.e. removal of the gravity stimulus), suggesting that, 

although its effects are revealed by the removal of a stable gravity reference, it 

does not act independently of gravity perception.  
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Figure 3.8: The anti-gravitropic offset is short-lived 
Average GSA of 12-15 lateral shoots (A) and lateral roots (B) measured at 30 (A) 
or 60 (B) minute intervals during clinorotation. Maximal upward/outward 
curvature is seen between 90-150 minutes in shoot and 180-300 minutes in 
roots, following which autotropic straightening begins to occur in both organs. 
Bars represent s.e.m.  
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3.2.9 The anti-gravitropic offset requires auxin transport 

Taken together, these data are not consistent with the model of non-vertical 

GSAs being maintained by an altered perception of the gravity vector, for 

example by the altered distribution or masking of biophysical sensors of statolith 

distribution, which would respond to omni-gravitational stimulation in a similar 

manner to the primary shoot and root. Rather, the data suggests the presence of 

an anti-gravitropic offset that balances the standard Cholodny-Went gravitational 

response, which would otherwise cause a lateral organ to bend towards a vertical 

orientation.  

 

As stated earlier, the anti-gravitropic offset that sustains non-vertical growth by 

acting in tension with gravity could be a mechanism relating to auxin transport 

that generates a flux of auxin and/or leads to increased auxin sensitivity in 

adaxial shoot branches and abaxial lateral root tissues. Previous studies in 

Coleus blumei Benth and pea have shown that clinorotation leads to an increase 

in auxin concentrations in the upper convex side of the shoot and the upper 

concave side of lateral roots. Therefore, in order to test if auxin transport was 

necessary for anisotropic growth in lateral organs during omnilateral 

gravistimulation, clinorotation experiments were performed in combination with 

auxin transport inhibitor treatments. For shoots, 1-N-Naphythylpthalamic acid 

(NPA) or mock treatment was applied along the lengths of lateral branches in a 

thin layer of lanolin paste. Cauline branches treated with 10 µM NPA in this 

manner 2 hours before clinorotation were found to display a significant reduction 

in outward anistropic growth (Figure 3.9 A, C).  

 

For lateral root experiments, 0.2 µM or 1 µM NPA was incorporated directly into 

the growth medium. These two concentrations were used because they 

represent treatments where the gravitropism of primary and lateral roots is either 

mildly (0.2 µM) or severely (1 µM) affected. Both of these NPA treatments were 

found to drastically reduce the magnitude of upward abaxial bending in 

clinorotated lateral roots, indicating that auxin transport is required for the 

manifestation of the anti-gravitropic offset (Figure 3.9 B, D).    
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        Mock                10 µM NPA                Mock           0.2 µM NPA     1 µM NPA      

       
 
    

 
 
 
Figure 3.9: The anti-gravitropic offset depends upon auxin transport 
Effect of local application (lanolin paste) of the auxin transport inhibitor NPA (and 
mock treatment) and clinostat gravistimulation).on lateral shoot GSA (A,C) and 
lateral root GSA (B,D) Quanitification of shoot (C) and root (D) GSA after NPA 
treatment and clinorotation.  Scale bars= 1 cm (A) and 0.5 cm (B). 
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The auxin transport experiments described above indicate that the anti-

gravitropic offset component that acts antagonistically with gravity to maintain 

non-vertical growth in lateral organs is also auxin. In normal upright growth 

conditions, gravitropism that would otherwise move the branch towards the 

vertical is counteracted by the anti-gravitropism. This generates a net symmetry 

in auxin response in both, upper and lower sides of the branch, consequently 

leading to insotropic but (non-vertical) angled growth. In a given lateral 

programme, the anti-gravitropic offset can be considered to be largely constant 

regardless of the actual orientation of the branch. In contrast, the gravitropic 

component is continuously variable according to the orientation of the branch 

within the gravity field. In this way, reorientation of a branch showing previously 

stable isotropic-growth at non-vertical GSA would rapidly be returned to its 

original GSA by the gravitropic component. For example, in the case of a shoot 

branch reoriented to a more vertical angle from its normal GSA, an initial 

decrease in the magnitude of the gravitropic component would promote abaxial 

anisotropic growth driven by the constant anti-gravitropic component. This 

downward bending would diminish as the magnitude of the gravitropic 

component increased in response to the displacement of the statoliths in the 

branch as it moved away from the vertical. In contrast, reorientation of a lateral 

branch to a less vertical GSA would result in an increase in the magnitude of the 

gravitropic component as predicted by the sine law until the branch returned to its 

original GSA.  

 

3.2.10 Magnitude of clinorotation-induced changes in lateral branches of 

different ages 

The mechanistic model for non-vertical growth of lateral branches suggested 

above would predict that lateral organs with least vertical GSAs would display the 

greatest magnitude of abaxial (upward, outward) bending upon clinorotation. To 

test this idea, clinorotation experiments were performed with lateral roots and 

shoots of varying lengths (and therefore GSAs) in order to record the magnitude 

of abaxial bending upon removal of a stable gravity reference. Consistent with 

this hypothesis, it was found that shorter roots and shoots (with shallow GSAs) 
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displayed the greatest degrees of curvature upon clinorotation, and the longest, 

the least (Figure 3.10 A, B).  These data indicate that the GSA of a given organ is 

determined by the magnitude of its anti-gravitropic offset (which may be a zero or 

non-zero value) and provide confirmation that the model for GSA maintenance 

presented here can account for the observed GSA biology of lateral root and 

shoot branches.  

 

 

        A                                                            B  

     

 

Figure 3.10: Magnitude of clinorotation-induced changes in lateral 
branches of different ages 
Magnitude of changes in GSA induced in lateral shoots (A) and lateral roots (B) 
of increasing ages (defined as branches length size classes) after 12hrs of 
clinorotation: 4 rph (A), and 1 rpm (B). Younger lateral organs with a greater 
AGO value show a greater magnitude of outward/abaxial bending upon 
clinorotation. 
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3.3 Discussion 

Although lateral organs comprise a major portion of the plant body and generally 

grow at characteristic non-vertical angles, very few studies on plant gravitropism 

have been focused on lateral organs. Thus, our understanding of the molecular 

mechanisms that regulate the setting and maintenance of non-vertical growth 

angles in plant organs is limited. However, evidence from previous researchers 

and data presented in this chapter have both shown that non-vertical growth 

angle in a plant organ does not solely represent a lack of gravitropic competence, 

but rather the active maintenance of a growth angle characteristic of the 

developmental stage of the organ and the prevailing environmental conditions 

(Mullen and Hangarter, 2003; Section 3.1). Interestingly however, although no 

statistical differences in lateral organ GSA were seen before and after 

reorientation, the GSA of both, lateral roots and shoots after reorientation was 

more vertical than before. This change in GSA may be explained by the fact that 

in Arabidopsis, lateral organs are gradually transitioning towards a more vertical 

orientation during the course of their development. Thus, after a 24-hour period 

reorientation, lateral organ GSAs would be slightly more vertical relative to their 

original GSAs.  

 

3.3.1 An anti-gravitropic offset acts antagonistically to gravity in lateral 

organs 

When Arabidopsis plants were subjected to the omnilateral gravistimulation on a 

horizontal 1D clinostat, both lateral shoots and roots demonstrated a 

characteristic outward/upward anistropic bending. These results suggested that 

the non-vertical growth angles in lateral organs were not being maintained by 

mechanisms involving the altered direction of gravity perception, but rather were 

the result of balanced gravitropic and anti-gravitropic components, where the 

direction of perception of gravity in lateral organs remained the same as in the 

primary axis. Omnilateral gravistimulation removes the effect of the gravitropic 

component on the lateral organ, leading to net asymmetry in auxin response and 

manifestation of the anti-gravitropic offset, which in turn causes the outward 

anistropic bending in the lateral organ. If however non-vertical growth angles 

were being maintained by changes in the direction of perception of gravity in 
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lateral organs, then it would be predicted that upon clinorotation, no change in 

the angle of growth of lateral organs would be seen. This is because no 

asymmetry in auxin response would be generated, similar to the primary axis. 

 

This idea of an anti-gravitropic growth component is not new and is in fact very 

old: de Vries in 1872, in some of the earliest clinorotation experiments, noted a 

similar outward bending of various lateral organs from several species, a 

phenomenon he named ‘epinasty’.  Subsequent researchers have confirmed 

these observations in species including Coleus blumei Benth., wheat, and 

Capsicum annuum and in several cases, including that of de Vries, it has also 

been proposed to represent the experimental revelation of a 'force' normally 

acting against gravitropic response in lateral organs (Lyon and Yokohama, 1966; 

Lyon 1967; Heathcote et al., 1995). 

 

3.3.2 Anti-gravitropic growth is not an ethylene-dependent stress response 

The nature of the growth responses in lateral organs in response to clinorotation 

has been the subject of significant debate with forceful arguments advanced that 

the observed outward, downward anisotropy is merely an ethylene-mediated 

stress response to clinorotation or space-flight rather than an effect of the 

withdrawal of normal gravitational stimulation (Hensel and Kruft, 1986; Leather 

and Florence, 1972; Lyon, 1970) To address this crucial question clinorotation 

experiments were performed with the Arabidopsis mutant ein2-1, which is 

completely insensitive to ethylene. Horizontal clinorotation of ein2-1 induced 

bending similar to that observed with wild-type Col-0 confirming that these 

patterns of Arabidopsis branch growth observed upon clinorotation are not 

ethylene-mediated responses to physical movement while horizontal. 

Furthermore, in order to confirm that the organ curvatures seen during 

clinorotation were not due to centrifugal forces, plants were mounted vertically on 

a 1D clinostat. Also, in all clinorotation experiments, the statocytes in lateral 

organs would generally be positioned to lie at an angle to the axis of rotation, 

while statocytes in the primary axis would lie in the axis of rotation, a factor that 

may have contributed to the outward bending seen solely in lateral organs. 

Therefore as further controls, plants were also placed on a horizontal clinostat 
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with either a lateral shoot or root in the axis of rotation, placing the primary axis at 

an angle to the axis of rotation. Under both these conditions, lateral shoots and 

shoots still displayed upward anistropic bending, while no changes were seen in 

primary roots and shoots confirming that non-vertical growth angles in lateral 

organs were being maintained by an anti-gravitropic angle offset acting in tension 

with the gravity vector.  

 

This action of the anti-gravitropic offset is short lived: acting for approximately 2-3 

hours in shoots and three hours in roots. During clinorotation, after the cessation 

of the action of the anti-gravitropic offset, lateral organs were found to grow 

straight along the outward angle they had attained during clinorotation. This 

straightening is probably due to the onset of as autrotropism and/or 

proprioception. Through studies regarding the biomechanics of plant tropic 

movements, autotropic straightening has basically been described as the 

tendency of plants to recover straightness in the absence of any external stimuli 

(Digby and Firn, 1979; Haga and Iino, 2006). Proprioception on the other hand, 

refers to the sensing of local curvature or inclination angle over the entire growth 

zone in a plant organ (Bastien et al., 2012). However, establishing why the anti-

gravitropic offset is lost upon extended clinorotation may hold important clues to 

the molecular and cell biological events underlying AGO activity in the statocytes.  

 

3.3.3 The anti-gravitropic offset depends on auxin transport 

During clinorotation experiments, lateral organ curvature was significantly 

inhibited by systemic and local treatment of the auxin transport inhibitor NPA. 

This data is consistent with previous studies carried out by Charles Lyon in 

different plant species which showed that clinorotation leads to an increase in 

auxin concentration in the upper convex side of lateral shoots and the upper 

concave side of lateral roots. For example, Lyon (1963, 1965) measured auxin 

concentrations in upper and lower halves of clinorotated Coleus blumei Benth 

stems using the Avena bioassay and radiolabelled IAA. In these experiments, he 

found that clinorotation caused a two-fold increase in auxin concentrations in the 

upper concave part of the stem, He also showed that treatment with 2% 2,3,5 

triiodobenzoic acid (TIBA), another auxin transport inhibitor, significantly reduced 
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the magnitude of organ curvature upon clinorotation. In another study Lyon also 

found a 20% increase in IAA levels in the upper parts of clinorotated pea roots 

(Lyon, 1972). This suggests that the anti-gravitropic offset that sustains non-

vertical growth by acting in tension with gravity is a mechanism relating to auxin 

transport that generates a flux of auxin and/or leads to increased auxin sensitivity 

in adaxial shoot branches and abaxial lateral root tissues.  

 

The above model for GSA maintenance thus suggests that a lateral organ is 

sustained at a non-vertical angle by two opposing forces: the gravitropic 

component that attempts to drive vertical upward or downward growth, and an 

anti-gravitropic component that acts in tension with the gravity vector. The 

balance between these forces results in stable non-vertical isotropic growth of a 

lateral branch. The magnitude of these forces acting on an organ changes with 

development, thus a young lateral shoot or root has a greater AGO than an older 

branch inclined more towards the vertical axis. Consistent with this, when the 

magnitude of bending was measured in lateral organs of different lengths (and 

therefore ages), shorter lateral organs displayed the greatest degree of 

curvature.  

 

 

 

 

 

 

 



  
 
 
 
 
 
 
 

Chapter 4 
 
 
 

Auxin specifies the magnitude of the anti-gravitropic 

offset  
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4.1 Introduction 
 
The phytohormone auxin is involved in almost all the developmental 

processes that occur in a plant’s life cycle. Initially described by Charles and 

Francis Darwin in the 1800s as ‘some influence’ that mediated phototropism 

in grass coleoptiles, naturally occurring auxin was later chemically identified 

as Indole-3 Acetic Acid (IAA) by K.V. Thimann in the 1930s. Subsequent 

experiments involving the application of exogenous auxin to plant tissues and 

extensive genetic studies implicated this simple molecule in a plethora of 

developmental and physiological processes. Some of these include embryo 

and fruit development, vascular differentiation, organogenesis, root patterning, 

elongation and tropistic growth, apical hook formation and apical dominance.  

 

Auxin response can be divided broadly into three components that contribute 

to its complexity: the spatio-temporal pattern of auxin biosynthesis, the 

directional, polar nature of its transport, and cell-type-specific characteristics 

of its downstream signalling pathways. In Arabidopsis, auxin is synthesized 

via several pathways. Several genetic and biochemical studies have shown 

that the amino acid tryptophan (Trp) is the main precursor of auxin 

biosynthesis in plants (Woodward and Bartel, 2005; Zhao, 2010). 

Alternatively, a trp-independent pathway for IAA biosynthesis has been 

proposed, but the genetic basis of this pathway has not been defined (Zhao, 

2010; Strader and Bartel, 2008). Among the several trp-dependent auxin 

biosynthetic pathways, the YUC pathway has been proposed as the common 

IAA biosynthetic pathway that produces auxin essential for embryogenesis, 

flower development, vascular patterning and seedling growth (Tobena-

Santamaria et al., 2002; Cheng et al. 2006; Yamamoto et al., 2007). YUC 

genes have been identified in many plant species and have been found to 

encode for flavin monooxygenase-like genes, which catalyse a rate-limiting 

step in the conversion of Indole-3-pyruvic acid (IPA) to IAA (Mashiguchi et al., 

2011). In Arabidopsis, the YUC gene family has 11 members, and yuc 

multiple knockout mutants show severe auxin-deficient phenotypes (Cheng et 

al., 2006, 2007). 
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Post-synthesis, auxin is the only plant hormone that has been shown to be 

able to be transported both actively and passively around the whole plant.. 

The active transport of auxin is mediated by several proteins: the PIN-formed 

(PIN) efflux carriers, AUXIN1/LIKE AUXIN1 (AUX1/LAX) influx carriers, and 

MULTIDRUG RESISTANCE/P-GLYCOPROTEIN (MDR/PGP/ABCB) 

transporters (reviewed in Vieten et al., 2007). This, in turn, leads to build up of 

cell- and tissue specific auxin gradients, which are subsequently able to 

trigger a range of developmental processes such as initiation of lateral root 

primordia from the pericycle cells of the primary root (Casimiro et al., 2001). 

 

When intracellular auxin concentrations rise, auxin induces a plethora of 

cellular responses that trigger diverse developmental and physiological effects 

(reviewed in Teale et al., 2006) through a signalling pathway that principally 

involves three protein families: the F-box TIR1/AFB auxin receptors, the 

Aux/IAAs and the Auxin Response Factors (ARFs). Intracellular auxin is 

perceived by the TIR1/AFB family of auxin receptors, thereby triggering the 

polyubiquitination and degradation of the Aux/IAA proteins. Under low auxin 

concentrations, these Aux/IAAs, form dimers with the ARF transcription 

factors, thereby blocking their activity. Once freed from Aux/IAA-mediated 

repression, the ARFs are able to regulate the expression of auxin responsive 

genes in a cell- and tissue-type specific manner (Reviewed in Lau et al.. 

2008).  

 

The involvement of auxin in regulating the transition non-zero to zero anti-

gravitropic offset states in decapitation experiments has previously been 

described in chapter 3. However, another crucial aspect of GSA control lies in 

understanding how different anti-gravitropic offset values and hence, GSAs in 

different lateral organs are set. Therefore, in order to gain further insights into 

the auxin-dependent signaling pathways that regulate the establishment and 

maintenance of GSA in lateral organs, the GSA phenotypes of cauline 

branches and lateral roots of several auxin homeostasis and signaling 

mutants were analysed in detail.  

 

 



! "#!

4.2 Results 

4.2.1 Analysis of lateral organ GSA in auxin synthesis mutants 

To begin to study the role of auxin in modulating lateral organ GSA, the GSAs 

of lateral organs of auxin homeostasis mutants having higher or lower levels 

of endogenous auxin than the wild type were analysed. The cauline branches 

of the yucca1-1D mutant having significantly higher levels of auxin (Koornneef 

et al., 1982) were found to be more vertical than WT (Figure 4.1 A, C). In 

contrast, the cauline branches of wei8 tar2 double mutants, which have lower 

levels of auxin, were found to have a less vertical GSA (Mashiguchi et al., 

2011) (Figure 4.1 A, C). Interestingly, these findings are consistent with recent 

work on leaf inclination angle in rice, which has shown that lower levels of 

endogenous auxin are associated with less vertical leaf angles (Zhao et al., 

2013).  
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              WT Col-0                yucca1-1d                     wei8 tar2                                          

                    
 

                           

             WT Col-0                           yuc1D                    wei8 tar2       

                 

 

C           D         

 

 
Figure 4.1: Comparison of lateral shoot GSA (A,C) and lateral root GSA (B,D) 
between the auxin overproducing mutants yucca1-1d and yuc1D and the 
auxin deficient mutant wei8 tar2. P< 0.05 (n=15-20, Student’s t-test) for data 
points 2-10 in C and 1-10 in D. Bars represent s.e.m. Scale bars = 0.5 cm (A) 
and 2 mm (B) 
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In the root, genetic defects in auxin homeostasis were accompanied by similar 

changes in lateral root GSA. Arabidopsis mutants with higher (yuc1D) or lower 

levels of endogenous auxin (wei8 tar2) (Mashiguchi et al., 2011) were found 

to produce lateral roots with more vertical or less vertical GSA programmes 

respectively (Figure 4.1 B, D). Thus, in both root and shoot, higher 

endogenous auxin levels caused lateral branches to grow at a GSA that is 

closer to the more vertical GSA of the primary axis. Consistent with these 

genetic data, lateral roots cultured on media containing IAA and 2,4-D in the 

nanomolar range were also found to grow at increasingly vertical GSA values 

(Figure 4.2 A-C). A similar effect of auxin on lateral root GSA was observed in 

a range of other species including bean (Phaseolus vulgaris) and rice (Oryza 

sativa japonica) (Figure 4.2 D, E). 
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A      
                Mock                        50 nM IAA             50 nM 2,4-D 

          
 
 
B             C 
        

 
 
 D            E                 
                              Bean                                                               Rice   

    
 
Figure 4.2: Effect of exogenous auxin treatment on lateral root GSA in 
Arabidopsis (A-C) and basal root GSA in bean (Phaseolus vulgaris) (D) and 
rice (Oryza sativa japonica) (E). p<0.05 (n=15-20, Student’s t-test) for data 
points 4-10 in B and 6-10 in C. (D,E) Graphs representing changes in basal 
root GSA upon external auxin treatment in bean (D) and rice (E). (p<0.05, 
n=15-20, Student’s t-test).  Bars represent s.e.m. Scale bars = 2 mm.   
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4.2.2 Analysis of lateral organ GSA in TIR1/AFB auxin receptor mutants 

 

To begin to identify the signalling mechanisms underlying the effect of auxin 

on growth angle the GSA phenotypes of loss-of-function of members of the 

TIR1/AFB auxin co-receptor family were examined. Both shoot and root 

branches of tir1-1 mutant (Dharmasiri et al., 2005) were found to be less 

vertical than WT indicating that, in both contexts, auxin acts to alter GSA via 

TIR1 and its downstream effectors (Figure 4.3). Further analysis of tir1/afb 

mutants showed that the afb4-2 afb5-5 double mutant (Greenham et al., 

2011) also had a significantly less vertical cauline branch and lateral root 

GSA, while afb4-2 single mutants were not significantly different from wild-

type (Figure 4.3). Although this does not rule out possible redundancy 

between AFB4 and AFB5 in this analysis, these data suggest that at the very 

least, AFB5 does contribute to GSA control. Other single mutants (afb1-1, 

afb2-3, afb3-1) were not significantly different from wild-type in terms of lateral 

branch GSA (data not shown) suggesting that TIR1 and AFB5 are most 

relevant to the regulation of GSA.  
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D 

 

  
Figure 4.3: Changes in cauline branch GSA (A,C) and lateral root GSA (B,D) 
induced by loss-of-function mutations of the TIR1, AFB4 and AFB5 auxin 
receptors. The kinetics and amplitude of the lateral root GSA and lateral shoot 
GSA in the afb4-2 single mutant are not significantly different from the wild 
type (C,D) The tir1-1 single mutant and afb4-2 afb5-5 double mutant produce 
significantly less vertical lateral root and shoot GSAs (C,D) (p<0.05, Kruskal-
Wallis test, n=15-20). Bars represent s.e.m. Scale bars = 1 cm (A), 0.5cm (B).  
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4.2.3 Analysis of lateral organ GSA in auxin signalling mutants 

 

To explore further the genetic basis of GSA control, the GSA phenotypes of 

other mutants affected in signalling downstream of TIR1/AFB-mediated auxin 

perception were examined. Importantly, all of these mutants are able to retain 

a basic gravitropic response, i.e. the ability to maintain a given GSA following 

reorientation, although the kinetics of these reorientation graviresponses may 

differ from the wild-type . These included the Auxin Response Factor (ARF) 

proteins ARF10 and ARF16, both of which fall into a sub-clade of ARF 

proteins, which have demonstrated functions as repressors of transcription 

(Ulmasov et al., 1999; Tiwari et al., 2003). arf10-3 arf16-2 double mutants 

(Wang et al., 2005) produced cauline branches with a more vertical GSA 

(Figure 4.4 B). The more vertical GSA habit of the arf10-3 arf16-2 double 

mutant was enhanced in the triple mutant arf10-3 arf16-2 axr3-10 that 

includes loss-of-function mutation of the Aux/IAA transcriptional co-repressor 

gene AXR3/IAA17 (Figure 4.4 A, B). While it was not possible to assess the 

effects of ARF10/ARF16 loss-of-function on lateral root GSA because of root 

agravitropism in arf10-3 arf16-2, analysis of axr3-10 (Knox et al., 2003) lateral 

roots showed that loss of this co-repressor protein resulted in a more vertical 

GSA phenotype in lateral roots (Figure 4.5 G, H).  

 

The GSA of ARF mutants from the sub-clade of ARFs that have been 

characterised as transcriptional activators was also analysed (Wang et al., 

2005; Wilmoth et al., 2005): Loss of NPH4/ARF7 and ARF19 function as in 

the nph4-1 arf19-1 double mutant (Okushima et al., 2005) caused cauline 

branches to grow at GSAs that were considerably less vertical than WT 

(Figure 4.4 C, D). In decapitation experiments, the sub-apical branch in nph4-

1 arf19-1 underwent the same shift toward the vertical observed in WT 

suggesting that the GSA phenotype in this mutant was representative of a 

bona fide defect in GSA control rather than one in gravitropic response 

(Figure 4.4 E, F). 
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Figure 4.4: Changes in cauline branch GSA (A-D) in the arf10-1 arf16-2 axr3-
10 and nph4-1 arf19-1 auxin signaling mutants. The lateral shoots in the 
arf10-1 arf16-2 axr3-10 mutant are significantly more vertical than the wild 
type (A,B) and significantly less vertical in the nph4-1 arf19-1 mutant (C,D). 
(p<0.05, one-way ANOVA (B), Student’s t test (D), n=15-20) (E,F) As in the 
wild type, decapitation induces a transition in the sub-apical branch of the 
nph4-1 arf19-1 mutant to a zero offset state. (F) Quantification of the change 
in GSA of mock and auxin treated sub-apical branches in nph4-1 arf19-1 
mutants. (p<0.05, Student’s t-test, n=15-20). Bars represent s.e.m. Scale bar 
= 1 cm  
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In the root, both of these ARFs are important regulators of lateral root 

development and these mutants produce fewer lateral roots than WT. In arf7-

201 (Li et al., 2006), each lateral root was found to have a more vertical GSA 

programme than WT (Figure 4.5 A, B).  In contrast, lateral roots of transgenic 

plants overexpressing a truncated non-repressible form of ARF7 (lacking 

domains III and IV which are responsible for interaction with the Aux/IAA 

proteins) had a less vertical GSA (Figure 4.5 C, D). To examine the effects of 

the combined loss of ARF7 and ARF19 function on lateral root GSA it was 

necessary to perform the analysis on media containing auxin in order to 

induce lateral root formation. Thus, five-day-old plants were transferred to 

ATS medium containing 50 nM IAA and allowed to grow for a further seven 

days prior to analysis of lateral root GSA. Under these conditions, nph4-1 

arf19-1 lateral roots also had a GSA that was significantly more vertical than 

WT plants grown at the same concentration of IAA (Figure 4.5 E, F).  
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Figure 4.5: Lateral root GSA in auxin signaling mutants and the 
35S::ARF7! transgenic line. The lateral roots in the arf7-201 mutant are 
significantly more vertical than the wild type (A,B) and significantly less 
vertical in the 35S::ARF7! line (C,D). (E,F) Lateral roots of nph4-1 arf19-1 
plants have a more vertical GSA than wild type plants. Auxin treatment is 
necessary to induce lateral root formation in the arf7arf19 double mutant 
(G,H) Lateral roots of the IAA17 loss-of-function axr3-10 mutant also have a 
more vertical GSA as compared to the wild type.  (p<0.05, Student’s t-test, 
n=15-20). Bars represent s.e.m. Scale bar = 5 mm  
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4.2.4 Lateral organ reorientation assays in auxin signaling mutants 

 

To confirm that these changes in root and shoot branch growth angle were 

bona fide GSA phenotypes, root reorientation assays were performed with 

axr3-10 and tir1-1 (more and less vertical respectively) and shoot assays with 

arf10-1 arf16-1 and tir1-1 (again, more and less vertical respectively). In these 

experiments all of these mutants reorientated their lateral branches to 

maintain their GSA confirming that the change in growth angle was a result of 

an underlying change in the GSA programme of those branches rather than a 

defect in normal gravitropic capacity (i.e. the ability to achieve or maintain a 

given GSA) (Figure 4.6). 
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Figure 4.6 : Reorientation assays 
Mean lateral organ GSA before and after 45o plant re-orientation. Lateral 
organ GSA was measured using the final 0.5 cm segment of 5-6 cm long 
lateral branches (A) or the final 0.2 mm segment of 2-4 mm long lateral roots 
(B). Bars represent s.e.m, n =15-20.  
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Thus, with the exception of NPH4/ARF7 and ARF19 which have opposite 

effects in the root and the shoot, as a general principle the removal of 

negative regulators of auxin signalling (repressing ARFs and Aux/IAAs) 

causes GSA to be more vertical, by lowering the magnitude of the anti-

gravitropic offset. In contrast, the removal of positive regulators of auxin 

signalling (TIR1 and AFB5) leads to an increase in the magnitude of the anti-

gravitropic offset and induces a less vertical phenotype. To put this in more 

useful mechanistic terms, TIR1 and AFB5 are negative regulators of the 

mechanism that generates an offset in growth angle from the typically vertical 

primary axis (the anti-gravitropic offset component) while ARF10, ARF16 and 

AXR3 are positive regulators of this offset mechanism.  

 

4.2.5 Effect of clinorotation on lateral organ GSA of auxin signaling 

mutants 

 

To test this hypothesis, further clinorotation experiments were performed with 

mutants or treatments that resulted in more vertical or less vertical lateral 

shoot and root GSA phenotypes. The aim of these experiments was to assess 

the extent to which outward anisotropy upon horizontal clinorotation is 

correlated with auxin levels or sensitivity. In both the shoot and root, mutants 

with a less vertical GSA (tir1-1 in both root and shoot], nph4-1 arf19-1 in the 

shoot only) exhibited a greater degree of outward anisotropy (Figure 4.8) 

while those with more vertical GSA (arf10-3 arf16-2 in the shoot, axr3-10 and 

auxin treatment in the root) exhibited less bending (Figure 4.8 B, D). 

Therefore, this data suggests that auxin acts to alter the GSA of a lateral 

organ by changing the magnitude of the anti-gravitropic offset.  
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Figure 4.7: Comparison of the changes in lateral shoot GSA (A,C) and lateral 
root GSA (B, D) following clinostat treatment (4 rph/1 rpm respectively, 24 
hours) between WT and auxin response mutant plants and auxin treated 
seedlings. (A,B) Control untreated plants (top panels), clinostat treated plant 
(bottom panels). (C,D) Graphs comparing the magnitude of bending (degrees 
of curvature) in different auxin response mutants, and in response to 2,4-D 
treatment, upon clinorotation (p<0.05, one way ANOVA, n= 15-20). Bars 
represent s.e.m. Scale bars = 1 cm (A) and 0.5cm (B).  
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4.2.6 Identification of the cell types in which lateral organ GSA values 

are specified 

In order to try to identify the specific cell types in which auxin changes are 

sufficient to bring about changes in GSA, experiments were performed with 

the aim of altering auxin signalling in a cell-type-specific manner, beginning 

with the gravity sensing cells of the shoot. In the shoot, statocytes are located 

in the endodermal layer, a tissue marked by the expression of the Arabidopsis 

gene SCARECROW (SCR) (Wysocka-Diller et al., 2000). Previous work on 

the role of auxin signalling in embryogenesis included the characterisation of 

a transgenic line expressing the stabilised mutant Aux/IAA protein 

bodenlos/iaa12 (bdl) under the control of the SCR promoter (SCR::bdl) 

(Weijers et al., 2006). Only one post-embryonic phenotype was described in 

this line, that of a defect in gravitropism in the cauline branches. This line was 

therefore examined in greater detail. It was discovered that transgenic 

SCR::bdl plants do not display defects in gravitropism, but rather an alteration 

in GSA control; the primary inflorescence displays normal vertical GSA while 

the cauline branches have an extreme non-vertical GSA (Figure 4.8 A, C). In 

order to confirm that this represented a bona fide defect in GSA control, 

decapitation experiments were performed, where the GSA of the sub-apical 

branch was followed as it made the developmental transition to a GSA 

programme lacking the anti-gravitropic offset. Despite the extreme non-

vertical angles of sub-apical branches of SCR::bdl plants prior to the start of 

the experiments, following decapitation these branches moved to a vertical 

GSA over the course of 48-72 hours (Figure 4.8 A) confirming that the cauline 

branches retain gravitropic competence but have a particularly strong anti-

gravitropic offset component. To provide additional evidence of the 

importance of variation in auxin signalling in shoot statocytes for GSA control, 

transgenic Arabidopsis plants expressing an inducible SCR::bdl:GR construct 

were generated. Dexamethasone treatment of these lines induced a less 

vertical GSA state in shoot branches, again, without affecting the GSA of the 

primary shoot (Figure 4.8 B). This induced GSA state, consistent with the 

activity of a strong anti-gravitropic offset, was lost 72 hours after the cessation 

of dexamethasone induction (Figure 4.8 B)  
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Figure 4.8: (A) 28 day-old intact and decapitated SCR::bdl plants. Expression 
of stabilised bdl/iaa12 in the shoot gravity-sensing cells (endodermis) induces 
a dramatic non-vertical lateral shoot GSA in SCR::bdl plants (A left and 
middle panels). As in WT plants, decapitation of the primary shoot apex  in 
SCR::bdl plants causes the sub-apical branch to switch to a GSA state lacking 
the anti-gravitropic offset mechanism (A right panel). (B,C) Expression of a 
dexamethasone (Dex)-inducible version of  bdl (SCR::bdl:GR) induces a less 
vertical GSA phenotype upon treatment with Dex (B,C). (C) Quantification of 
lateral shoot GSA in (intact) WT and SCR::bdl plants (p<0.05, Student’s t-test, 
n=15 – 20). Bars represent s.e.m Scale bars = 1 cm. 
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There are significant similarities in shoot phenotype between SCR::bdl and 

SCR::bdl:GR plants and the nph4-1 arf19-1 mutants, both having the least 

vertical GSA phenotype of all mutants tested here (Figure 4.4; Figure 4.8). 

bdl/iaa12 is a stabilising gain-of-function mutation (Hamann et al., 2002) and 

BDL/IAA12 protein has been shown to interact with NPH4/ARF7 and ARF19 

(Weijers et al., 2005). Thus, regardless of the contribution of wild-type 

BDL/IAA12 to GSA control, the likely bdl-mediated blocking of ARF action 

(possibly including that of NPH4/ARF7 and ARF19) in just the shoot 

endodermal statocytes is sufficient to modulate the GSA of branches. To test 

the idea that variation in NPH4/ARF7-mediated signalling in shoot statocytes 

alone can alter the GSA of shoot branches, transgenic plants expressing an 

inducible form of ARF7 in endodermal statocytes were generated 

(SCR::ARF7:GR). In these plants, treatment with dexamethasone induced a 

very vertical cauline branch GSA phenotype (Figure 4.9), consistent with the 

hypothesis that ARF7 is a negative regulator of the anti-gravitropic offset in 

the shoot and further that changes in auxin response in the shoot statocytes 

alone are sufficient to specify GSA values of shoot branches.  
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Figure 4.9:  (A) Expression of a dexamethasone (Dex)-inducible version of 
ARF7 (SCR::ARF7:GR) in the shoot gravity sensing cells (endodermis) 
induces a more vertical GSA phenotype upon treatment with Dex . (B) 
Quantification of lateral shoot GSA in mock- and Dex-treated SCR::ARF7:GR 
plants. P<0.05, Student’s t-test, n=15-20. Bars represent s.e.m. Scale bar = 1 
cm. 
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To assess whether or not the modulation of auxin sensitivity in the gravity 

sensing columella cells of the root cap is similarly sufficient to alter lateral root 

GSA, the GAL4 transactivation system was used to manipulate auxin 

signalling in these cells. Plants expressing the contruct UAS::axr3-1 (the 

AXR3/IAA17 Aux/IAA protein with a stabilising mutation) or a truncated ARF7 

protein (lacking domains III and IV for interaction with Aux/IAAs) were crossed 

to the enhancer trap lines J1092 (driving expression in the columella and 

lateral root cap [LRC]) and M0013 (LRC). Expression of ARF7! in the 

columella and the LRC but not the LRC alone caused lateral roots to grow 

with a less vertical GSA (Figure 4.10 A, B). In contrast, expression of axr3-1 in 

the columella and LRC but not the LRC alone caused lateral roots to grow 

with a more vertical GSA (Figure 4.10 A, C). As in the shoot, the modulation 

of auxin signalling in the columella statocytes alters lateral root GSA without 

affecting primary root gravitropism indicating that it is in these cell types that 

the magnitude of the anti-gravitropic offset and hence GSA is specified. 
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Figure 4.10: (A) Root GSA phenotypes of plants expressing either a 
truncated ARF7 or a stabilised axr3-1/iaa17 under the control of the UAS 
promoter (UAS::ARF7! or UAS::axr3-1) in the GAL4 driver line backgrounds 
M0013 (driving expression in the lateral root cap [LRC]) and J1092 (driving 
expression in the LRC and columella). (B,C) Quantification of lateral root GSA 
in WT control and plants expressing ARF7! or axr3-1 under the control of the 
two driver lines. (p<0.05 for data points 4 -10 in B and 2-10 in C, one-way 
ANOVA, n=15-20). Bars represent s.e.m. Scale bar = 5 mm. 
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4.3 Discussion 

In exploring in greater detail how anti-gravitropic values are set and 

maintained, the GSAs of lateral organs of a range of auxin homeostasis and 

signalling mutants were analysed. From these experiments it was found that 

lateral roots and shoots of mutants having higher auxin levels (yucca1-1d, 

yuc1D) or predicted higher levels of auxin response (arf10-3 arf16-2, axr3-10, 

arf10-3 arf16-2 axr3-10) were more vertical than those of the wild-type. In 

contrast lateral branches of mutants with lower levels of auxin (wei8 tar2) or 

reduced auxin response (tir1-1, afb4-2 afb5-5) have less vertical GSAs. 

Consistent with these genetic data, lateral roots treated with increasing 

concentrations of IAA and 2,4-D grew at more vertical GSAs and further, 

longer lateral roots with more vertical GSAs were shown to be more sensitive 

to exogenous auxin than shorter, less vertical lateral roots. These data 

suggest that the observed change in GSA as lateral roots grow out could be 

attributable to either or both increases in auxin concentration or sensitivity in 

the root apex. In this regard it is interesting to note that the Aux/IAA-based  

auxin signalling input reporter DII-VENUS (whose abundance is principally 

dependent on auxin concentration) (Brunoud et al., 2012) was expressed at 

higher levels in young emerging lateral roots, as compared to older elongating 

roots (Figure 4.12), suggesting that auxin levels (or at least auxin signalling 

input) increase as the lateral roots mature. These results are consistent with 

data from the Ljung lab showing that auxin levels increase with age in 

elongating lateral roots (Karin Ljung, personal communication, unpublished).  

 

4.3.1 Auxin regulates the magnitude of the anti-gravitropic offset 

Importantly, it was also found that the magnitude of outward anisotropic 

bending in lateral organs upon clinorotation was related to auxin sensitivity, 

such that mutants that were less sensitive to auxin (tir1-1) exhibited a greater 

degree of outward bending than those that were more sensitive to auxin 

(arf10-3 arf16-2). These data also provide clear support for the hypothesis 

that auxin regulates GSA by increasing (e.g. in tir1-1) or decreasing (e.g. in 

arf10-3 arf16-2 axr3-10) the magnitude of the anti-gravitropic offset. 

Furthermore, the data from the genetic analysis of mutants with defects in 

auxin homeostasis or signalling indicates that these auxin-dependent changes 
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in GSA could arise from changes in endogenous auxin levels and/or 

sensitivity to auxin. Importantly, this mechanism for the auxin-dependent 

regulation of GSA also has multiple nodes through which environmental 

signals could be integrated in order to effect changes in GSA.  

     

 

 

 

Figure 4.12: Expression of DII-VENUS lateral roots 

DII-VENUS expression in young (approx. 200 µm) and older (approx. 5 mm) 
elongating lateral roots.  The images consist of a single z-stack taken through 
the middle of each root. Gain settings were maintained at 703 for the GFP 
channel and 603 for the PI channel across all images.  Scale bar = 50 µm.  
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4.3.2 ARF7 may positively regulate the anti-gravitropic offset in lateral 

roots 

 Only one set of mutants contradicted the apparently simple relationship 

between auxin sensitivity and GSA. In Arabidopsis ARF7/NPH4 and ARF19 

are activating ARFs. Transgenic plants with loss of function of these genes 

would therefore be predicted to have lower levels of auxin response and 

consequently less vertical GSAs. The lateral shoot branches of nph4-1 arf19-

1 double mutants were indeed less vertical than the wild type. However, 

lateral roots of this mutant (and the arf7-201 single mutant) had GSAs that 

were more vertical than those of the wild-type. Consistent with this loss-of-

function phenotype, lateral roots of plants overexpressing a truncated form of 

ARF7 (which is not repressed via interaction with Aux/IAAs) were significantly 

less vertical than wild-type. While the arf7 single mutant has been reported to 

display reduced auxin sensitivity in the hypocotyl and normal auxin response 

in the root, measurements of auxin induced hypocotyl elongation and 

inhibition of primary root growth have shown that the arf7arf19 double mutant 

displays severely reduced auxin sensitivity in both hypocotyls and roots 

(Okushima et al., 2005). The more vertical GSA phenotype of nph4-1 arf19-1 

lateral roots is therefore perhaps surprising. Although counterintuitive, these 

genetic data are unequivocal and indicate that in the root, ARF7 may be 

involved in positive regulation of genes that maintain the anti-gravitropic 

offset. It is possible that these effects of loss of ARF7 and ARF19 function on 

GSA in the root (and/or indeed the shoot) could be indirect, for example 

through an increase in auxin levels in the gravity sensing cells. These 

possbilities will be the subject of future work. Given that the expression of 

ARF7 specifically in shoot statocytes is sufficient to suppress AGO activity 

and cause a more vertical growth of branches it will be important to perform 

the same targeted ARF7 expression experiments in the root statocytes. 

Indeed, it is likely that understanding the reason for these opposite arf7 arf19 

GSA phenotypes in the root and shoot may prove to be particularly 

informative in establishing the nature of the downstream effectors that 

regulate AGO activity in the gravity-sensing cells.  
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4.3.3 Changes in auxin sensitivity in the gravity-sensing cells of the 

shoot and root are sufficient to alter GSA 

 

While attempting to identify the cell types in which changes in auxin sensitivity 

were sufficient to bring about changes in GSA, the transgenic SCR::bdl line 

proved to be a valuable tool. Initially constructed by Weijers et al. (2006) to 

investigate the spatial and temporal control of IAA12/BDL and ARF5/MP 

action, the expression of the stabilized mutant Aux/IAA protein 

bodenloss/IAA12 is driven specifically in shoot endodermal gravity sensing 

cells by the SCARECROW (SCR) promoter in these plants. The cauline 

branches of transgenic plants expressing SCR:bdl and an inducible version of 

this construct (SCR::bdl:GR) were both found to have an extremely non-

vertical GSA phenotype suggesting that modulation of auxin sensitivity by bdl-

mediated blocking of ARF action in shoot gravity sensing cells was sufficient 

to modulate GSA. Because bdl is known to interact with both NPH4/ARF7 and 

ARF19 (Weijers et al., 2005), the hypothesis that variation in NPH4/ARF7-

mediated signalling in shoot statocytes was also sufficient to alter lateral 

branch GSA was tested by analyzing branch GSA in transgenic plants 

expressing a dexamethasone inducible form of ARF7 specifically in the shoot 

endodermis (SCR::ARF7:GR). Treatment with dexamethasone was found to 

induce a very vertical GSA phenotype in these experiments consistent with 

the hypothesis that ARF7 negatively regulates the anti-gravitropic offset in the 

shoot and that changes in auxin response in the shoot statocytes alone are 

sufficient to specify GSA values in the shoot. 

 

In order to test if changes in auxin signaling in the root gravity sensing cells 

(i.e the columella) were also sufficient to alter lateral root GSA, transgenic 

plants expressing the stabilized version of the AUX/IAA AXR3/IAA17 (axr3-1) 

and the truncated version of ARF7 in the lateral root cap, or the lateral root 

cap and columella were generated. In these experiments, plants expressing 

axr3-1 in the columella were found to have a more vertical lateral root GSA 

while those expressing ARF7 were found to have a less vertical GSA. The 

apparent discrepancy in the GSA phenotypes of loss-of-function axr3-10 and 

gain-of-function axr3-1 mutants may be explained by the opposite roles 
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played by ARF7 and ARF19 in the shoot and root GSA control as described 

above. Because axr3-1, like bdl is a strong gain of function mutant, and 

IAA17/AXR3 has also been shown to interact with ARF7/NPH4 and ARF19 

(Weijers et al., 2005), it is possible that the major effect of excess stabilized 

axr3-1 co-repressor protein in the root statocytes is via the blocking of 

ARF7/ARF19 and functionally redundant ARFs. In any case, it is clear that 

modulation of auxin response in the root statocytes is sufficient to alter lateral 

root GSA and that it is in the root and shoot gravity sensing cells that 

specification of GSA takes place.  

 

In the previous chapter, lateral organs were found to be distinguished from 

primary organs by means of an anti-gravitropic offset component, with auxin 

transport necessary for this offset mechanism. In this chapter, changes in 

auxin signalling in gravity-sensing cells of both types of lateral organs were 

found to be sufficient to bring about changes in non-adjacent epidermal 

growth tissue, consistent with the dependence of the anti-gravitropic offset on 

auxin transport. Thus, this model for GSA control (Figure 4.13) specifies two 

mechanistically distinct roles for auxin; in addition to driving isotropic growth in 

the epidermis, auxin and auxin signalling is also negatively regulating the 

magnitude of the offset component in gravity sensing cells of lateral organs.  
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Figure 4.13: Schematic model of the action of the auxin-dependent 

gravitropic and antigravitropic offset components also showing the TIR1/AFB-

signaling-mediated regulation of the antigravitropic offset by auxin that occurs 

within the gravity-sensing cells. Green arrows and red arrows represent the 

gravitropic and antigravitropic auxin transport components, respectively. 
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5.1 Introduction: 

 
Intercellular directional flow of the plant hormone auxin underpins multiple 

developmental processes at tissue and organ level in plants. This polarity of auxin 

transport is controlled by the coordinated intracellular localisation of several auxin 

transport proteins: the AUXIN RESISTANT1/ LIKE AUX1 (AUX/LAX) uptake 

permeases, ATP Binding Cassette subfamily B (ABCB) transporters and the PIN-

formed (PIN) efflux carrier proteins. In Arabidopsis, the PIN gene family consists of 

eight members, each of which have distinct cell- and tissue-specific expression 

patterns, leading to the formation of local and systemic auxin gradients critical for 

embryogenic patterning, organogenesis and tropic responses.  

 

In Arabidopsis, six of the eight PIN proteins contain a central long hydrophilic loop (HL) 

between the two hydrophobic transmembrane domains (PINs 1-4 and 6, 7; also called  

‘long’ PINs) Petrasek et al., 2006; Wisniewska J et al., 2006) and have been termed 

canonical PINs. These proteins are targeted to the plasma membrane and often show 

asymmetrical polarised localisation to particular  (e.g. apical, basal or lateral) faces of 

the cell. This dictates the direction of intercellular auxin flow and thus can determine 

the distribution of auxin within tissues.  The other two members of the PIN family do 

not contain the central hydrophilic loop separating the two transmembrane domains 

and are consequently known as the ‘short’ PINs (PINs 5 and 8). In contrast to the long 

PINs, the members of this group localise predominantly to the endoplasmic reticulum 

and mediate intracellular auxin compartmentalisation and homeostasis (Mravec et al., 

2009).  

 

Multiple endogenous and exogenous signals (such as morphogenesis, gravity, light 

etc.) are able to regulate the intracellular distribution and activity of PIN proteins (and 

therefore auxin transport) at the level of transcription, protein degradation or 

subcellular trafficking (reviewed in Vieten et al., 2007; Tanaka et al., 2006; Petrasek 

and Friml, 2009). The constitutive intracellular cycling of PIN proteins is one such 

important regulatory mechanism of PIN action. This consists of clathrin-dependent 

endocytosis and recycling of plasma membrane PINs mediated by the guanine-

exchange factor of ADP ribosylation factor (ARF-GEF)-dependent exocytocis 

(Dhonukshe et al., 2007). The recruitment of PINs to different trafficking pathways and 

polarity within the cell is dependent upon the phosphorylation status of specific Ser/Thr 
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residues present within the central hydrophilic region of the long PINs. In Arabidopsis, 

the phosphorylation status and polarity of PINs is mediated by the antagonistic action 

of the PID/WAG family of AGC3 serine/threonine protein kinases (consisting of 

PINOID (PID), WAG1 and WAG2) and the protein phosphatase 2A (PP2A)  

(Christensen et al., 2000; Michniewicz et al., 2007; Sukumar et al., 2009). Loss-of-

function pid mutants preferentially display basal (lower cell side) PIN localization (Friml 

et al., 2004), whereas pid gain-of-function and pp2a loss-of-function mutants display 

an apical (upper cell side) PIN localization (Michniewicz et al., 2007; Friml et al., 2004) 

in hypocotyl and root tissue, suggesting that phosphorylated and dephosphorylated 

PIN proteins are recruited into putative apical and basal polar targeting pathways 

respectively (Zhang et al., 2009). 

 

The data presented in previous chapters has shown that the anti-gravitropic offset that 

acts in tension with gravity in lateral organs is dependent on auxin transport. This is 

consistent with the fact that changes in auxin levels/signalling specifically in the gravity 

sensing cells of the root and shoot are sufficient to bring about changes in growth in 

non-adjacent epidermal tissue. While the molecular basis of the antagonistic 

interaction is still not clear, an obvious and attractive hypothesis is that this 

antagonism between gravitropic and anti-gravitropic components is based on 

opposing kinase and phosphatase mediated inputs into PIN polarity and hence net 

symmetry/ asymmetry of PINs within the statocytes of lateral organs.  

 

5.2 Results: 

5.2.1 Intracellular distribution of PIN proteins in lateral root columella cells 

Among the PIN protein family in Arabidopsis, PIN3 is expressed strongly in the 

columella of the primary root and the endodermis of the hypocotyl and stem, and 

intracellular redistribution of PIN3 upon gravistimulation in both roots and shoots leads 

to auxin-dependent downward bending in roots and upward bending in shoots (Friml 

et al., 2002a; Friml et al., 2002b; Kleine-Vehn et al., 2010; Rakusova et al., 2011). In 

addition, PIN4 and PIN7 are also expressed in the vasculature and columella of the 

primary root (Blilou et al., 2005). In order to test if non-vertical growth angles were 

dependent on asymmetrical apical/basal distribution of PINs in the statocytes of lateral 

roots, intracellular localisation of PIN3, PIN4 and PIN7 was examined in young 

emerging and older lateral roots using translational fusion markers.  In these 

experiments, PIN3 was strongly expressed in the columella of young emerging lateral 
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roots, but more weakly expressed in the columella of older lateral roots (Figure 5.1). In 

contrast, PIN4 and PIN7 were not expressed in the columella of young emerging 

lateral roots, but were more strongly expressed in older roots (Figure 5.1). No 

evidence of asymmetry in PIN localisation was found between apical and basal 

surfaces of columella cells in both younger and older lateral roots (data not shown). 

This is consistent with the idea that non-vertical growth angles are maintained by 

balanced gravitropic- and anti-gravitropic-based auxin transport fluxes (mediated by 

basal and apical PIN targeting respectively) acting in concert to generate a net 

isotropy in auxin response in lateral roots (Figure 5.1).  
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Figure 5.1: Expression analysis of the auxin efflux transporters PIN3, PIN4 and 
PIN7 in primary and lateral roots. Translational GFP marker lines (Kleine-Vehn et 

al., 2010) were used to examine the expression of PINs 3,4 and 7 in young (< 100 µm) 
emerging (left) and older (! 5 mm long) lateral roots (right). PIN3 was expressed 
strongly in the columella of young LRs, but weakly in the columella of older LRs. In 
contrast, PIN4 and PIN7 were not expressed in young LRs, but more strongly 
expressed in older LRs. Roots were stained with propidium iodide solution to visualize 
cell outlines. Images are a single section taken through the centre of the root. Gain 
settings of 1150 for the GFP channel and 693 for the PI channel were kept the same 
across all images. Scale bar = 20 µm. 
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5.2.2 Effect of synthetic kinase and phosphatase inhibitors on lateral root GSA 

Previous work has shown that phosphorylated PINs are targeted to the apical side of 

the cell, while dephosphorylated PINs are targeted to the basal side of the cells 

(Huang et al., 2010; Dhonukshe et al., 2010). To explore if opposing inputs into PIN 

phosphorylation in gravity-sensing cells might be a viable mechanism to account for 

the antagonistic interaction between gravitropic and AGO growth components we 

began by using inhibitors of the kinases and phosphatases known to regulate PIN 

polarity. Staurosporine has been shown to inhibit PID/WAG kinase activity while 

cantharidin inhibits the activity of Protein Phosphatase 2A/ ROOTS CURL IN 

NAPHTHYLPHTHALAMIC ACID (PP2AA1/RCN1). In these experiments, the lateral 

root GSA of cantharidin-treated plants was less vertical than that of mock-treated 

roots, consistent with the hypothesis a higher proportion of apically targeted PINs in 

statocytes would induce a less vertical GSA (Figure 5.2). Also consistent with this 

idea, the GSA of lateral roots of plants grown on staurosporine was more vertical than 

mock treated seedlings (Figure 5.2).  
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Figure 6.2: Effect of synthetic kinase and phosphatase inhibitors on lateral 
root GSA  
 (A) Effect of the phosphatase inhibitor cantharidin and the kinase inhibitor 
staurosporine on lateral root GSA of WT Arabidopsis seedlings. (B) Quantification 
of GSA changes in lateral root GSA upon cantharidin and staurosporine 
treatments. Bars represent s.e.m. (n=15-20, p<0.05, one-way ANOVA). Scale bar 
= 5 mm. 
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        5.2.3 GSA phenotypes of pp2a and pid loss-of-function mutants 
 

Previous researchers have described increased basal targeting of PIN1 and PIN2 in 

loss-of-function PID mutants (Benjamins et al., 2001; Friml et al., 2004). Also, loss of 

PP2A function results in a dramatic reduction in the basal localization of PIN1 and 

PIN4 in Arabidopsis roots and embryos (Michniewicz et al., 2007). Thus, auxin flux 

appears to be controlllable by antagonistic phosphorylation of PIN proteins by PP2A 

and PID. 

 

To extend the inhibitor studies in 5.2.2 and further test if antagonistic PID/PP2A-

mediated phosphorylation/dephsophorylation of PINs was regulating GSA in lateral 

organs, the GSA phenotypes of both lateral roots and shoots in pp2aa1/rcn1, pid-2 

and pid-3 loss-of-function mutants were analysed. In these experiments, the lateral 

roots of loss-of-function PP2AA1 mutant, rcn1 were found to be less vertical than the 

wild type (Figure 5.3 A, B), while both the weak loss-of-function pid-2 and the strong 

pid-3 mutants were found to have increasingly vertical GSAs as compared to the wild 

type (Figure 5.3 A, C). However, in the shoot, all three mutants had opposite GSA 

phenotypes: the rcn1 mutant had a more vertical GSA (Figure 5.3 D, E), while pid-2 

and pid-3 had less vertical GSAs than their corresponding wild types (Figure 5.3 D, 

F). Interpreting these results in the context of a general hypothesis for AGO acitivity 

based on antagonism at the level of PIN phosphorylation set out above, one 

possibility is that these results indicate that while the auxin flux mediated by PID 

phosphorylation in the root might sustain the anti-gravitropic offset component in 

lateral roots, in lateral shoots, it would act to sustain the gravitropic auxin flux. In 

contrast, PIN dephosphorylation mediated by RCN1 would act to sustain the 

gravitropic auxin flux in lateral roots, and the anti-gravitropic offset component in 

lateral shoots. It is possible that these GSA phenotypes are indirect effects of loss of 

PID and RCN1 function either in the root and shoot statocytes or elsewhere in the 

plant. Also, the above hypothesis does not take into account the potential effects of 

local auxin gradients and transport streams, for e.g. auxin is synthesized at high 

levels in young expanding leaves and transported acropetally to the root system. This 

directional shoot to root auxin flux may also play an important role in the sustenance 

of gravitropic and anti-gravitropic fluxes in lateral shoots.  However, if these pid and 

rcn1 GSA phenotypes are direct effects of their loss of function in root and shoot 

statocytes, then these data suggest that PID and PP2A have opposite roles in these 

cellular contexts.  
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Figure 5.3:  Lateral root and shoot GSA of loss-of-function rcn1/pp2aa1 and pinoid 
mutants. (A) Lateral roots of rcn1, pid-2 and pid-3 seedlings. Quantification of lateral root 
GSA in rcn1 (B) and pid-2 and pid-3 mutants (C). (D) Lateral roots of rcn1, pid-2 and pid-3 
seedlings. Quantification of lateral branch GSA in rcn1 (E) and pid-2 and pid-3 mutants 
(F). p<0.05 for data points 1-6 and 9-10 in B and 5-10 in E (Student’s t-test), and data 
points 1-10 in C and 4-10 in F (one-way ANOVA). Bars represent s.e.m. Scale bars = 0.5 
mm (roots) and 1 cm (shoots).  
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5.2.4 GSA phenotypes of PIN3 phosphovariant lines 

As described above, the intracellular apical/basal targeting of PINs to the plasma 

membrane is determined by the phosphorylation status of specific Ser/Thr residues 

present in a putative phosphorylation region within the central hydrophilic loop (HL), 

which is conserved in all five canonical PINs. In order to gain further insight into the 

possible mechanisms of PIN-mediated GSA control in lateral roots, lateral root GSA 

was analysed in two different PIN3 phoshovariant marker lines, PIN3YFP-1 and 

PIN3YFP-4 (Peter Grones, Jiri Friml, unpublished). In PIN3YFP-1, three serine 

residues at positions 226, 243 and 283 within the HL are replaced by alanine, a 

nonphosphorylatable residue. The resulting engineered PIN3 phosphovariant protein 

is predicted to localize predominantly at the basal membrane (constitutively active). In 

contrast, in PIN3YFP-4 three serine residues at positions 316, 317 and 321 are 

substituted by aspartic acid (D) to mimic phosphorylation. In this case, the PIN3 

phosphovariant protein is predicted to localize predominantly at the apical membrane 

(constitutively inactive).  

 

Upon analysis, the lateral root GSAs of transgenic lines containing PIN3 

nonphosophorylatable alanine (PIN3YFP-1) and phosphomimic aspartic acid 

(PIN3YFP-4) were found to be more and less vertical than the wild type respectively 

(Figure 5.4 A, B). These data were in accordance with the hypothesis that basal PIN 

localization may mediate gravitropic responses, while apical PIN localization may 

mediate anti-gravitropic responses in columella cells of lateral roots. The effect of 

these phospho-site mutations is not significantly different from the wild-type (effecting 

only an approximate 10o shift in GSA). However because PIN3 is expressed weakly in 

elongating lateral roots, it is also possible that PIN4 and PIN7 may act redundantly 

with PIN3 in elongating lateral roots, contributing to the relatively weak GSA 

phenotypes of the PIN3 phosphovariant lines. In the shoot, the GSA phenotypes of 

PIN3YFP-1 did not differ significantly from the wild type (Figure 5.4 C, D). At present it 

is not possible to determine the significance of these shoot data because the 

expression of PIN3 (or any PINs) in the statocytes of the primary and lateral shoot is 

not known. Studies concerned with PIN relocalisation in shoot gravitropism have been 

focused on the hypocotyl (Friml et al., 2003; Rakusova et al., 2011), but it is likely that 

the PIN localization in hypocotyl tissue may not be representative of that in 

inflorescence branches. 
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Figure 5.4: Lateral root and shoot GSA of PIN3 phosphovariant lines. (A) Lateral roots 
of constitutively active (PIN3:YFP-4) and inactive (PIN3:YFP-1) plants (B) Quantification of 
lateral root GSA in PIN3:YFP-1 and PIN3:YFP-4phosphovariant lines. (D) Quantification of 
lateral branch GSA in PIN3:YFP-1 and PIN3:YFP-4 phosphovariant lines. Bars represent 
s.e.m. No significant differences in lateral root or shoot GSA were seen. Scale bars = 0.5 
mm (roots) and 1 cm (shoots) .   
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The intracellular localisation of PIN3 in the columella cells of the two phoshovariant 

lines was further analysed in lateral roots using confocal microscopy. In these 

preliminary experiments, the ratio of apical to basal fluorescence in the plasma 

membrane of the statocytes was compared to plants expressing the native PIN3 

protein. PIN3YFP-1 was found to be predominantly localised to the basal side of the 

plasma membrane, while PIN3YFP-4 was found to be predominantly localised to the 

apical side of the plasma membrane in columella cells of lateral roots, in line with the 

more and less vertical GSA phenotypes of these mutants respectively (Figure 5.5). 

These data will need further validation using alternative methods such as using an 

anti-GFP antibody and colocalisation studies using a plasma membrane marker.  
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Figure 5.5:  Intracellular localisation of PIN3 in phosphovariant lines (A) 
Comparison of intracellular localisation of PIN3 plants expressing constitutively active 
(PIN3:YFP-1) and inactive (PIN3:YFP-4) in z-stack images of lateral root columella 
cells  of PIN3 phosphomimic variants. Images are an average intensity projection of 22 
z-stack sections with a thickness of 1 µm each. Gain settings of 1150 for the GFP 
channel and 693 for the PI channel were kept the same across all stacks and images.  
Arrowheads indicate localisation at basal or apical faces of columella cells. PIN3:YFP-
1 localises predominantly at the basal surface, while, in contrast PIN3:YFP-4 localises 
predominantly at the apical surface. Wild type PIN3:GFP displays no asymmetry in 
localisation between apical and basal cell surfaces. (B) Ratio of apical/basal surface 
fluorescence intensity of lateral root columella cells (n=50). Scale bar = 30 µm. 
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5.2.5 Expression of PINOID and PP2AA/RCN1 in Arabidopsis roots 

To gain further insight into the role(s) of PID and RCN1 in mediating GSA control, the 

gene expression patterns of PID and RCN1 were examined in lateral roots using 

translational fusion marker lines. PID was found to be strongly expressed in the 

lateral root cap, and the epidermis and cortex in the elongation zone but very weakly 

in the columella of both younger and older lateral roots (Figure 5.6 A left panel). 

Confirming previous studies, PID was also closely associated with the plasma 

membrane in all cell types (Michniewicz et al., 2007; Sukumar et al., 2009; Figure 5.6 

A left panel). RCN1 was expressed strongly throughout the basal and central 

elongation zones, but more weakly in the columella cells of lateral roots (Figure 5.6 A 

right panel). In addition to being closely associated to the plasma membrane, unlike 

PID, RCN1 was also detected in the cytoplasm.  

 

Earlier results (Chapter 4) showed that treatment with 50 nM IAA or 2,4-D led to a 

shift in lateral root GSA towards a more vertical orientation. To see if these effects of 

auxin might involve the regulation of PID and RCN1/PP2AA1 we examined the 

expression of pPID::PID:YFP and pRCN1::RCN1:GFP under auxin treatment in the 

root. Upon treatment with 100 nM IAA for 2 hours, the expression of RCN1 in the 

columella cells of lateral roots was found to be visibly upregulated (Figure 5.6 B), a 

change that would be predicted to increase PIN residence at the lower membrane 

face. Although these data need further validation, for e.g. by qPCR, this pattern of 

regulation is compatible with the general hypothesis that AGO activity may be based 

in antagonistic phosphoregulation in the statocyte. Interestingly, in these experiments 

IAA treatment had no obvious visible effect on the expression of RCN1 in primary 

roots (Figure 5.6 C). Again these data need further validation, as less dramatic 

changes in gene expression are unliley to be identified by confocal microscopy.  No 

change in PID expression in lateral roots was seen upon IAA treatment (data not 

shown).  
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Figure 5.6: RCN1 and PID expression (A) Expression patterns of PID and RCN1 in 
elongating lateral roots. (B) Upregulation of RCN1 expression in lateral roots following 
treatment with 100 nM IAA for 2 hours. (C) No change in RCN1 expression was seen in 
primary roots treated with IAA. Gain settings of 891 for the GFP channel and 684 for the PI 
channel were kept the same across all images. Scale bar = 30 µm. 
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In addition to PID, the Arabidopsis genome contains two additional serine/threonine 

protein kinases WAG1 and WAG2 that are closely related to PINOID (Dhonukshe et 

al., 2010). Although both single and double WAG mutants have wild type phenotypes 

in most respects, they display an enhanced wavy root phenotype. In addition, the 

double mutants are more resistant to the effects of NPA to the inhibition of root 

curling, suggesting that auxin transport may be affected in these mutants. Finally, 

previous work using GUS reporter gene fusions has shown that the WAG promoters 

are most active in primary root tips, consistent with the phenotypes observed in these 

mutants (Santner and Watson, 2006). However, this study did not carry out a detailed 

expression analysis of these genes in lateral roots. Thus, although PID is expressed 

very weakly in the lateral root columella, it is likely that WAG1, WAG2 or both may 

play additional roles in PIN phosphorylation in these cells.  

 

5.2.6 Analysis of Aux/IAA gene expression patterns in Arabidopsis roots 

Although the antagonism between kinase and phosphatase activities, and therefore 

the gravitropic and anti-gravitropic offset, may be the cause of net isotropic non-

vertical growth in lateral organs, the mechanisms that lead to the establishment of 

the anti-gravitropic offset solely in lateral organs are still unknown. It is possible that 

these genes involved in establishing the different identities of lateral and primary root 

columella cells may be either auxin responsive, or themselves be part of the auxin 

signalling pathway. Among the multiple gene families involved in auxin signalling, the 

AUX/IAA gene family has 29 members. As a preliminary step, a series of AUX/IAA 

promoter fusion marker lines were screened in order to identify members that may be 

differentially expressed in the root columella cells. In this screen, four different 

AUX/IAAs (IAA15, IAA19, IAA20 and IAA31) were found to have contrasting 

expression between lateral and primary root columella cells. Of these, IAA15 and 

IAA19 were expressed in columella cells of young emerging (<2 mm) and older 

elongating (>1 cm) lateral roots, but not in the columella cells of the primary root. On 

the other hand, IAA20 and IAA31 were very weakly expressed in the columella cells 

of lateral roots, but were strongly expressed in the primary root columella (Figure 

6.7). Specificity in Aux/IAA-ARF interaction is a fundamental basis of auxin mediated 

tissue and organ specific development. Also interestingly, IAA31 is a non-canonical 

member of the AUX/IAA family, lacking Domain II, which mediates interaction with 

the ARF proteins. Thus, expression analysis of these Aux/IAA markers has provided 
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initial evidence that differences and stability of the molecular identities of lateral and 

primary root columella cells may be established by means of specificity in AUX/IAA-

ARF interaction and therefore auxin signalling. 
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Figure 6.7: Comparison of expression patterns of Aux/IAA genes using 
promotor:3xGFP fusion marker lines in the columella cells of primary and lateral roots. 
IAA15 and IAA19 were expressed in columella cells of lateral roots, but not in the 
primary root. In contrast, IAA20 and IAA31 were very weakly expressed in the 
columella cells of lateral roots, but were strongly expressed in the primary root. Images 
are a single section taken through the centre of the root. Gain settings of 678 for the 
GFP channel and 792 for the PI channel were kept the same across all images. Scale 
bar = 50 µm. 
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5.3 Discussion 

 

5.3.1 Non-vertical GSAs may be maintained by balanced antagonistic inputs 

into PIN polarity 

The dependence of the anti-gravitropic offset on auxin transport is consistent with the 

fact that specific changes in auxin signalling in only the gravity-sensing cells of the 

shoot and the root are sufficient to bring about changes in growth in non-adjacent 

epidermal tissues.  Several studies have shown that the intracellular polarity of PIN 

efflux transporters depends on their phosphorylation status. It is therefore possible 

that the molecular basis of the antagonistic interaction between the opposing auxin 

fluxes may be based on opposing kinase and phosphatase activities that may direct 

apical or basal polarity of the auxin efflux transporter PIN proteins in lateral shoot and 

root statocytes. The intracellular localization of PIN3, PIN4 and PIN7, which are 

known to play a role in primary root gravitropism, was examined in primary roots as 

well as young emerging, and older elongating lateral roots. Although there were 

differences in expression of the three PINs between lateral and primary roots, these 

preliminary results show that there was no obvious asymmetry in the localization of 

these proteins between plasma membranes at apical and basal sides of lateral root 

columella cells. This provided further evidence to suggest that lateral roots were 

undergoing isotropic growth at specific non-vertical GSAs as a result of balanced 

antagonistic auxin fluxes, rather than gradually acquiring the capacity to respond to 

gravity. Further support for this hypothesis also came from data showing that 

changes in the apico-basal polarity of PIN3 in lateral root columella cells in 

phosphovariant marker lines were sufficient to alter lateral root GSA.  Moreover, loss-

of-function kinase and phosphatase mutants pid and rcn1 (which have defects in 

apical and basal PIN cycling respectively) had lateral roots which were significantly 

more and less vertical than those of wild-type. In the future, analysis of lateral organ 

GSA in the 35S::PID overexpressing plants may also prove to be useful. Transgenic 

plants constitutively overexpressing PID show a dramatic apical-to-basal shift in PIN 

polarity (Friml et al., 2004). Although this leads to eventual collapse of the root apical 

meristem, 35S::PID plants have been described to produce lateral roots (Benjamins 

et al., 2001), which, given model presented above, would be predicted to have a 

significantly less vertical GSA than the wild-type.  
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5.3.2 Auxin may influence lateral root GSA through upregulation of RCN1 

expression  

Because treatment with exogenous auxin reduces the magnitude of the anti-

gravitropic offset leading to a more vertical GSA in lateral roots, it follows that, in a 

model of GSA control based on antgonistic regulation of PIN polarity in statocytes, 

auxin may either upregulate expression levels of PP2A/RCN1 or downregulate those 

of PID, leading to an overall increase in the relative basal localization of PINs in 

lateral root statocytes. Treatment with 100 nM IAA for two hours was found to 

enhance RCN1 expression in lateral roots but not in primary roots. Interestingly rcn1 

was also expressed at higher levels in primary roots as compared to lateral roots, 

suggesting that lower levels of PIN dephosphorylation may be a contributing factor to 

mechanisms sustaining non-vertical growth in lateral roots. Auxin treatment did not 

induce any significant change in the expression of PID in lateral roots. However, a 

previous study has reported PID transcription was enhanced in primary roots four 

hours after auxin treatment (Benjamins et al., 2001). Thus it is possible that PID may 

be differentially expressed and regulated in primary and lateral roots. Also, PID is 

known to act redundantly with the WAG1 and WAG2 protein kinases (Santner and 

Watson, 2006) which are expressed more strongly in root tips as compared to 

PINOID, giving rise to the possibility that one or both of these proteins may play more 

important roles in PIN phosphorylation in lateral roots than PID. Besides this, other 

plant kinases such as the D6PK AGVVIII protein kinases have also been identified to 

play a major role in hypocotyl phototropic response by regulating auxin transport 

through the activity of PIN3, PIN4 and PIN7 (Willige et al., 2013). It will be important 

to ascertain if these kinases also play a role in maintaining lateral organ GSA. 

 

While antagonistic PID/PP2A interaction and subsequent PIN localization in lateral 

organs may be a basis for non-vertical growth, it will be interesting to compare the 

expression levels of both PID and RCN1/PP2A in primary and lateral organs using 

quantitative PCR. Because PID mediated phosphorylation promotes apical PIN 

localization, presumably sustaining the anti-gravitropic offset, it is possible that PID 

expression levels may be lower in the primary axis, which has a zero value anti-

gravitropic offset. Also, it is essential to identify the ‘lateral’ factor i.e the genetic and 

molecular genetic basis for the establishment of the anti-gravitropic offset in lateral 

organs perhaps, via PID/PP2A antagonism. Transcriptomic data comparing 
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differences in AFB-Aux/IAA-ARF mediated gene expression between statocytes of 

primary and lateral organs may prove be a valuable tool in this regard. 

 

Much of the work presented in this chapter has focused on PIN polarity in lateral 

roots. However, it is likely that there may be significant similarities between the root 

and shoot mechanisms regulating the maintenance of non-vertical growth angles in 

lateral organs. This is further supported by the opposite GSA phenotypes of pid and 

rcn1 loss-of-function mutants in both roots and shoots.  Most studies performed on 

the role of PIN3 in gravitropic and phototropic responses have focused on the 

hypocotyl, rather than inflorescence branches, probably due to the technical 

difficulties associated with confocal imaging in thicker stem sections. However, 

examining the intracellular localization of native and phosphovariant PIN3 proteins in 

lateral shoot endodermal cells, should provide valuable insights into GSA regulation 

at the molecular level.  

 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 6 
 

 
 

Effect of environmental conditions on GSA 
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6.1 Introduction: 
 
In higher plants, lateral organs play a critical role in determining the structure 

and configuration of root and shoot systems of the plant through their 

branching patterns, their lengths and the angles at which they grow. In the 

1960s, the success of the Green Revolution was based on the modification of 

plant architecture through selective breeding, by selection of varieties of 

wheat with shorter and sturdier stems ultimately leading to higher yield 

bearing plants, which were able to resist the damaging effects of wind and 

rain (Peng et al., 1999). However, more recently, studies on model plants 

Arabidopsis, tomato and rice, and the identification and characterisation of 

many, many mutants has strengthened our understanding of the molecular 

genetic basis of plant architecture. This has resulted in developments in both 

plant breeding for and the genetic engineering of structural traits with the aim 

of improving the suitability of a crop plant for cultivation yield and harvesting 

efficiency. 

 

Plant architecture is species-specific, indicating that it is under strict genetic 

control. Importantly, however, it is also influenced by short- and long-term 

changes in environmental conditions such as light, temperature, humidity and 

nutrient status. In plants, changes in these external environmental stimuli are 

perceived by multiple receptors, thereby triggering signaling cascades that 

ultimately result in developmental and physiological changes to ensure 

optimal growth and reproduction. Consequently, numerous biotic and abiotic 

environmental cues can have a profound effect on plant architecture affecting 

factors such as overall plant size and the number and size of individual 

organs. Thus, at any given time, the architecture of a plant is the product of 

the interaction between the signals regulating endogenous growth processes 

and those carrying information about prevailing environmental conditions 

(Barthelemy and Caraglio, 2006). Establishing how extrinsic signals are 

integrated to modulate intrinsic growth and development is therefore a very 

important question in plant biology. 
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Cues from the light environment are perceived by the phytochrome family of 

photoreceptors in plants and are involved in the regulation of various 

processes, such as seed germination, the establishment of seedlings, the 

determination of growth habit, the transition to flowering and the shade 

avoidance response (Morelli and Ruberti, 2000). In Arabidopsis, reduction in 

the ratio of red:far red (R:FR) light leads to a marked increase in hypocotyl 

and petiole elongation and a corresponding reduction in cotyledon and leaf 

expansion. These processes require coordinated regulation of distinct 

developmental processes such as cell proliferation, cell differentiation and 

direction of cell expansion, all of which are dependent on the action of 

phytohormones. Previous studies have demonstrated the role of 

brassinosteroid and giberellin biosynthesis in light-dependent plant 

development (Li et al., 1996; 1996; Kamiya and Garcia-Martinez, 1999). In 

addition, the identification of IAA3/SHY2 as a downstream effector of 

phytochrome mediated signalling transduction has highlighted the link 

between light-dependent development and auxin signalling (Galweiler et al., 

1998). Previous studies also showed that the axr1-12 mutant which is 

severely impaired in auxin response did not elongate significantly in response 

to FR rich light (Behringer et al., 1992), and that application of the auxin 

transport inhibitor 1-N-Naphthylphthalamic acid (NPA) significantly 

inhibited hypocotyl elongation in wild type seedlings grown in FR rich light 

(Steindler et al., 1999) suggesting a requirement for auxin transport and/or 

signaling to effect light-mediated changes in shoot architecture. 

 

Further studies have described the effect of high temperature on Arabidopsis 

plants (Gray et al., 1998, Tao et al., 2008). These studies showed that 

growing Arabidopsis at elevated temperature of 29oC leads to accelerated 

development, bolting and flowering. In young seedlings grown at 29oC, the 

most noticeable effect was a drastic increase in hypocotyl and petiole length 

relative to control plants. Gray et al. also demonstrated the role of auxin in 

regulating temperature-induced hypocotyl elongation: Application of NPA and 

the tir1-1 loss of function mutant displayed significant reductions in hypocotyl 

elongation at higher temperatures. It was concluded that the developmental 
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changes seen in Arabidopsis plants grown at higher temperatures were a 

direct result of elevated free IAA levels through a tryptophan-dependent 

pathway. Consistent with this, high temperature was found to lead to at least a 

two-fold increase in the expression of two auxin responsive reporter genes, 

pIAA4::GUS and SAUR-AC1-GUS. More recently, work from Franklin et al. 

(2011) also showed that auxin-dependent elongation at high temperature was 

effected through the increased expression of a family of SMALL AUXIN UP 

RNA (SAUR) genes that promote growth at high temperatures.   

 

Below ground, the ability of the root system to respond appropriately to soil 

nutrient and water availability is also of fundamental importance to the plant 

for adaptation to it’s micro-environment. Changes in the levels and availability 

of nutrients such as nitrate, phosphate, sulphur and iron act as signals that 

can have a profound impact on root system architecture by modulating 

processes such as root hair growth, primary root elongation and lateral root 

growth. Among plant macro-nutrients, inorganic phosphates can be one of the 

most limiting nutrients in soil as they are insoluble in water and therefore more 

difficult to assimilate (Holford et al., 1997). In Arabidopsis, several changes in 

RSA such as shortening of the primary root, elongation of lateral roots and 

roots hairs occur in response to Pi deficiency (Williamson et al., 2001). Auxin 

is known to play an important role in the signaling pathways that lead to these 

changes in RSA through the upregulation of the auxin receptor TIR1 (Perez-

Torres et al., 2008), which in turn leads to increased sensitivity to endogenous 

auxin levels and corresponding changes in gene expression. 

 

Although drastic changes in both root and shoot system architecture in 

response to changing environmental conditions have previously been 

reported in various studies, the effect of abiotic environmental changes on 

lateral organ GSA have not previously been described in detail. Many of the 

environmental-mediated changes in plant architecture involve significant 

crosstalk with, or are known to be dependent, upon the modulation of the 

auxin signaling pathway, which has also been shown to regulate lateral organ 

GSA (Chapter 4). It is therefore possible that light quality, temperature 
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fluctuations and nutrient availability may have an effect on lateral organ GSA 

through modulation of the auxin levels and/or sensitivity.  

 

 

6.2 Results  

 

6.2.1 Effect of light levels and quality on shoot GSA  

In order to explore how cues from the environment could affect lateral organ 

GSA in Arabidopsis, environmental signals of light, temperature and nutrient 

deficiency were used. WT Col-0 plants were germinated in the glasshouse 

and grown individually in pots for ten days before being transferred to either 

full light conditions, where the ratio of red to far red light (R/FR) was 

approximately equal to one, or to shaded conditions, which had a R/FR ratio 

of approximately 0.3. The plants were allowed to grow in either of the two 

contrasting light conditions for a further 11 days, prior to being photographed. 

The GSA of lateral branches was then measured using ImageJ. 

 

During the course of the experiment, plants that were grown under shaded 

conditions with lower R/FR light ratios displayed features of the classic shade 

avoidance response such as increased hypocotyl lengths and early bolting 

compared to plants grown in un-shaded conditions. This was accompanied by 

plants grown in shaded conditions displaying significantly more vertical lateral 

branch GSAs than those grown in the light (Figure 6.1). Recent data from 

Keuskamp et al. (2011) suggests that the level of endogenous IAA is 

upregulated in the shade avoidance response. Moreover, the shade 

avoidance response leads to the changes in the localisation of PIN3 in the 

hypocotyl endodermal cells from the basal side to a predominantly lateral 

orientation. Both these findings are in accordance with the GSA phenotype 

seen in shade-grown plants: increased auxin levels (such as those in the 

yuc1D auxin biosynthetic mutant) and lateral relocation of PIN3 in the shoot, 

perhaps resulting in more auxin being driven into lateral branches would 

cumulatively lead to a more vertical lateral branch GSA (Figure 6.1). 
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         Red/Far Red (R/FR) = 1                               Red/Far Red (R/FR) <1 

        

  

 

Figure 6.1: Low R/FR ratios cause a significant shift in lateral branch 
GSA towards a more vertical orientation. (A) Representative images and 
(B) quantification of GSA of lateral branches of plants grown in light levels 
with contrasting R/FR ratios. Bars represent standard errors of the means (n = 
12-15, p<0.05, Student’s t-test for data points 3-10). Scale bar = 1 cm 
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6.2.2 Effect of temperature on shoot GSA 

In order to assess the changes in shoot GSA in response to higher 

temperatures, WT Col-0 plants were germinated in individual pots in the 

greenhouse and transferred to growth chambers maintained at either 20oC, 

for normal temperature controls or 28oC for high temperature treatments for a 

further 11 days prior to shoot GSA analysis.  

 

Similar to plants grown at low R/FR ratios, WT Col-0 plants growing at 28oC 

were also found to display phenotypes such as rapid elongation and earlier 

flowering (Figure 6.2 A). The lateral branch GSA of these plants was also 

markedly more vertical than of those plants growing at 20oC (Figure 6.2 B, C). 

Previous work has shown that the similar architectural changes induced at 

high temperatures and during threat of vegetational shade both involve the 

upregulation of auxin biosynthesis and are commonly mediated by the bLHL 

transcriptional regulator PHYTOCHROME INTERACTING FACTOR 4 (PIF4) 

(Koini et al., 2009; Franklin et al., 2011; Sun et al., 2012). It is therefore not 

surprising that both low R/FR ratios and high temperature conditions lead to a 

drastic increase in lateral branch GSA in Arabidopsis.  
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             WT Col-0 (8 days) - 20oC                    WT Col-0 (8 days) - 28oC 

       

 

               WT Col-0 (21 days) - 20oC          WT Col-0 (21 days) - 28oC 

                         

 

                      

 Figure 6.2: High temperature (28oC) causes a significant shift in lateral 
branch GSA towards a more vertical orientation. (A, B) Eight and 21-day-
old WT Col-0 plants growing at 20oC (left) and 28oC (right) and (C) 
quantification of GSA of lateral branches of plants grown in low and high 
temperature regimes. (p<0.05, Student’s t-test for data points 1-10, n = 12-
15,). Bars represent s.e.m. Scale bar = 1 cm 
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6.2.3 Effect of phosphate deprivation on lateral root GSA 

In order to assess the effects of nutrient deficiency on root system 

architecture and GSA, Arabidopsis seedlings were subjected to lower levels of 

inorganic phosphate (Pi) which, as previously stated is one of the most 

limiting plant macro-nutrients for plant growth. Five days post germination on 

ATS medium, WT Col-0 Arabidopsis seedlings were transferred to Johnson’s 

medium containing either low phosphate (0 µM KH2PO4), or high phosphate 

(500 µM KH2PO4) and allowed to grow for a further seven days prior to 

analysis. Arabidopsis seedlings growing on low phosphate medium displayed 

the characteristic phenotypes associated with phosphate deficiency i.e. longer 

root hairs, increased numbers and density of lateral roots and suppression of 

primary root elongation. The GSA of lateral roots of these seedlings was 

significantly more vertical than those of plants growing on high phosphate 

medium. (Figure 6.3) Perez-Torres et al. (2008) have previously shown that 

low phosphate levels lead to a significant increase in the expression levels of 

the auxin receptor TIR1 in the roots of Pi deprived seedlings. This in turn 

leads to increased sensitivity to endogenous auxin, consistent with the GSA 

phenotype observed under Pi deficiency in these experiments. In order to 

further test this hypothesis, changes in the lateral root GSA of tir1-1 loss of 

function mutant seedlings were measured in response to Pi deprivation. In 

these experiments, the lateral root GSA of tir1-1 seedlings also shifted 

towards the vertical during Pi stress (Figure 6.3).  Redundancy in the 

TIR1/AFB family has previously been reported in several other studies, 

suggesting that aside from TIR1, other AFBs may also contribute to auxin-

mediated GSA change in lateral roots. Among these, AFB5 may be the most 

likely candidate, given that the afb5-5 loss of function mutation confers a 

significantly less vertical lateral organ GSA phenotype to WT Col-0 plants 

(Chapter 4). 
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                             WT Col-0                            tir1-1 

       

       

              
 Figure 6.3: Phosphate deficiency causes a shift in lateral root GSA towards a 
more vertical orientation in WT Col-0 and tir1-1 mutant plants. (A) WT Col-0 
and tir1-1 mutant plants growing in Pi replete (left) and Pi deficient (right) medium 
and (B) quantification of GSA of lateral roots of plants grown in Pi replete and 
deficient conditions. (p<0.05, Student’s t-test for data points 1-10, n = 12-15). Bars 
represent s.e.m. Scale bar = 2 mm 
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6.2.4 Effect of phosphate deprivation on basal root GSA in bean 

GSA changes in response to low Pi were also studied in the basal roots of 

common bean (Phaseolus vulgaris). For these experiments, bean plants were 

grown in ‘cyg’ seed germination pouches containing liquid nutrient medium 

with high or low phosphate for seven days. In contrast to Arabidopsis lateral 

roots, basal roots of bean showed an increased GSA and shifted to a less 

vertical orientation under limiting Pi conditions when compared to control 

plants grown in Pi replete conditions (Fig 6.4). Additionally, when bean plants 

were grown in the presence of 50 nM IAA, the GSA of basal roots also 

showed an increase in GSA similar to that seen in plants growing in low Pi 

medium. Because both Pi depletion and auxin treatment lead to a similar GSA 

phenotype in bean basal roots, it is possible that a common signalling 

pathway may modulate both Pi and auxin mediated GSA change.  

 

Several previous studies (Ochoa et al., 2006; Zhu et al., 2006; Lynch, 2011) 

have shown that maize, bean and soybean varieties with shallower root 

growth angle have upto a six-fold greater capacity to forage topsoil and 

therefore increase phosphate acquisition as compared to deeper-rooting 

varieties. This is because phosphates are generally immobile in soil and 

therefore, surface soil strata become enriched by plant residues over time as 

compared to subsoil strata. Thus the change in basal root GSA to a less 

vertical orientation in Pi deficient conditions may reflect an environmental 

adaptation in bean to enhance topsoil foraging and consequently increase 

phosphate acquisition. Although this response is opposite to that seen in 

Arabidopsis lateral roots, this may be due to anatomical and physiological 

differences between the two types of roots. While lateral roots in Arabidopsis 

arise from the pericycle cell layer in the primary root, adventitious or basal 

roots in bean (and many other species) arise from the hypocotyl, from the 

base of the stem. It is therefore possible that significant differences in auxin 

levels and/or sensitivity may exist between lateral and basal roots. In addition, 

different organs such as root and shoot systems respond very differently to 

changes in auxin concentrations at the cellular and molecular level. For 
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example, auxin inhibits cell elongation in the root, while promoting it in the 

shoot. Thus it is possible that basal roots may be significantly less sensitive to 

auxin than lateral roots, leading to an increase in GSA in Pi deficient 

conditions 
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Figure 6.4: Phosphate deficiency causes a shift in the GSA of basal 
roots in Phaseolus vulgaris (bean) towards a less vertical orientation. 
(A) Representative images and (B) quantification of GSA in basal roots of 
seven-day-old bean plants growing in ‘cyg’ seed germination pouches 
containing nutrient medium with low or high levels of Pi and 50 nM IAA. Root 
systems were undisturbed in the pouches during imaging. Bars represent 
s.e.m. n=10-12, p<0.05, Students t-test for mock and low Pi treatments. Scale 
bar = 1 cm 
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6.3 Discussion 

It is well known in plants that environmental changes are able to not only drive 

developmental transitions (such as germination and flowering) but also 

continuously shape plant form to allow adaptation to prevailing environmental 

conditions and thus maximise fitness. Information from multiple environmental 

inputs including light (direction, quality, quantity, and photoperiod), water and 

nutrient availability and biotic stress must be integrated and resolved within 

endogenous signalling systems to generate optimal growth and 

developmental responses. Plant hormones are central to these processes 

(Kieffer et al., 2010). 

 

6.3.1 Low R/FR ratios cause lateral shoots in Arabidopsis to shift 

towards a more vertical GSA 

Among the diverse external environmental stimuli perceived by plants, light is 

one of the most important. In many plant species, germination and seedling 

development are exquisitely sensitive to light. In Arabidopsis, light is able to 

strongly influence multiple facets of the auxin system, controlling auxin levels, 

transport and responsiveness. Auxin levels are closely tied to light-dependent 

growth and development. For example, dark grown seedlings are typically 

etiolated with elongated hypocotyls and small immature cotyledons, showing 

a similar phenotype to auxin overproducing yucca and red1 mutants (Zhao et 

al., 2001; Hoecker et al., 2004). On light exposure however, seedlings adopt a 

different growth programme, where resources are allocated to cotyledon 

expansion and chlorophyll production at the expense of hypocotyl elongation. 

These phenotypes are characteristic of auxin deficient mutant sav3/taa1, 

which has shorter hypocotyls, and more expanded cotyledons than wild-type 

seedlings (Castillon et al., 2007). Recent studies have shown that 

phytochrome light receptors impose a strong influence on auxin levels in 

plants by regulating, both, SUR2, a repressor, and TAA1, an enhancer of 

auxin biosynthesis. When R/FR ratios are high, active PhyB reduces IAA 

levels by coordinated activation of SUR2, and reduction of TAA1 transcript 

levels. On the other hand, reduced levels of PhyB, induced by lower R/FR 

ratios trigger reciprocal controls, with a consequential increase in IAA levels.  
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Closer ties between light and auxin distribution were also highlighted by other 

studies which showed that loss of cry1, PhyA or PhyB activity resulted in 

increased hypocotyl elongation, reduced primary root length and increased 

numbers of lateral roots, which are all characteristic of auxin overproducing 

mutants (Canamero et al., 2006; Salisbury et al., 2007). Light was also shown 

to modulate PIN3 transcript levels: activation of PhyB reduced PIN3 transcript 

abundance, while PhyB inactivation resulted in increased PIN3 transcript 

levels. Further, Laxmi et al. (2008) showed that light signaling could modulate 

auxin flux by directly regulating the intracellular localization of PIN1, PIN2 and 

PIN7 proteins. These results along with work from Friml et al. (2002) showing 

light-dependent relocation of PIN3 in Arabidopsis hypocotyls suggest that light 

is able to modulate auxin transport by regulating intracellular PIN distribution.  

 

When the effect of light quality on GSA was analysed in this study, it was 

found that lower R/FR ratios lead to a more vertical GSA phenotype in lateral 

branches. This is consistent firstly with data from the above studies, showing 

that reduction in light quality leads to an increase in auxin biosynthesis, and 

secondly data from this study showing that increase in auxin 

concentrations/sensitivity can be correlated to more vertical GSA states. 

Moreover, some direct links between auxin signalling and light-dependent 

modulation of lateral root GSA have been shown prior to this work, (Mullen 

and Hangarter, 2003) in which lateral roots of the double phytochrome mutant 

phyAphyB were found to have a less vertical GSA than those of wild-type, 

consistent with reduced shoot to root auxin transport and greater 

accumulation of auxin in the shoot over time (Salisbury et al., 2007). 

 

6.3.2 High temperature causes lateral shoots in Arabidopsis to shift 

towards a more vertical GSA 

Temperature as an environmental cue has long been known to have a 

dramatic effect on plant architecture by inducing rapid hypocotyl elongation, 

leaf hyponasty and early flowering. In this study, high temperature was also 

found to cause a shift in lateral branch GSA towards a more vertical 



! "#$!

orientation. This is consistent with early work which revealed a correlation 

between high temperature induced hypocotyl elongation and elevation of 

endogenous free IAA levels in Arabidopsis (Gray et al., 1998). Genetic 

analysis revealed that high temperature induced hypocotyl elongation was 

drastically reduced in Arabidopsis mutants defective in auxin biosynthesis, 

signalling or transport, thus attributing an essential role to the auxin signalling 

pathway in mediating high temperature induced architectural changes in 

Arabidopsis. More recently, PIF4, a member of the phytochrome interacting 

family (PIFs) of proteins that are known to be versatile integrators of 

environmental and hormonal signalling pathways, has been shown to be a 

key mediator of temperature induced hypocotyl elongation regulating auxin 

biosynthesis. In response to high temperature, PIF4 was found to directly 

activate the expression of YUC8, a member of the YUCCA auxin biosynthesis 

gene family and therefore elevate free IAA levels (Sun et al., 2012). Moreover, 

pif4 mutants largely lost the robust enhancement of hypocotyl elongation 

induced by high temperature (Koini et al., 2009). 

 

In many natural and agricultural ecosystems, the availability of nutrients such 

as phosphate, nitrate, potassium, sulphur etc. often limits plant growth and 

reproduction, which in turn provides a strong driving force for the evolution of 

mechanisms that have allowed plants to adapt to sub-optimal nutrient 

conditions. In root systems, such adaptation can influence factors such as 

primary root growth, lateral root formation and root hair formation – events 

that are all regulated by phytohormones. Again, among the phytohormones 

auxin has been specifically implicated in several of these processes. For 

example, Shin et al. (2007) showed that the overall decline in root growth and 

reduction in lateral root growth in response to nitrate or potassium deprivation 

was dependent on the downregulation of the transcription factor MYB77, 

which was later found to modulate auxin signal transduction and lateral root 

growth (Shin and Schachtman 2004; Shin et al., 2007). Also, evidence linking 

water availability and root architecture came from the work of Peret et al. 

(2012) who concluded that auxin was able to promote lateral root emergence 
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by modulating the spatial and temporal distribution of aquaporin-dependent 

root tissue water transport. 

 

6.3.3 Phosphate deficiency has opposite effects on the GSA of lateral 

roots in Arabidopsis and basal roots in bean 

Among plant nutrients, phosphate deficiency in particular is known to effect 

dramatic changes in root system architecture. Under low Pi conditions, 

expression levels of the TIR1 auxin receptor become elevated, causing 

several Pi responsive changes in RSA such as shortening of the primary root, 

higher density of lateral roots and root hairs. In this study, phosphate 

deficiency caused a drastic shift in lateral root GSA towards a more vertical 

orientation, which has now also been shown by Bai et al. (2012). Previous 

studies (Jain et al., 2007, Perez-Torres et al., 2008) measured free IAA levels 

in roots of Pi replete and deprived plants and found that while auxin levels 

remain the same, increased TIR1 expression causes cells to be become more 

responsive to endogenous auxin concentrations. This is also supported by 

several studies that showed that the roots of Pi deprived seedlings are more 

responsive to exogenous auxins than those of non-deprived seedlings (Gilbert 

et al., 2000, Lopez-Bucio et al., 2002). This is consistent with the more vertical 

lateral root GSA phenotype seen in phosphate-deprived seedlings. However, 

in this study loss of function tir1-1 mutants were found to respond to 

deprivation in a similar manner to wild-type in terms of lateral root GSA. 

Among the TIR/AFB family, loss of AFB5 was found to have an effect on 

lateral organ GSA, suggesting that AFB5 may act redundantly with TIR1 to 

alter GSA in Arabidopsis lateral roots in response to Pi deprivation.  

 

It is important to note that not all changes in plant architecture in response to 

abiotic and biotic stresses will be optimal with respect to individual component 

traits. The responses to phosphate deprivation provide a useful example; in 

Arabidopsis we found that low phosphate induced a more vertical lateral root 

GSA. This is a developmental response that is at odds with the extensive 

work from the Lynch Lab at Penn State showing that shallower rooting 



! "#$!

systems provide a significant improvement in performance on phosphate poor 

soils. Most of this work was done in the common bean and indeed this was 

the motivation for looking at the effect of auxin on bean root GSA. 

Understanding why low levels of exogenous auxin have opposite effects on 

growth angle in Arabidopsis lateral roots and bean adventitious roots (which, 

as noted above, originate from different parent tissues) will be an interesting 

phenomenon to study. From an evolutionary developmental biology viewpoint, 

and for the rather small weed Arabidopsis at least, the lateral root GSA 

response to low Pi must be considered as less critical to plant fitness than the 

increase in lateral root number and root hair length that is driven by the TIR1-

dependent increase in auxin sensitivity. 

 

Work presented in previous chapters has shown that the plant hormone auxin 

specifies lateral organ GSA in Arabidopsis thaliana, and that spatial variation 

in auxin concentration and/or sensitivity is sufficient to regulate GSA. The data 

presented above suggests that environmental signals such as light, 

temperature and nutrient availability are able to effect changes in both lateral 

root and shoot GSA through the modulation of TIR1-dependent auxin 

signaling and consequent changes in auxin levels and/or sensitivity. The 

integration of extrinsic environmental signals into the canonical auxin 

signalling pathway thus provides an important regulatory mechanism by which 

plants can modify root and shoot system architecture to maximise resource 

acquisition in changing environmental conditions (Fig 6.5). 
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Figure 6.5: Model representing the integration of environmental signals 
into auxin-mediated GSA changes in plant lateral organs. 
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Chapter 7 

 

 

 

General discussion 
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7.1 The Gravitropic Setpoint Angle 

Gravitropism, the orientation of plant growth in reference to gravity, is a key 

determinant of the form and posture of land plants. This process ensures that in 

most cases, primary shoots grow upwards and primary roots grow downwards. 

Most studies on understanding the molecular mechanisms of plant gravitropism 

have focused on primary roots or shoots. However most other plant organs do 

not grow vertically upwards or downwards, but instead grow at angles, which 

cover the whole arc between those extremes. Studies made on trailing plants 

(Digby and Firn, 1995)  and apical hooks of dicotyledonous seedlings (Myers et 

al. 1994) showed that the angle at which an organ (or part of it) is maintained due 

to gravitropism is a variable that is controlled by developmental factors (such as 

age and physiological status) and by environmental factors (Digby and Firn, 

1995). This was defined as the gravitropic set-point angle (GSA) of a plant organ. 

The GSA concept provided a unifying idea of gravitropism, suggesting that the 

mechanisms of gravity sensing in organs described previously as diagravitropic 

(GSA = 90o) need not be different from those acting in orthogravitropic organs 

(GSA = 180o or 0o). Furthermore, the GSA concept also suggested that terms 

such as ‘positive’ and ‘negative’ orthogravitropism, which were in use for several 

years were mechanistically meaningless in terms of the plant. Finally, the GSA 

model also indicates that organs growing vertically upwards or downwards, with 

a GSA of either 180o or 0o are special in that they achieve a metastable state with 

respect to gravity.  

 

7.2 Lateral organs are distinguished from the primary axis by means of an 

angle offset 

In primary organs, the mechanisms of gravity sensing and maintenance have 

been largely explained by the Cholodny-Went theory of gravitropism. This model 

states that gravity is perceived in specialized gravity sensing cells called 

‘statocytes’ in which starch-rich bodies called statoliths sediment according to the 

gravity vector. When an organ is displaced from the vertical, the biophysical 

movement of statoliths within the statocytes towards the direction of gravity acts 



! "#$!

to trigger a signal that leads to the PIN auxin efflux carrier-mediated movement of 

auxin towards the lower side of both shoots and roots. This auxin redistribution 

and consequent build up of an auxin gradient generates an asymmetry in 

TIR1/AFB mediated auxin response between upper and lower sides of an organ. 

In the shoot, auxin stimulates cell elongation causing upward bending, while in 

the root auxin inhibits cell elongation causing downward anisotropic growth. The 

magnitude of gravitropic bending can in many cases be described by the sine 

law, given by Julius von Sacchs in 1882, which states that the strength of the 

gravitropic response is proportional to the sine of the displacement angle. While 

there are species-specific differences in the range of displacement angles over 

which the sine law applies, it is the general case that the more an organ is tilted 

away from its GSA, the greater the magnitude of the gravitropic response. 

 

In contrast to primary vertical shoots and roots, very little is known about the 

mechanisms that are responsible for the robust maintenance of the range of non-

vertical growth angles (or GSAs) seen in lateral organs of all plant species. 

Interestingly, although the sedimentation of starch in amyloplasts has been 

suggested to contribute to gravity-sensing in roots, studies in the beans 

Phaseolus vulgaris and Ricinus communis have shown that despite the presence 

of these amyloplasts in lateral root caps, lateral roots in these species appear to 

be initially agravitropic (Ransom and Moore, 1983). Furthermore, when a lateral 

organ is displaced from its GSA, it undergoes a rapid gravitropic response to 

return to its original angle of growth. (Mullen and Hangarter, 2003, Chapter 4) 

Results presented in chapter 4 show that this involve reorientation either with or 

against the direction of the gravity vector, demonstrating unequivocally that the 

mechanistic basis for non-vertical growth is not dependent simply upon an onset 

of gravitropic competence in the organ. Rather, the angle at which an organ is 

growing is characteristic of the developmental state of the organ and its 

surrounding micro-environment. Furthermore, all or part of the organ is actively 

maintaining this angle.  However, precisely what portion of an organ is capable of 

maintaining a GSA is dependent on its capacity, firstly to perceive changes in 
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orientation with respect to the gravity vector and secondly, the capacity to effect 

differential growth. In actively growing roots this is relatively easy to define 

because gravity-sensing cells are confined to the very root tip and by definition, 

actively growing roots must be in possession of an elongation zone where 

differences in elongation rates between upper and lower sides of the root can be 

effected. In the shoot, it is less easy to determine why older tissues in organs that 

are otherwise maintaining a GSA, are no longer gravitropic. Although this may 

simply be because those older tissues are fully elongated this does raise 

interesting questions about why actively growing non-vertical lateral organs that 

are not gravitropic (and hence do not have a GSA). It will be interesting to 

determine whether or not the angle of the growth axis of these lateral organs 

without a GSA is set initially in reference to gravity (i.e. do they begin at a GSA 

that is lost). It is very possible that growth in these lateral organs is never 

referenced to gravity. This would raise the equally interesting question of how 

these characteristic angles of growth are generated.   

 

 

7.3 Auxin-mediated regulation of angle offset 

Evidence suggesting that the plant hormone auxin may play functional roles in 

regulating the maintenance of non-vertical GSAs in plant organs initially came 

from decapitation experiments in Arabidopsis and pea. When the primary SAM 

was removed in these species, the sub-apical lateral branch transitioned from a 

non-vertical GSA state to a primarily vertical orientation. The application of 

exogenous auxin to the decapitated shoot apex suppressed this response. 

Interestingly, work done by previous researchers has already implicated the 

importance of auxin transport to explain apical dominance in Arabidopsis and 

pea (Brewer et al., 2009, Chatfield et al., 2000) which shares at least some 

common features with the GSA response seen in decapitated plants.  

 

Because sub-apical lateral branches can transition from a non-vertical GSA state 

with an angle offset to a near-vertical state with no offset, where gravitropic 
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response can be explained by the Cholodny-Went model, it follows that 

hypotheses to explain the nature of this angle offset should include Cholodny-

Went based gravitropism as a means for maintenance of non-vertical GSAs. This 

gives rise to two main classes of hypotheses, the first where the direction of 

perception of the gravity vector is altered such that despite the branch being 

inclined to the vertical, no asymmetry in auxin response is generated. In the 

second, the direction of gravity perception remains the same as in the primary 

axis, but the anisotropic growth that would result from radial asymmetry in auxin 

response is counteracted by an antigravitropic anisotropy. The balance between 

these two opposing forces would result in net isotropic growth.  

 

In order to distinguish between the two classes of hypotheses, a horizontal 

clinostat was used to provide omnilateral stimulation to 21 day-old arabidopsis 

plants. In principle a relatively simple device, the clinostat has been in use for 

about a century as a tool to manipulate gravitational information plants perceive 

from the environment. In most applications of the clinostat, the axis of rotation 

has been held at 90o to the primary axis of the plant, so that the gravitational 

force vector would act transversely with respect to the main axis. Thus, as a test 

plant mounted on the clinostat slowly rotates, in one revolution the gravity vector 

sweeps through 360o around the plant. The plant therefore integrates the gravity 

stimulus over a period of time as long as the clinostat rotation period. Thus, the 

horizontal clinostat is effectively minimizing geotropic responses of slowly 

rotating plants through the substitution of a discontinuous, but omnilateral 

gravitational stimulus for a directional stimulus of the same magnitude.  

 

7.4 Use of a horizontal clinostat to nullify gravitropic response in lateral 

organs 

Although use of the horizontal clinostat as an effective means for nullifying the 

gravitational stimulus has been widely accepted, its use has also previously been 

questioned in work from Brown et al. (1976) and Newcombe (1904). Principally, 

these groups argue that during omnilateral stimulation on a 1D clinostat, gravity 
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compensation, even if completely effective, does not remove the effect of chronic 

gravitational stimulation, which can be achieved for protracted periods only in 

free fall conditions in an orbiting satellite. Other work (Lyon, 1970; Larson, 1957) 

has also questioned the choice of rotation rate for the clinostat, stating that the 

plant organ curvatures seen upon clinostat rotation may be effects of technical 

difficulties such as irregularities in rotation rate, or mechanical vibration from the 

clinostat motor (Gordon, 1964). During clinorotation experiments, rotation speeds 

of the clinostat need to be chosen carefully, such that the statoliths in gravity-

sensing cells are being rotated fast enough to remain in suspension in the 

cytoplasm of the statocytes, but not fast enough to cause centrifugal effects. 

Dedolph and Dipert (1971) examined the effects of rotation speeds and 

centrifugal forces on clinorotated plants of different sizes. In their work, they 

explained the biophysical basis of clinostat-based nullification of gravitational 

stimulus using Stokes law, which takes into account the viscosity of the 

cytoplasm and the distance of individual cells from the axis of rotation. They 

concluded that for larger plants, two-dimensional clinostats were essential for the 

nullification of gravitational stimulus and removal of centrifugal forces, especially 

for experiments carried out over longer durations. They also however stated that, 

in general, for smaller plants tested over a few hours, the outcome of both, 

clinorotation and biosatellite experiments measuring gravity effects could be 

deduced and that clinostat rotation and free fall in a biosatellite could be equated 

in terms of the effects of gravity on cellular components. Although Brown et al. 

(1974) found small statistical differences in the magnitudes of organ curvatures 

upon clinorotation and satellite free fall, the patterns of organ curvature 

themselves were identical in both conditions. Subsequently, several other 

researchers (Johnson and Tibbets, 1968; Lyon 1968; Heathcoate et al., 1995) 

also reported organ curvatures in space flight experiments that were remarkably 

similar to those seen upon clinostat rotation, confirming that the gravitational 

stimulus was nullified in both cases. Considering data from the work of Dedolph 

and Dipert (1971), rotation speeds of 4 rph were therefore chosen for shoot 

clinostat experiments in this work. At very low (4 rph) or faster (> 4 rpm) rotation 
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speeds, changes in the direction of primary root growth were observed upon 

clinorotation. Thus clinostat rotation speeds for the root were confined to 1 rpm.   

 

In these experiments, clinorotation, and consequent removal of a stable gravity 

reference produced a significant outward bending in lateral branches suggesting 

that non-vertical growth angles were maintained as a result of two opposing 

forces: the gravitropic component that was attempting to move branches towards 

the vertical axis, and the anti-gravitropic offset component that was acting 

antagonistically to this gravitropic response. Treatment with the auxin transport 

inhibitor NPA suppressed this outward bending upon clinorotation, suggesting 

that the anti-gravitropic offset component itself was an auxin flux. Furthermore 

several auxin synthesis and signaling mutants showed significant variation in 

lateral branch GSA values, suggesting that the GSA of a plant organ may 

depend onauxin concentrations within the branch and its underlying auxin 

sensitivity.  

 

7.5 Molecular mechanisms regulating antagonistic gravitropic and anti-

gravitropic auxin fluxes 

The dependence of the anti-gravitropic offset on auxin transport is consistent with 

the fact that specific changes in auxin signalling in only the gravity-sensing cells 

of the shoot and the root are sufficient to bring about changes in growth in non-

adjacent epidermal tissues. Thus, an attractive hypothesis to explain the 

molecular basis of the antagonistic interaction between the opposing auxin fluxes 

is based on opposing kinase and phosphatase activities that may direct apical or 

basal polarity of the auxin efflux transporter PIN proteins in shoot and root 

statocytes. Although experiments to study the intracellular localisation of PIN3, 

PIN4 and PIN7, (all of which are known to be expressed in statocytes of primary 

roots) revealed differences in expression patterns of the three PINs between 

primary and lateral roots, no asymmetry in intracellular localization was seen 

between apical and basal surfaces of lateral root statocytes. Work done by other 

researchers (Guyomarc’h et al., 2012; Ruiz-Rosquete et al. 2013) has also 
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demonstrated the differences in PIN expression between young and older lateral 

roots, and also between lateral and primary roots. However, in contrast to the 

work presented here and in that of Guyomarc’h et al.. (Guyomarc’h et al., 2012), 

Ruiz-Rosquete et al. (2013) showed that PIN3 is asymmetrically localized to the 

basal membrane in columella cells of young lateral roots and further propose that 

lateral roots grow at non-vertical angles because of some form of partial 

gravitropic capacity resulting from a lack of PIN4/PIN7 activity in the younger 

lateral root. However, this model fails to account for how lateral roots are able to 

reorient themselves both, with and against the gravity vector upon displacement 

to return to their original GSA.  

 

In this study, the PIN3 phosphovariant lines were found to be powerful tools to 

explore the molecular mechanisms of GSA control in greater detail. Substitution 

of the serine residues with nonphosphorylatable alanine (PIN3YFP-1) or 

phosphomimic aspartic acid (PIN3YFP-2) in the central HL of PIN3 caused 

increased basal or apical localization of engineered PIN3 in lateral root columella 

cells, corresponding to more and less vertical GSA phenotypes. This is 

consistent with previous studies (Huang et al., 2010; Dhonukshe et al., 2010) 

showing that conserved TPRXS(N/S) motifs within the central HL conserved in 

PINs 1,2,3,4,6 and 7 can be phosphorylated by the PID subclade of AGCIII 

kinases (consisting of PID, WAG1, WAG2), at the plasma membrane and 

consequently become recruited into the apical targeting pathway. These studies 

further demonstrated that substitution of the conserved serine residues in the HL 

with either, the nonphosphorylatable residue alanine, or the phosphomimic 

residue glutamate is sufficient to mediate changes in apico-basal polarity in PIN1 

and PIN2 in vivo.  

 

7.6 Concluding remarks 

The data presented in the previous chapters has revealed some fundamental 

features of GSA control in higher plants. First, the GSA programmes of near 

vertical primary axis and non-vertical lateral branches are distinct, distinguished 
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by the presence of an offset mechanism in the latter. This mechanism can be 

switched off in the sub-apical branch following removal of the shoot apex. 

Second, the anti-gravitropic offset mechanism is auxin dependent and acts in 

tension with gravitropism to generate net auxin symmetry in auxin levels and 

response between the upper and lower sides of lateral branches. This symmetry 

of auxin response drives net isotropic growth at a given GSA. Third, the GSA of 

gravi-responsive organs is entirely dependent on the magnitude of the anti-

gravitropic offset and its interaction with the gravitropic response; a zero 

magnitude offset resulting in vertical growth, and a non-zero value offset resulting 

in non-vertical growth. Fourth, auxin specifies non-vertical GSA values by 

modulating the value of the anti-gravitropic offset within the gravity sensing cells 

of lateral shoots and roots. 

 

In this model of GSA control proposed auxin has two mechanistically distinct 

roles; in addition to driving isotropic growth itself in the epidermis, auxin and 

auxin signaling within shoot and root statocytes is also negatively regulating the 

magnitude of the anti-gravitropic offset mechanism. These newly discovered 

auxin regulated phenomena enhance auxin's already remarkable capacity to self 

organise crucial aspects of plant development (Leyser, 2010; Del Bianco and 

Kepinski, 2011). In addition to controlling the GSA biology of the plant, auxin also 

regulates, among many other things, the arrangement of lateral organs in the 

radial axis (i.e. phyllotaxis in the shoot [Reinhardt et. al, 2003]) and the extent of 

lateral branching in the root (Casimiro et. al, 2001) and shoot (Bennet et. al, 

2006). Thus auxin has multiple direct inputs into the majority of the principal 

components of gross plant architecture that determine the plant’s occupation of 

above- and below-ground space. As noted above, the mechanisms that have 

been identified also provide a means by which signals; such as those relating to 

resource status (in particular nutrients below ground and light above) can be 

integrated such that changes to optimise resource capture can be effected. 

 

An important component of the general model of GSA control is the well-
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described feature of gravitropism in which an organ is able to effect a gravitropic 

response that is proportional to magnitude of the angle of displacement from its 

GSA. These principles were stated in the so-called Sine Law proposed by Julius 

von Sachs. Gravi-response can be broken down into discreet steps occurring in 

spatially separated tissues. Upon displacement from the vertical and via 

mechanisms that are still unknown, sedimentation of statoliths within gravity- 

sensing cells prompt the localization of PIN proteins towards the lower side of the 

cell, generating net asymmetry in auxin distribution in distal elongating tissue. 

Mullen et al. (2000) showed that the rate of curvature (i.e. magnitude of 

graviresponse) in Arabidopsis roots increased proportionally to the angle of 

gravitropic stimulation between 20-120o. Interestingly, the Arabidopsis starchless 

mutant pgm-1 was found to have a much weaker response to gravity as 

compared to wild-type roots. Also, in contrast to WT roots, the rate of gravitropic 

curvature in pgm-1 mutants remained constant, regardless of the angle of 

stimulation (Wolverton et al., 2010), further highlighting the role of the starch-

filled amyloplasts in the columella cells in sensing orientation within the gravity 

field and, crucially, contributing to the generation of an angle-dependent, variable 

magnitude of gravitropic response.   

 

The molecular mechanisms underlying the variable nature of gravitropic 

response wherein the rate of bending increases the farther an organ is moved 

away from the vertical is central to the model of GSA control proposed here and 

will be the subject of future work. This question represents one of many ‘hard 

problems’ in plant developmental and cell biology. This is because statolith 

sedimentation within gravity-sensing cells must give information about both what 

is up and what is down within the cell and also, how far away from the vertical the 

statocyte is. While there is abundant evidence that amyloplasts are involved in 

gravity perception, to date there has been no definitive description of the 

mechanism that senses the position or movement of these amyloplasts within the 

statocytes (Perrin et al., 2005). It has been proposed that sedimenting 

amyloplasts may trigger mechano-sensitive ion channels in the plasma 
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membrane or the endoplasmic reticulum (Sack, 1991; Zheng and Staehelin, 

2001), either directly, by sedimenting onto them, or indirectly, by exerting 

pressure through the actin cytoskeleton (Sievers et al.., 1989; Volkmann and 

Baluska, 1999). Evidence for this hypothesis came from the work of Harrison et 

al. (2008) upon the identification of two J-domain proteins in Arabidopsis that 

were first implicated to play a role in root gravitropism. These proteins were 

named ALTERED RESPONSE TO GRAVITY1 (ARG1) and its paralog ARG1-

LIKE2 (ARL2). Mutations in these genes were found to lead to delayed 

gravitropic responses not only in roots and hypocotyls, but also in inflorescence 

meristems (Shiva Kumar et al., 2007). It was proposed that ARG1 and ARL2 

interact with each other and function as molecular chaperones to recruit HSC70 

to alter actin dynamics (Harrison and Masson, 2008). Interestingly, while ARG1 is 

expressed throughout the plant, ARL2 is specifically expressed in the top three 

tiers of columella cells (Harrison et al., 2008). Moreover, while ARG1 expression 

is associated with many organelles and membranes (Boonsirichai et al., 2003), 

ARG2 expression is associated only with the plasma membrane.  Not only do 

loss-of-function arg1 and arl2 mutants display delays in plastid resedimentation 

in both shoots, and roots upon gravistimulation, but are unable to accumulate 

PIN3 in the lower side of gravistimulated root columella cells. However, the 

intracellular localization of PIN3 is not disturbed in unstimulated arg1 and arl2 

single and double mutants, suggesting that is no apparent defect in PIN3 

localisation and/or expression in root columella cells in these mutants (Harrison 

et al., 2008).  Further work will be needed to establish if, and how ARG1, ARL2 

and other genes such as RHD3 may regulate GSA.  

 

In the model of GSA control proposed here there are possible parallels with 

previous work on the relationship between gravitropism and phototropism in 

which primary shoots are stimulated by gravity and unilateral light such that the 

tropic responses are in tension (Galland, 2002). In these experiments non-

vertical growth vectors in primary shoots can be sustained by modulating the 

intensity of the unilateral light source to counteract gravitropic response (Galland, 
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2002). Establishing the molecular mechanisms through which gravitropism and 

phototropism interact to generate a photo-gravitropic equilibrium may provide 

important clues for understanding the interactions between gravitropism and anti-

gravitropism. The ability to separate gravitropic and anti-gravitropic offset 

components in clinostat-based studies as described here provides a powerful 

experimental system to test hypotheses on the molecular basis of anti-gravitropic 

offset activity, and to quantify the role of AFB-Aux/IAA-ARF-mediated auxin 

action in setting the magnitude of the anti-gravitropic offset component.  

 

While most of the work presented in the preceding chapters has been in 

Arabidopsis, experimental evidence has also demonstrated that the same 

principles of GSA control may be acting in crop species such as bean, pea and 

rice suggesting that the model of balanced gravitropic and anti-gravitropic growth 

components provides a conceptual framework for thinking about GSA variation 

throughout nature. This framework is one that promises to have broad utility; 

lateral shoot and root branch GSA is a crucial determinant of the efficiency and 

effectiveness of light capture and water and nutrient acquisition. The potential of 

branch GSA as an important trait for optimisation in crop improvement 

programmes is well established (Ouyang et al., 2011; Lynch JP, 2013; Liao et al., 

2004). For example, shallow-rooting genotypes in maize and bean display upto a 

six-fold increase in efficiency in acquiring inorganic phosphates in Pi deprived 

soil because of their improved ability to explore the Pi richer superficial layers of 

soil. These genotypes display a 50% increase in shoot biomass and yield. The 

urgent need to reduce fertilizer and irrigation inputs while maximizing nutrient 

acquisition and yield indicates that the mechanistic understanding of GSA control 

that has been set out here will of great interest, not only to plant breeders and 

crop science companies, but to plant scientists and indeed anyone who is 

interested in why plants are the shape they are.  
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